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Abstract. Aerosol particles in the atmosphere interact with solar radiation through scattering and absorption. Accurate aerosol
optical properties are needed to reduce the uncertainties of climate predictions. The aerosol optical properties can be obtained
via optical modeling based on the measured particle size distribution. This approach requires knowledge or assumptions on
the particle refractive index and shape. Meanwhile, integrating nephelometry provides information on the aerosol scattering
properties directly. However, their measurements are affected by angular non-idealities, and their data need to be corrected
for angular truncation and illumination to provide the particle scattering coefficient. We performed an extensive closure study,
including a laboratory and a simulated experiment, aiming to compare different nephelometer angular truncation and illumina-
tion corrections (further referred to as "angular corrections"). We focused on coarse mode irregularly shaped aerosols, such as
mineral dust, a worldwide abundant aerosol component. The angular correction of irregular particles is found to be only ~ 2%
higher than the angular correction of volume equivalent spheres. If the angular correction is calculated with Mie theory, the
particle size distribution is needed. Our calculations show that if the particle size distribution is retrieved from optical particle
spectrometer measurements and the irregular shape effect is not considered, the angular correction can be overestimated by
about 5% and up to 22%. For mineral dust, the traditional angular correction based on the wavelength dependency of the scat-
tering coefficient seems more accurate. We propose a guideline to establish the most appropriate angular correction depending

on the aerosol type and the investigated size range.

1 Introduction

The atmosphere contains aerosol particles that scatter or absorb the solar radiation (direct effect) and act as cloud condensa-
tion nuclei (indirect effect), influencing the Earth’s energy budget and thus the climate system. The aerosol radiative forcing
constitutes one of the largest uncertainties in climate predictions (IPCC, 2013). To reduce this uncertainty, climate models

require more accurate information on the optical properties of aerosol particles. In particular, the particle scattering coefficient,
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its angular, distribution and the particle absorption coefficient are crucial quantities for calculating the aerosol direct radiative
forcing. The traditional method to obtain the aerosol optical properties is to calculate them via optical modeling based on the
particle size distribution measured with optical particle spectrometers (e.g., Hermann et al., 2016; Vasilatou, 2021), but also,
different measurement techniques exist to measure the aerosol optical properties directly. For example, integrating nephelome-
try, firstly introduced by Beuttell and Brewer (1949), is extensively used in monitoring stations, field campaigns, and laboratory
experiments (e.g., Pandolfi et al., 2018; Cappa et al., 2016; Di Biagio et al., 2019). An integrating nephelometer performs a
geometrical integration of the light scattered by gas molecules and aerosol particles in an enclosed volume over almost the
complete angular range (Heintzenberg and Charlson, 1996; Anderson et al., 1996; Horvath, 1973). Therefore, it is possible to
obtain values close to the total scattering coefficient without assuming the particle refractive index and shape.

Different measurement techniques and models could be used to independently derive the same parameters of an aerosol. This
practice, called "closure experiment," aims not only to characterize a specific parameter but also to minimize the measurement
uncertainties (Weinzierl et al., 2017). In particular, the closure, between optical properties simulated from the measured size
distribution and the optical properties measured directly, allows in principle constraining the refractive index of the investigated
aerosol (e.g., Abo Riziq et al., 2007; Mack et al., 2010; Kassianov et al., 2014).

The largest uncertainty of nephelometer measurements is the impossibility of measuring the light scattered by particles
and air in the whole angular range, the angular truncation error (Heintzenberg and Charlson, 1996; Anderson et al., 1996),
combined with the angular non-idealities of the light source (Anderson et al., 1996; Miiller et al., 2009). Therefore, data from
integrating nephelometers must be corrected to obtain the particle scattering coefficient. Since larger particles scatter more into
the forward direction than smaller particles, the angular truncation error depends on size; the aerosol type can also affect the
angular correction and its determination is not straightforward. This correction is commonly called "truncation correction" but
the correct term is angular correction, since it takes into account both errors, the angular truncation and the non-idealities of
the light source.

An empirical angular correction, exploiting the wavelength dependence of scattering, was developed by Anderson and Ogren
(1998) for the nephelometer TSI model 3563. This angular correction was adapted for the Ecotech Aurora 3000 nephelometer
by Miiller et al. (2011a). The correlation between the scattering wavelength dependence and angular correction is due to the
dependency of both quantities on the particle size. However, Bond et al. (2009) and Massoli et al. (2009) pointed out that this
angular correction might be erroneous in some cases since the wavelength and angular dependence of scattering can be different
for absorbing particles. Even if the uncertainty of this angular correction is only about 5%, Bond et al. (2009) remarked that
this uncertainty is almost as large as the angular truncation error itself in the sub-um size range, where absorbing particles are
relevant.

Another method of calculating the angular correction uses Mie theory and the angular sensitivity function, which takes
into account the geometrical limitations of the nephelometer (Heintzenberg et al., 2006). This method requires knowledge of
the particle size distribution and the refractive index, in addition to the nephelometer measurements. However, Heintzenberg
et al. (2006) found larger uncertainties (~ 20%) associated with super-pm particles. In addition, Schladitz et al. (2009, 2011)

showed that this approach also requires the knowledge of particle shape in the case of non-spherical particles, such as mineral
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dust aerosol. Mineral dust, raised from desert areas by the wind and transported around the globe, is the most abundant aerosol
component in terms of dry mass (Choobari et al., 2014; Textor et al., 2006). A study based on the spheroids model (Quirantes
et al., 2008) indicates that the effect of non-sphericity on the angular correction might be small. To the best of our knowledge,
there is no research on the effect of irregularly shaped particles on the angular correction.

This work aims to compare different nephelometer angular truncation and illumination corrections with focus on mineral
dust aerosol. We used the Ecotech Aurora 4000 polar nephelometer, which measures the light scattering in 18 different an-
gular sectors in addition to the total scattering coefficient. Miiller et al. (2012) measured the angular illumination function of
the Aurora 4000 polar nephelometer and provided its angular sensitivity function for all angular sectors. An alternative an-
gular correction, exploiting the information on scattering for different angular sectors of the Aurora 4000 nephelometer, was
developed by Miiller et al. (2012). This angular correction, in addition to spherical particles, considers several particle shapes.

Very recently, when our data were already processed, a new angular correction was proposed by Qiu et al. (2021). The new
angular correction exploits the wavelength dependency of the scattering coefficient, the hemispheric back-scattering fraction
and new technologies such as the random forest machine learning. The random forest machine learning was trained based on a
data set representing regional anthropogenic aerosol in the North China Plain, including mainly sub-um particles. The utilized
data set limits the use of the new angular correction to sub-um spherical particles. Since our work mainly focused on coarse
mode irregularly shaped particles, we did not consider this angular correction in our comparison.

We conducted an extensive closure study, including a laboratory and a simulated experiment, focusing on coarse mode
irregularly shaped particles (mineral dust-like). Laboratory test aerosols were generated using Polystyrene latex (PSL) particles,
ammonium sulfate (AS), and soil dust samples. Their extinction, scattering, and absorption properties, as well as the particle
number concentration and size distribution, were measured by seven instruments in parallel. To better interpret the results of the
laboratory experiment, we performed a simulated closure experiment randomly selecting several size distributions, refractive
indices, and shapes (e.g., irregularly shaped dust-like particles (Gasteiger et al., 2011)). We estimated the uncertainties in the
angular correction of the Aurora 4000 polar nephelometer calculated using parallel particle size distribution measurements
from a TSI OPS 3330 .

In Sec.2, we describe the principle of operation of the Aurora 4000 polar nephelometer. In Sec.3, we review the methods
considered for calculating the angular correction and their main limitations. In Sec.4, we describe the laboratory closure
experiment and the most important results. In Sec.5, we describe the simulated closure experiment and its main outcomes. In
Sec.6, we discuss the results of both the laboratory and the simulated experiments and we compare them with the literature. In

Sec.7, we draw the main conclusions and we give recommendations for an appropriate angular correction.
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2 Principle of operation of the Aurora 4000 polar nephelometer

The Aurora 4000 polar nephelometer is a 3-wavelength integrating nephelometer. Integrating nephelometers measure the light
scattered by particles and air in a volume. The light detector is placed orthogonally to a nearly Lambertian light source' such
that the angular illumination function is similar to a sin(#), where 6 is the scattering angle (Miiller et al. (2009)). Volume
elements along the detector field of view contribute to the measured signal with light scattered at different . The measured
signal is the integral over nearly all angles of the angular scattering function ~({2), the fraction of light scattered out of a
parallel beam of light per unit length, and per unit solid angle {2 with respect to the direction of the incident beam. In other
words, integrating nephelometers measure a signal proportional to the scattering coefficient o, the fraction of light scattered
out of a parallel beam of light per unit length. A full description of the measurement principle of an integrating nephelometer
is available in the appendix of Anderson et al. (1996).

The Aurora 4000 polar nephelometer uses as a light source light-emitting diodes (LEDs) at three different wavelengths:
blue (Ag = 450 nm), green (Ag = 525 nm), and red (Ag = 635 nm), and it is marked as "polar" because it integrates v(2) in
several angular sectors. A shutter can block the angular illumination, such that the detector measures only the light scattered
between the shutter position e and 180°. The shutter of the Aurora 4000 can consecutively assume up to 18 angular positions

(0°,10°, 15°,..., 90°). For a given shutter position a and wavelength ), the signal measured by the Aurora 4000 can be written

as
6=180°

S o 21 / Y2 (0) Zturoradoo o 6)dp (1)
6=0°

where Z ;\4”0”“4000(04, ) describes the angular sensitivity of the Aurora 4000 for shutter position « at scattering angle 0 (see
Eq.5in Sec. 3.1). The signal S¥' is proportional to the scattering coefficient o’ in the angular sector «—180°. The two extreme
positions o = 0° and o = 90° yield a signal proportional to the total scattering coefficient agi\ and hemispheric back-scattering
coefficient %% respectively.

Calibration with particle-free gases of known Rayleigh scattering coefficient leads to the constant of calibration K which

relates the measured signal S¥' to the particle scattering coefficient ¢, , in the angular sector o — 180°:
U?p,)\ =K{S} _USR,/\ (2)

where 0%, , is the Rayleigh scattering coefficient of particle-free air in the angular sector o— 180°. It can be derived integrating

OO
in the angular sector o — 180° the Rayleigh angular scattering function vz () = Z522 3 (1 + cos?(6)):
o 1 1 2 3
OgpA = USR,)\ By + 3 cos®(a) + 3 cos(a) 3

where 02;’ » is the Rayleigh total scattering coefficient of air (e.g., Bucholtz, 1995) at the wavelength X\ calculated at the

temperature and pressure of the carrier gas. The second term is a value changing from 1 for a = 0° to 0.5 for o = 90°.

'A light source is Lambertian if the emitted radians is proportional to cos(¢), where ¢ is the angle between the direction of the emitted light and the

surface normal to the light surface
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3 Angular truncation and illumination correction
3.1 Angular sensitivity function

In an ideal nephelometer, the light source is perfectly Lambertian and the angular integration is complete from « to 180°. Thus,

the angular sensitivity function can be written as:

deal 0 0° <0<«
7% (o, 0) = “4)

sin(0) a <6 <180°
Any real nephelometer is affected by non-idealities that need to be considered in the angular sensitivity function. First, the
angular truncation error: the light scattered into the extreme forward (f = 0°) and backward (§ = 180°) directions cannot
be measured and the detector field of view is restricted to angular detection limits (Anderson et al., 1996; Moosmiiller and
Arnott, 2003). Second, the light source is not perfectly Lambertian and the angular illumination function deviates a little from
a sine function (Anderson et al., 1996; Miiller et al., 2009). Third, the separation by the shutter is not perfectly sharp and
the shadowing of the shutter has to be considered when its position is different from zero (Miiller et al., 2011a). The angular

sensitivity function of the Aurora 4000 polar nephelometer can be written as (Miiller et al., 2012):

0 0° <0 <0,
ZAuroraAOOO(a’e) =<{mazl 0,3 Sin(9)52min 1, m 01 <0<, (5)
da(cv)
0 0y < 6 < 180°

The angular limits of detection #; and 6, are reported in the Aurora 4000 polar nephelometer user manual. 3; and 2
describe the deviation from the sine as measured by Miiller et al. (2012) with the method described in Miiller et al. (2009).
01 () and 02 () account for the shadowing of the shutter as function of its position « and are provided by Miiller et al. (2012).

The parameters for the Aurora 4000 polar nephelometer are reported in Table 1 and are the same for the three wavelengths.

Table 1. Parameters of the Aurora 4000 angular sensitivity function given by Miiller et al. (2012)

01 02 51 B2 01(a) 82(a)
Aurora 4000 9° 170° 1.00 1.109 0.4156-a+0.0041-0® 1.1935-a+0.0082- o

Aurorad000,«

p can be

The ideal particle scattering coefficient aggealv" and the Aurora 4000 particle scattering coefficient o

explicitly written as:
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0=180°
a;;if;l,a:%- / Yp,2(0)sin(6)do ©)
=
6=180°
PR ZnCr [ 07 0, 0) o
0=0°

where Cr , takes into account the angular truncation and illumination correction implicitly performed through the particle-free

gases calibration (Anderson and Ogren, 1998; Miiller et al., 2011a). It can be calculated as:

0=180° )
0 0)do
o = o—a VR(0)sin(0) ®)

- (;9::01080O TR (9) 7 Aurora4000 (Ot, 9) do

For the Aurora 4000 polar nephelometer, the Rayleigh angular truncation and illumination correction for av = 0° is a non-

negligible value:
Cr,0o = 1.059718 ®)

Taking into account both the angular truncation and the non-Lambertian illumination, the angular correction C, for any

position of the shutter o can be defined, following the definition given by Anderson and Ogren (1998), as
O.ideal,a

— Sp
CO‘ - O_Au’l"OTa4000,Ot (10)

sp

In this work, we focus on the angular correction Cjo, that is the angular correction to obtain the particle scattering coef-

Aurora4000,0°

ficient US; from the particle scattering coefficient measured by the Aurora 4000 for shutter position o = 0°, o)

Since larger particles scatter into the forward direction more than smaller particles, Cyo is size-dependent and increases with
increasing particle size. This effect was originally reported by Heintzenberg and Quenzel (1973). Different methods have been
proposed in literature to calculate the angular correction Cyo. The angular correction can be calculated analytically using the
definition (Eq. 10), if the angular distribution of scattering by particles, i.e., the particle phase function, is known. To highlight
the importance of the particle phase function to apply this method, we refer to this angular correction as Cpp,qse. Other meth-
ods of calculating the angular correction exploit the relationship between Cyo and quantities measured by the nephelometer.
We consider an angular correction based on the wavelength dependence of the particle scattering coefficient, the scattering
Angrstrﬁm exponent, C's g, and one based on the polar measurements of the particle scattering coefficient Cpojqr. In the
following sections, we describe each method and its limitations by reviewing the related literature, as also summarized in Table
2. To the best of our knowledge, there is currently no literature comparing these corrections and describing which correction

works best.
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Table 2. Different angular corrections for the particle scattering coefficient and their limitations.

Discussions

Aurora4000,10°
Osp

Aurora 4000 by Miiller et al. (2012).

Correction Formula Literature Reported limitations
Angular correction developed by
Heintzenberg et al. (2006). The par- | Large uncertainties were
ticle phase function P,(6) can be | found for super-um particles
180° ) obtained via Mie simulations, if the | (Heintzenberg et al.,, 2006).
Cphase 180° oo (0)sin(6)d6 . size distribution and refractive index | If the particle shape differs
0° By (0)ZAurorat000(0e,0)do Croe Awurora3000 (o :
are known. Z (0°,0) was | from spheres, this angular cor-
measured by Miiller et al. (2011a). | rection may be not applicable
zAurorad000 (e 9y was measured by | (Schladitz et al., 2009, 2011).
Miiller et al. (2012)
Angular correction developed by An- | Large uncertainties are expected
derson and Ogren (1998) for the TSI | for coarse mode aerosol Ander-
Csur a+b-SAE nephelometer. The parameters for the | son and Ogren (1998). This cor-
Aurora 3000 are given by Miiller | rection can be erroneous for ab-
et al. (2011a). The parameters for the | sorbing particles (Bond et al.,
Aurora 4000 are given in Table 3. 2009; Massoli et al., 2009).
This angular correction underes-
Aurora4000,10° _  Aurora4000,20° \ ~* Angular correction developed for the | timates the true scattering coeffi-

cient for large particles (Miiller
et al., 2012).
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3.2 Angular correction using the phase function: Cppqse

The angular correction can be calculated on the basis of the definition Eq. (10), if the particle phase function P,,(#) is available.
Considering the definition of particle phase function (P,(0) = 47,(6)/0p) and writing explicitly the ideal and Aurora 4000

particle scattering coefficient (see Eq.(6) - (9)) with o = 0°, the angular correction can be written as

59" B, (6) sin(6)do 1

(1D
P, () zAurorat000 (0o, §)dh Cr,o0

Ophase = T180°
OO

where the second term takes into account the angular truncation and illumination error for Rayleigh scattering. Knowledge
about the particle phase function is required to calculate the first term. The particle phase function for a given wavelength can
be calculated via Mie theory if the size distribution and refractive indices of particles are known. This method was proposed,
e.g., by Heintzenberg et al. (2006). However, Schladitz et al. (2009) found high discrepancies between Mie-calculated and
measured scattering coefficients for desert dust events and showed that the particle shape also needs to be considered in the case
of non-spherical particles. As an alternative, the particle phase function can be measured directly using a non-integrating polar
nephelometer, an instrument that uses a rotating arm to measure the angular scattering function with high angular resolution

without performing the angular integration (e.g., Waldram, 1945; Horvath et al., 2018).
3.3 Angular correction using the scattering Angstrﬁm exponent: Csap

A method to calculate the angular correction Cyo without additional measurements exploits the wavelength dependence of
scattering expressed by the scattering Angstrém exponent (SAE). If the particle scattering coefficient is measured at two
wavelengths, A\; and A,, the scattering Angstrém exponent can be obtained as:
109(Tspry/Tsp.rs)
SAE(M/A2)=— A s 12
N TN ()

Anderson and Ogren (1998) found a linear relationship between the SAE and Cy. and proposed that the angular correction can

be constrained using the SAE. The angular correction Cg 4 exploiting the SAE is given by:
Csag=a+b-SAE* (13)

where SAE* is the scattering Angstrom exponent calculated using uncorrected nephelometer measurement of 0sp. Wavelength
pairs are Ap and Ag for the angular correction at the blue wavelength (Ap), Ap and Ar for the angular correction at the green
wavelength (A\g), and A\g and Ay for the angular correction at the red wavelength (Ag). The parameters a and b are derived from
Mie calculations of Cyo for ranges of particle sizes and refractive indices. The parameters a and b for the TSI nephelometer
model 3563 are given by Anderson and Ogren (1998) and for the Ecotech Aurora 3000 nephelometer by Miiller et al. (2011a).
To apply this method to the Ecotech Aurora 4000 polar nephelometer, we calculated the parameters for the angular correction
Csarg considering the angular sensitivity function measured by Miiller et al. (2012). We used the same size distribution and

refractive indices used by Anderson and Ogren (1998) and Miiller et al. (2011a). The parameters are given in Table 3.
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Calculations are limited to weakly absorbing particles with the imaginary part of the refractive index % in the range 0.00 —
0.01. The real part of the refractive index n is in the range 1.40 — 1.52. The size distributions are bimodal lognormal functions
with geometric standard deviation 1.8 and geometric volume median diameter in the range 0.2 — 0.4 um for the fine mode and
2.0—4.0 pum for the coarse mode. The fine mode volume fraction varies between 0.1 and 0.9. Calculations are done considering
either the complete size distribution (no size cut-off) or a sub-um size cut-off, with aerodynamic diameter smaller than 1 um
(0.77 um for density p = 1.7 gcm™2). This size segregation was introduced by Anderson and Ogren (1998). They point out that
the angular correction is better constrained by the SAE when only sub-pm particles are measured, while larger uncertainties
~ 23 % are expected when coarse mode particles are also measured.

Further limitations of this method were found by Bond et al. (2009) theoretically and by Massoli et al. (2009) experimentally.
They point out that the uncertainty of the angular correction Cg 4 increases for absorbing particles. Indeed, the wavelength

dependence of the particle scattering coefficient is related to particle size only indirectly.

Table 3. Angular corrections for Aurora 4000 for the total scattering coefficient Cpo as function of the scattering Z\ngstrﬁm exponent:
Coe = a+b-SAE*. For correction of the scattering coefficients for the blue wavelength (Ap), the scattering Angstrém exponent calculated
from uncorrected scattering coefficients of blue and green wavelengths (A, Ag) is used. At wavelength Ac and g, scattering Angstrdm

exponents at the wavelength pairs (Ag, Ar) and (Ag, Ar) are used, respectively.

wavelength A = 450 nm Ac = 525 nm Ar = 635 nm
Angstrﬁm exponents SAE*(AB, Ag) SAE*(AB, ARr) SAE*(\g, ARr)
parameters a b a b a b
Aurora 4000 no size cut-off 1.361 —0.159 1.352 —0.151 1.334 —0.135
sub-pm size cut-off 1.137 —0.037 1.127  —0.036 1.105 —0.03

3.4 Angular correction using the polar measurements of the particle scattering coefficient: Cp,14

A new angular correction based on the specific feature of the Aurora 4000 that integrates the angular scattering function +(0)
at many different angular sectors (o — 170 °) was developed by Miiller et al. (2012).

In particular, the particle scattering coefficients o2 4090 for ¢ = 10° and a = 20° are considered to obtain the polar

o o o . . .
factor (ggyrorad000.107 _ g Aurorad000.207) /5 Aurorad000.10%) The angular correction Cposqr is given by:
Aurora4000,10° O.Aurora4000,20° -1
_ _ 5P sp
Cpolar = | 1.043 —0.7651 o Auroralioo, 10° (14)
sp

The parameters were derived from scattering theory using both Mie and Discrete Dipole Approximation codes. Calculations
were done for different shapes: spheres, cubes and nested cubes, and three different kind of dust shapes. Size parameter

(=md,/A) ranges from 0.1 to 28. The imaginary part of the refractive index k is in the range 0.00 — 0.1. The real part of
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refractive index n is in the range 1.53 — 1.55. Miiller et al. (2012) showed via model simulations that the angular correction
Cpolar 1s more accurate than the angular correction Cg4 g for volume median diameters below 1 um and for a large range of
refractive indices and particle shapes, and that both corrections underestimate the particle scattering coefficient for particles

larger than 1 pm.

4 Laboratory closure experiment
4.1 Experimental methods

To test the different angular corrections for the Aurora 4000 polar nephelometer, we deploy several instruments to measure the
optical and microphysical properties of laboratory-generated aerosol, both monodisperse and polydisperse. The experimental
set-up is shown in Fig.1. The Aurora 4000 polar nephelometer and a self-built polar nephelometer, hereafter referred to as
Horvath’s polar nephelometer (Horvath et al., 2018), were used to measure the particle scattering coefficients at A = 450, 525,
and 635 nm and the particle phase function at A = 532 nm, respectively. Besides the particle scattering properties, the particle
extinction coefficient at 530 nm was measured by a cavity attenuated phase shift monitor PMext (CAPS PMext, Aerodyne),
and the particle absorption coefficient at 467, 528, and 652 nm by a tricolor absorption photometer (TAP, Brechtel). The parti-
cle number concentration was measured by a condensation particle counter (CPC 3772, TSI), and the particle size distribution
by two optical particle spectrometers (UHSAS, DMT) and (OPS 3330, TSI) covering the nominal size range 0.06 — 1 ym
and 0.3 — 10 um, respectively. All instruments were connected to a stainless steel chamber where the aerosol flow was mixed
and diluted with particle-free dry air. Nearly monodisperse aerosols were generated using polystyrene latex sphere (PSL) of
nominal diameter in the range 0.1 — 1.8 um or ammonium sulfate (AS) in combination with a Vienna type differential mobility
analyzer (DMA)(Steiner et al., 2010), obtaining particle size distributions with diameter in the range 0.2 — 0.85 um. Polydis-
perse aerosols were generated by blowing dry air through a hermetic glass bottle containing the sample powder. The bottle cap
had two holes for the air inlet and outlet. A metal tube was placed from the inlet almost to the bottle bottom so that the blown
air flowed horizontally to the surface where the sample powder was deposited. An electrical vibrating device was mounted
outside the bottle and could be activated to mobilize the powder better. The samples included synthetic non-absorbing silica
dust and soil samples collected from desert areas such as sediments from a plain near Tagounite (Morocco), river sediments
at Tagounite (Morocco), sand from the Sahara desert, dust from Mauritania, and soil dust from Zagora (Morocco). Moreover,
one sample of volcanic ash from Eyjafjalla (Island) was included.

Measurements were repeated twice, with and without a cyclone for size-selective sampling, in order to achieve different
size distributions. Although the nominal aerodynamic size cut-off of the cyclone was ~ 1 um, we could not attain the nominal
airflow through the cyclone and the achieved dimensional cut-off was most probably larger than 1 um. We measured vol-
ume median diameters in the range 0.85 — 1.85 um for measurements with the cyclone and in the range 2.20 — 2.79 um for
measurements without the cyclone.

Before each measurement, the dilution chamber was filled in with particle-free dry air to remove any residual particles. Stable

concentrations were required for at least 35 min due to the temporal resolution of Horvath’s polar nephelometer. Moreover,

10
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concentrations corresponding to a particle extinction coefficient between 100 Mm~! and 200 Mm~! were preferred, since

they are the CAPS PM.,; best condition of operation. At the beginning of each measurement, the flow was set to satisfy these

requirements. However, these conditions were challenging to obtain, in particular for the mineral dust measurements. If an

adjustment was required during one measurement, a manual bottle shaking was preferred rather than a flow adjustment to

245 avoid changes in the size cut-off.

Aerosol generation and size selection systems

Monodisperse polystyrene latex sphere (PSL)

(nominal diameter = 0.1 - 1.8 pm)
Pressurised

particle-free—O| Atomizer I—-l Dryer |—.

dry air

Monodisperse ammonium sulfate (AS)

(nominal diameter = 0.2 - 0.85 ym)

Pressurised

particle-free —'l Atomizer H Dryer |—-| DMA I—»

dry air

Polydisperse powder
(mineral dust, silica dust, and volcanic ash)

Particle-free ___,|  Dust _-_,
dry air generator
Particle-free

dry air

Aerosol measurements

CPC 3772 (TSl)

UHSAS (DMT)

Aerosol

OPS 3330 (TS)

inlet

CAPS PMext
(Aerodyne)

TAP (Brechtel)

/\

AURORA 4000 polar
nephelometer
(Ecotech)

Horvath’s polar
nephelometer

Dilution chamber
P, T/RH sensors

Particle number
concentration
and
size distribution

Particle extinction
coefficient
(A=530 nm)

Particle absorption
coefficient

(A=467, 528, 652 nm)
Particle scattering
coefficient

(A=450, 525, 635 nm)

Particle phase
function
(A=532 nm)

Excess air
outlet

Figure 1. Scheme of the laboratory closure experiment set-up. Different aerosol types, such as monodisperse polystyrene latex spheres

(PSL), ammonium sulfate (AS), and polydisperse powder (mineral dust, silica dust, and volcanic ash), were generated using three different

aerosol generation and size selection systems (in the upper left). The aerosol generation and size selection systems were connected via the

aerosol inlet to a dilution chamber, where the aerosol flow is mixed with particle-free dry air. Seven measurement instruments were connected

to the dilution chamber to measure extinction, scattering, and absorption aerosol properties as well as particle number concentration and size

distributions.
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4.2 Data evaluation

The data evaluation of the laboratory experiment data had the overall aim of investigating the uncertainty of the particle scat-
tering coefficient measurements by testing different angular corrections. A summary of data evaluation from the raw data is
provided in Fig.2. The top line displays all instruments involved in the laboratory experiment. The descending arrows include
all corrections performed to obtain the measured quantities of each instrument (indicated in yellow boxes). Black arrows in-
dicate when data from an instrument are an input for the correction of a different instrument. The tested angular corrections
are reported in red boxes. The angular corrections C's o, based on the scattering Angstrbm exponent, and Cpoiqr, based on
the polar measurements of the particle scattering coefficient, are obtained directly from the Aurora 4000 polar nephelometer
measurements. The angular correction based on the phase function Cppqsc is calculated, on the one hand, considering the
particle phase function measured by Horvath’s polar nephelometer, from now on referred to as Cppase, 7. On the other hand,
this angular correction is calculated considering the particle phase function simulated using the size distribution measured by
the two OPSs, from now on referred to as Cppqse,0 ps- The four angular corrections C'sa g, Cpotars Cphase, > and Cphase,0PS
were tested comparing the corrected Aurora 4000 particle scattering coefficient with the difference of the particle extinction co-
efficient and the particle absorption coefficient. In addition, the particle size distributions measured by the two OPSs were used
to simulate the Aurora 4000 scattering coefficients and to obtain the simulated angular corrections Csag,0ps and Cpoiar,0PS-
The six angular corrections were compared to each other.

The most important considerations of the data analysis of each instrument are summarized below. Further details of the
data analysis are provided in the supplementary information. All data were converted to standard temperature and pressure
(STP: Tg =273.15 K, Py =1013.25 hPa). The Aurora 4000 polar nephelometer was calibrated with particle-free air and
CO,, following the procedure recommended by Anderson and Ogren (1998). A set of calibrations were performed, and the
combined uncertainty due to calibration and noise for 1-minute data was found to be about 8 %, while for the data averaged
along with longer sequences, it is smaller than 3 %. The higher uncertainty for the 1-minute data was due to the temporal
resolution of about 30 s obtained by measuring the scattering coefficient o, , for all the 18 available positions of the scatter
shutter.

The particle extinction coefficient o, at A = 530 nm was measured by the CAPS PM,,;. Due to the high reliability and
low uncertainties ( 3% according to Petzold et al. (2013) and Onasch et al. (2015)) of the CAPS PM.,;, this instrument
was considered to be the reference. It is not affected by angular truncation error, since it measures the phase shift of a square
modulated signal after being reflected several times between two highly reflective mirrors placed at the extremes of the mea-
surement chamber. The CAPS PM.,; was calibrated and corrected for non-linear behavior considering measurements of the
Aurora 4000 particle scattering coefficient for 0.203 pm PSL particles. For this correction, the Aurora 4000 particle scattering
coefficient was corrected for angular truncation and illumination correction. The angular correction was calculated with Mie
simulations considering a log-normal size distribution (d, = 203 nm, o, = 1.026, m (A = 525 nm) = 1.582+:0.00 as reported

in Devon and Rudin (1987)). Besides a larger uncertainty, this calibration may introduce some compensation for the inaccuracy
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of the Aurora 4000 angular sensitivity function Z4%m°e4000(0° ¢) and therefore some circularity in our analysis. However,
the calculated Aurora 4000 angular correction for this size is very small (1 %).

Since mineral dust is expected to absorb in the green and blue wavelengths, the particle absorption coefficient was measured
by the TAP at three different wavelengths: blue (467 nm), green (528 nm), and red (652 nm). The particle absorption coeffi-
cients were corrected using the angular correction developed by Bond et al. (1999) and refined by Ogren (2010). The single
scattering albedo SSA was calculated from the particle extinction coefficient measured by the CAPS PM.,; at A = 530 nm
and the particle absorption coefficient measured by the TAP at A = 528 nm and resulted in the range 0.95 — 0.99 for mineral
dust measurements, in agreement with literature values (Ansmann et al., 2011; Schladitz et al., 2009; Miiller et al., 2011b;
Petzold et al., 2011). The related uncertainty for SSA in the range 0.95 —0.99 and raw (i.e., uncorrected) absorption coefficient
> 3 Mm™! is estimated to increase from 35 % to 100 % as SSA increases (Ogren et al., 2017). Even considering the highest
uncertainty (~ 100%), this error hardly affects the difference between particle extinction coefficient and particle absorption
coefficient because we measured only weakly absorbing aerosol with a low absorption coefficient. For all the measurements
where some absorption is expected, the difference between particle extinction coefficient and particle absorption coefficient is
considered as the reference value for light scattering because it is the best we can get for weakly absorbing irregular particles
in the coarse mode. If the aerosols are expected to be non-absorbing as for PSL particles, AS, and synthetic silica, the particle
absorption coefficient is set to zero and the particle extinction coefficient measured by the CAPS PM.,, is set as a reference
value.

The Horvath’s polar nephelometer was deployed to measure the particle phase function P,(#) at A = 532 nm. Its detector
is mounted on a rotating arm with an angular resolution of 5°, which can be moved between 5° and 175°, detecting the light
scattered into its direction. A complete measurement cycle takes 35 min. Calibrations were performed with CO4 and particle-
free air. The extrapolation procedure described in Horvath (2015) is used in order to extend the phase function to 0° and 180°.
The accuracy of the full integration of the phase function given by this procedure is 1 %. However, the particle phase function
measured by Horvath’s polar nephelometer has high uncertainty due to the low temporal resolution of the instrument and the
highly variable concentration during mineral dust measurements. For compensation of the variable signal, Horvath’s polar

nephelometer signal at each measurement angle is divided by the 1-minute average Aurora 4000 particle scattering coefficient

Aurora4000,0°
Tap

Aurora4000,0°
sp

at the green wavelength. Since o is proportional to the particle concentration and the aerosol type
does not change, the value obtained at each angle is proportional to the particle angular scattering function +y, (). The particle
phase function P,(#) is obtained by normalization. In the data set collected during this experiment, there are few cases where
the extrapolation procedure performed to extend the particle phase function to 0° leads to a decreasing phase function from
10° to 0°. These results were considered unrealistic and excluded from further data analysis.

For each measurement, data were averaged along sequences with constant number concentration or along the 35-minutes
measurements of Horvath’s polar nephelometer even if the number concentration is not constant. The result is not affected as
long as the average is performed at the same time for all instrumentation. No significant variation of the scattering Angstrom

exponent SAE(\p, Ar) was observed during the selected sequences. We considered all measured quantities at the green
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wavelength. Although the instruments involved have slightly different wavelengths (up to 7 nm difference), no wavelength
correction has been considered.

The particle size distribution was obtained by merging the particle size distribution measured by the UHSAS in the range
0.06 — 0.374 um and the OPS 3330 in the range 0.374 — 10 pm. The counting efficiency of the two instruments was estimated
by comparing their particle number concentration with the particle number concentration given by the CPC in monodisperse
ammonium sulfate aerosols. The accuracy of the CPC number concentration reported by the manufacturer is 10 %. The cali-
bration of the two OPSs was performed with PSL particles. The calibration accuracy was found to be 2.5 % for the UHSAS
and £+5 % for the OPS 3330, in agreement with the estimate given by the manufacturer. The particle number concentration was
mainly below the single particle counting limits reported by the manufacturers of the three instruments. The particle loss in
the tubes from the dilution chamber to the different instruments was estimated to be similar for all instruments except for the
UHSAS and the OPS 3330, using the Particle Loss Calculator software (PLC, von der Weiden et al., 2009). A correction factor
was estimated and applied to the UHSAS and the OPS 3330 measurements. Further details are reported in the supplementary
information.

The particle size distribution was obtained assuming the PSL particle refractive index, e.g., the PSL-equivalent nominal
diameter values for the bin borders provided by the manufacturer. The PSL equivalent size distribution was used to calculate
the OPS particle scattering coefficient and the OPS particle phase function via optical simulations. The optical simulations
were performed with the program MOPSMAP (Gasteiger and Wiegner, 2018), using the option to give the binned size data
directly as input. We considered spherical shapes only (Mie code) and the refractive index of PSL particles was used, i.e.,
m = 1.5914140.00 at A = 450 nm, m = 1.582+0.00 at A\ = 525 nm, and m = 1.574+170.00 at A = 635 nm taken from Devon
and Rudin (1987). This choice was done to be consistent with the particle size distribution used as input where the PSL particle
refractive index was assumed. To estimate the uncertainty of the simulated optical properties, the simulations were repeated
1000 times modifying randomly the number concentration and the bin diameters of the input data. More detailed information

is provided in the supplementary information.
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oratory closure experiment are on the top bar. The descending arrows illustrate the data elaboration to obtain from raw data the relevant
quantities (in the yellow boxes) and the different angular corrections (in the red boxes). Thick black arrows indicate when data are used in

Figure 2. Flow chart of the data evaluation for the laboratory closure experiment. All measurement instruments involved in the lab-

the data processing of a different instrument.
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4.3 Results of the laboratory closure experiment

The four angular corrections Csag, Cpolar> Cphase, > and Cprase,0ps Were tested by applying each of them to the Aurora

4000 particle scattering coefficient at A = 525 nm, called corrected gZumor@4000.0°

, and comparing it to the difference be-
tween the particle extinction coefficient and the particle absorption coefficient (o¢y, — 04p), Where o, and o, were measured
by a CAPS PM,; at A =530 nm and by a TAP at A\ = 528 nm, respectively. o, — 0, represents the reference value for
the particle scattering coefficient as discussed in Sect. 4.1. The ratios of corrected 039”0”4000’00 to (0¢p — 0qp) as function
of the PSL equivalent volume median diameter (PSL eq. VMD) are shown in Fig.3. Each row of Fig.3 (e.g., a-b, c-d, e-f,
or g-h) shows results for a different angular correction. The results for monodisperse aerosols (PSL and AS) are shown in
the panels on the left (Fig.3a, c, e, g), the results for polydisperse aerosols (mineral dust, silica dust and volcanic ash) in the
panels on the right (Fig.3b, d, f, h). Results of a correlation analysis for each angular correction are reported in Table 4. The
slope of linear regression through the origin and the coefficient of determination were calculated for each angular correction

. o . . . .
VS. (Oep — Oap) /oy "o @4000:0" "which represents the reference angular correction. The slopes represent the average deviation

Aurora4000,0°
sp

each correction are described in the following sections.

from 1 of the ratio between the corrected o and the reference particle scattering coefficient. Further details for

4.3.1 Results for the angular correction Css g

The angular correction Cg 4 g (Eq. 13), using the scattering Angstrbm exponent, was calculated with the parameters in Table 3.
For the monodisperse aerosol measurement, we used the parameters for sub-um size cut-off in the case of nominal d < 1 ym
and the one for no size cut-off in the case of nominal d > 1 pm. For polydisperse aerosol measurements, we used the parameters
for no size cut-off.

The 0;‘;,“’”“4000’00 corrected with the angular correction Cs 4 agree with 0., — 04, within £15 % for most of the mea-

surements (Fig.3a, b). In particular, the agreement is excellent for polydisperse measurement with volume median diameter

Aurora4000,0°

smaller than 2 um, with almost all values of the ratio between corrected Top

and (0p — 04p) equal to 1 within the
expected uncertainties (Fig.3b). For larger volume median diameter, the angular correction C's 4 g leads to an underestimation
of 0¢p — 0qp by up to 15 %, showing a slightly size-dependent performance. For monodisperse aerosol larger than 1 pm, the

o
corrected O.;ﬁ;uroraZLOOO,O

underestimates o, — 04, by about 20 % (Fig.3b). Results from the linear regression analysis show
that the angular correction C's 4 underestimates the reference angular correction on average by 8 % for the monodisperse

aerosol measurements and by 7 % for the polydisperse aerosol measurements (Table 4).
4.3.2 Results for the angular correction C 014+

The angular correction Cp,14, (EQ.14), using the polar measurements of the Aurora 4000 particle scattering coefficients, shows

a performance that strongly depends on particle size for both monodisperse and polydisperse aerosol. The agreement between

Aurora4000,0°
Sp

sizes the corrected o

corrected o and (0¢p — 04p) is within £10 % for small sizes (PSL eq.VMD< 600 nm). Conversely, for larger

Aurora4000,0°

sp underestimates (0, — 04p) by up to 40 % (Fig.3c, d). Results from the linear regression
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analysis show that the angular correction Cpoy- Underestimates the reference angular correction on average by 13 % for the

monodisperse aerosol measurements and by 23 % for the polydisperse aerosol measurements (Table 4).
4.3.3 Results for the angular correction Cppose, 17

The angular correction Cppqse, i, Using the phase function measured by Horvath’s polar nephelometer, shows a performance

Aurora4000,0°

that does not depend on particle size but generally underestimates (ocj, — 04p). The corrected o))

is in agreement
with (0¢p — 04p) for only a few measurements, while it underestimates (0., —04p) by 23 % in the worst case (Fig.3e, f). Results
from the linear regression analysis show that the angular correction Cppqsc, r Underestimates the reference angular correction

on average by 12 % for the polydisperse aerosol measurements (Table 4).
4.3.4 Results for the angular correction C,pqse,0Ps

The angular correction Cppqse,0 P5, Using the particle phase function simulated considering the UHSAS and OPS PSL equiv-

Aurora4000,0°
sp

+20 % with (0ep — 04p) for all sizes and aerosol type. In particular, the agreement for the large size (VMD > 2 um) of the

alent size distributions, shows a performance that does not depend on particle size. The corrected o agrees within
polydisperse aerosol measurement is within +10 % (Fig.3g, h). Results from the linear regression analysis show that the angu-
lar correction Cjpqse,0ps underestimates the reference angular correction on average by 7 % for both the monodisperse and

the polydisperse aerosol measurements (Table 4).
4.3.5 Results of the comparison among different angular corrections

To compare different angular corrections, we performed a correlation analysis among all the considered angular corrections.
The slopes of linear regression through the origin and coefficients of determination obtained are reported in Table 5 for
monodisperse aerosols and in Table 6 for polydisperse aerosols. In Tables 5 and 6, results highlighted in bold indicate an
agreement within +3 %.

The angular corrections Csapg and Cpiq, agree within £3 % with the corresponding OPS-simulated angular corrections,
called Csag,ops and Cpoiar,0ps (See Fig.2 and related text in Sec.4.1), both for the monodisperse and polydisperse cases.
The angular correction Cppqse 0 ps agrees within =3 % with Csag, Csar,ops, and Cpoar,0 ps for the monodisperse aerosol
measurements and with Cg4g and Csag ops for the polydisperse aerosol measurements.

The angular correction Cpp,q4¢, 1, Obtained with the phase function measured with Horvath’s polar nephelometer, agrees within
6 % with the angular correction Cppqse,0ps, Obtained from the OPS-simulated phase function for the polydisperse measure-
ments.

In the case of the polydisperse aerosol measurements, the agreement within +3 % between each angular correction and the
corresponding OPS-simulated is surprisingly good. First, the refractive index of the calibration material was assumed in the size
distribution retrieval. Second, we did not consider any irregular shape effect, even if our polydisperse aerosols are irregularly

shaped. Based on previous closure experiments (Schladitz et al., 2009, 2011), we did not expect to achieve good agreement

17
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using Mie theory for irregularly shaped particles. This result leads us to the following questions: what is the impact of particle
shape on the nephelometer angular truncation and illumination error? What is the impact of different refractive indices and
shapes on the angular correction Cpp44¢,0ps derived from the size distribution measured by an OPS? What is the effect of
different possible approaches (e.g., assuming different refractive indices) to obtain the OPS size distribution and the simulated
angular correction Cppqse,0ps? To answer these questions and interpret the laboratory experiment results, we performed an

extensive modeling effort simulating the TSI OPS 3330 response for several particle types.

18
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Figure 3. Result of the laboratory experiment for each angular correction. Ratio of the Aurora 4000 particle scattering coefficient corrected for angular

truncation and illumination error (corrected o

efficient (o,;p — oap) vs. the measured PSL equlvalent volume median diameter. Each panel row shows the results for the o),

Aurora4000 0°

Awurorad000,0°

) and the difference between the particle extinction coefficient and the particle absorption co-

corrected with

a different angular correction: (a, b) for the angular correction C's 4 ; (¢, d) for the angular correction Cpp14.; (€, f) for the angular correction Cppase, 11

(g, h) for the angular correction Cppqse,0 5. Monodisperse aerosol measurements are reported in the panels on the left (a, c, e, g); polydisperse aerosol

measurements are reported in the panels on the right. Error bars represent the 95 % confidence interval. Different symbols refer to different aerosol types.
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Table 4. Results of the regression analysis (Ceotumns = slope(Gep — Tap and the coefficient of determination R? ) of each

angular correction in the table columns Ceoiumns and the ratio between the reference particle scattering coefficient vs. the Aurora 4000

. . . o
particle scattering coefficient, (0ep — 0ap) /o or 400007,

\QL% CS'AE Cpolar Cphasc,H Cphase,OPS
slope 0.924+0.02 0.87+0.03 - 0.93 +0.02
Monodisperse 5
Aurorad000.0° R 0.989 0.978 - 0.992
(Oep — Tap)/0p ’
slope  093+£0.01 0.77+£0.02 0.88+0.02 0.93+0.01
Polydisperse 9
R 0.995 0.987 0.994 0.997
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Table 5. Monodisperse aerosol: PSL and AS. Results of the regression analysis (Crows = slope-Ceotumns and coefficient of determination
R?) of each angular correction reported in the table rows Crows Vs. each angular correction reported in the table columns Clopumns. Results

within £3 % are highlighted in bold.

Ccolumns
o Csak Chpolar Csag,opPs Cpolar,0PS Cphase,0P5
o slope 1 1.04 £0.01 0.995 + 0.002 1.02 £+ 0.01 0.996 + 0.005
SAE R? 1 0.996 0.99999 0.998 0.999
o slope - 1 0.95 £ 0.01 0.978 + 0.005 0.95 £ 0.02
poter R2 - 1 0.995 0.999 0.993
slope - - 1 1.03 + 0.01 1.002 £ 0.004
Csag,ops 9
R - - 1 0.997 0.9996
slope - - - 1 0.97 £ 0.01
Cpolar,OPS 2
R - - - 1 0.995

Table 6. Polydisperse aerosol: mineral dust, silica dust, and volcanic ash. Results of the regression analysis (Crows = slope - Ceotumns
and coefficient of determination R?) of each angular correction reported in the table rows Ciro.s Vs. each angular correction reported in the

table columns Clojumns. Results within £3 % are highlighted in bold.

Ccol
C CSAE Cpolar Cphasc,H CSAE,OPS Cpolar,OPS Cphasc,OPS
o slope 1 1.22 +£0.01 1.06 £0.01 0.973 + 0.004 1.22 +£0.01 0.99 + 0.02
SAE R? 1 0.997 0.997 0.999 0.997 0.993
o slope - 1 0.88 £0.02 0.802 £ 0.004 1.004 £ 0.002 0.82 £ 0.02
potar R? - 1 0.995 0.999 0.9998 0.983
slope - - 1 0.91 £0.01 1.14 £0.02 0.94 £+ 0.02
Cphas&,H 9
R - - 1 0.997 0.994 0.994
slope - - - 1 1.252 £+ 0.007 1.03 + 0.02
Csag,ops 9
R - - - 1 0.999 0.989
slope - - - - 1 0.82 £0.02
Cpolar,OPS 9
R - - - - 1 0.984
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5 Simulated closure experiment
5.1 Simulation methods

We conducted a simulated closure experiment to answer the questions raised by the laboratory experiment result, in particular
concerning the effect of particle shape on the determination of the particle scattering coefficient. We estimated the effect of
the particle shape on the "original" angular correction Cyo (See Eq. 10 with @ =0°) and on the two methods to calculate
the angular correction that showed the best results for mineral dust aerosol during the laboratory experiment, the Cs4g and
Cphase,ops- The overall goal of these simulations is to estimate the effect of the different approaches on the angular correction
Cphase,0Ps » €.8., assuming different refractive indices for the particle size distribution retrieval.

The flow chart for this simulated closure experiment is represented in Fig.4. Several size distributions and refractive indices
were selected randomly among values indicated in the left box of Fig.4. The "original" angular correction Cy. was calculated
directly on a given diameter grid for the input particle size distributions, refractive indices, and shapes. For homogeneous
spherical particles, we hereafter will call it spherical Cyo, and for irregular particles irregular Cyo. The irregular Coo was
compared with the spherical Cyo obtained for volume-equivalent spheres with the same particle size distribution and refractive
index (green arrow Fig.4). The response of the TSI OPS 3330 and the angular correction Cpp4se,0ps for the selected particle
size distributions and particle types were simulated (step 1-5 in Fig.4). The angular corrections C,pqse,0p5 Obtained with
different approaches were compared with the "original" angular correction Cyo obtained for the same aerosol types (blue arrow
Fig.4). We performed the same comparison for the angular correction Cs4g.

We selected 5000 random samples with particle size distributions and refractive indices similar to previous studies on the
nephelometer angular correction (Anderson and Ogren, 1998; Miiller et al., 2011a; Bond et al., 2009; Massoli et al., 2009). The
particle size distributions were bimodal log-normal with the geometric volume mean diameter varying in the range 0.2—0.4 ym
for the fine mode and in the range 2.0 — 4.0 pm for the coarse mode. The geometric standard deviation varied in the range
1.6 — 2.2. Fine mode volume fraction varied in the range 0.1 — 0.9. Half of the simulations were performed with sub-um size
cut-off, half of them with no size cut-off. The real part of the refractive index varied in the range 1.33 — 1.70 and the imaginary
part in the range 0.0 — 0.3. Calculations were performed for homogeneous spherical particles using the miepython module,
developed by Scott Prahl and based on Wiscombe (1980).

Additionally, we selected 1000 random samples with refractive indices similar to mineral dust aerosol (e.g., Di Biagio et al.
(2019)): the real part of the refractive index was chosen between 1.50 and 1.55, and the imaginary part was selected in the range
0.000 — 0.016. The calculations for these samples were repeated twice for homogeneous spherical particles and for irregular
shapes selected among mineral dust shapes from Gasteiger et al. (2011) and using the discrete dipole approximation code
(ADDA, Yurkin and Hoekstra, 2011).

The selected values of the refractive index for each case are referred to hereafter as well as in Fig.4 as the "true" refractive
index (N¢rue + thirue)-

Calculations were performed on a diameter grid with size range corresponding to the TSI OPS detection limits. The OPS

diameter detection limits corresponding to each ny.ye + k¢ Were calculated via Mie theory considering the manufacturer-

22



440

445

450

455

460

465

470

https://doi.org/10.5194/amt-2021-369 Atmospheric
Preprint. Discussion started: 21 December 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

provided diameter detection limits of 0.3 — 10 pm for homogeneous spherical particles with refractive index 1.59 4-¢0. In the
case of irregularly shaped particles, the ADDA calculations were limited up to a volume equivalent diameter of 5.8 um.

Although particles smaller than 0.3 pm are still relevant for the calculation of the angular correction, here we limited the
calculations to the OPS size range because we would like to assess the impact of the assumptions of refractive index and shapes
in calculating the angular correction from the size distribution measured by an OPS. Considering a size range of 0.06 — 10 pm
and combining the size distribution of UHSAS and OPS 3330, we obtained similar results, but we did not report these results
here.

For each randomly sampled set of particle size distribution, refractive index, and shape, the response of the TSI OPS 3330
was simulated (step 1-2-3, Fig.4). An optical particle spectrometer, such as the TSI OPS 3330, measures the scattering cross-
section (OPS Cs.,) by collecting with a mirror the light scattered in the angular range 30° — 150°. We simulated the OPS
Cycq,i for each diameter of the grid d; (step 1, Fig.4), using a (custom) Mie code based on Bohren and Huffman (2008) for
homogeneous spherical particles and the ADDA code from Yurkin and Hoekstra (2011) for the mineral dust-like shapes from
Gasteiger et al. (2011). In the latter, the orientations and shapes were selected randomly for each d;. Each simulated OPS C,,,
was sorted into the corresponding OPS bin (step 2, Fig.4). In order to perform this step, we had to convert the manufacturer-
provided diameter bin borders for the calibration material (m = 1.59 +40.00) into scattering cross-section bin borders. The
randomly sampled size distribution was considered only in the following step, to reduce the computational time (step 3, Fig.4).
As a result, we obtained the counts for each of the 16 bins of the TSI OPS 3330. Based on this simulated OPS histogram, we
used three different approaches to calculate the particle size distribution (step 4, Fig.4) and the angular correction Cpp,se,0P5
(step 5, Fig.4):

Approach a: The particle size distribution was obtained (step 4, Fig.4) with the manufacturer-provided PSL-equivalent nomi-
nal diameter values for the bin borders. The angular correction Cppqse,0 ps Was calculated (step 5, Fig.4) via Mie theory

with the refractive index of the calibration material, i.e., the refractive index of PSL particles (1.59+i0.00).

Approach b: The particle size distribution was obtained (step 4, Fig.4) with the manufacturer-provided PSL-equivalent nomi-
nal diameter values for the bin borders. The angular correction Cp,q5¢,0 ps Was calculated (step 5, Fig.4) via Mie theory

with the "true" refractive index, i.e., the randomly selected refractive index used as a input.

Approach c: The particle size distribution was obtained (step 4, Fig.4) with diameter values of the bin borders calculated
through an inversion procedure. As a refractive index, we assumed the "true" refractive, i.e., the randomly selected
refractive index used as a input. The angular correction Cppqse,0 5 Was calculated (step 5, Fig.4) via Mie theory with

the "true" refractive index.

In addition, we calculated the angular correction Cg 4 for the same size distributions and aerosol types. For the calculation
of the correction Cg 4 g the parameters obtained with sub-um size cut-off or with no size cut-off are used in the corresponding
case.

Further details of the method used for this sensitivity study are described in the supplementary information.
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Figure 4. Flow chart for the simulated closure experiment. The input parameters are selected randomly among the values indicated in the
left box. The "original" angular correction Cye is calculated directly on a given diameter grid for the input size distributions and refractive
indices (left side of the flow chart), for homogeneous spherical particles with Mie calculations (spherical Cgo) and for irregular particles
with discrete dipole approximation (irregular Coo ). To simulate the angular correction Cphase,0ps corresponding to each "original" Coo

considered, the steps 1-5 are performed. Different approaches to run the five steps are possible.

24



475

480

485

https://doi.org/10.5194/amt-2021-369 Atmospheric
Preprint. Discussion started: 21 December 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

5.2 Results of the simulated closure experiment
5.2.1 Non sphericity effect on the angular correction

To estimate the effect of the particle shape on the nephelometer angular correction, we compared the angular correction for
randomly oriented mineral dust-like irregular particles with the angular correction obtained for the volume equivalent spheres
with the same size distribution and refractive index (green arrow Fig.4). In the case of size distribution with sub-pum cut-off,
the angular correction obtained with Mie simulation (i.e., for spherical particles) underestimates the angular correction for
irregular particles by 1 % on average as shown in Fig.5.a. In the case of size distribution with no cut-off, the angular correction
obtained with Mie simulation (e.g., for spherical particles) underestimates the angular correction on average by 2 % and up to
3.5 %, as shown in Fig.5b. These results indicate that the effect of the non-spherical shape contributes to an uncertainty on the

angular correction smaller than 3.5 %.

Sub-pm size cut-off No size cut-off
112
Ratio | .- L4 Ratio
Min. |0.990 Min. |0.965 T Keve
_1101 [Mean|0.994 i3] Mean|0.984 ol
o Max. [0.996 s O Max. | 0.993 9.—-- 0012
g . ] J 0.008
5 512 - 0.004
§ 1.08 § 0.000
11 / 11
1.06 (a) (b) P
10 L
1.06 1.08 1.10 1.12 1.0 11 1.2 1.3 1.4

irregular Cy- irregular Cy.

Figure 5. Comparison between the angular correction for irregular particles and for spherical particles. Calculations are performed
for A = 525 nm and on a diameter range 0.06 — 5.8 pm. The left panel shows the comparison for particle size distributions with sub-um size
cut-off. The right panel shows the comparison for particle size distributions with no size cut-off. The color indicates the imaginary part of the
refractive index used in the simulations k¢yye. The solid line is the 1 : 1 line. The dashed lines are the +=3% lines. In the table are reported

the minimum, mean, and maximum value of the ratio between spherical Coo and irregular Cgo.

5.2.2 Results of the different approaches to calculate Cprase,0Ps

The Cphase,0ps calculated using the three different approaches (a, b, c; Sec. 5.1) were compared with the “original" angular
correction Cyo calculated on the input size distribution considering the “true” refractive index and shape. For input particles
with spherical shape, the comparison is done with the Mie-calculated spherical Cyo, for input particles with irregular shape the
comparison is done with the ADDA calculated irregular Cyyo (blue arrow Fig.4). The results of this comparison are summarized

in Fig.6 for the size distribution with sub-um size cut-off and in Fig.7 for the size distribution with no size cut-off. On each
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column, the comparison for a angular correction Cppqse,0 ps calculated with one of the three different approaches (See Sec.5.1)

or for the angular correction Cg 4 is shown. The six panel rows of Figs.6 and 7 report results for six aerosol categories:

1. Non-absorbing spherical particles, with ng.,,. = 1.59.

2. Non-absorbing spherical particles, with ng,e = 1.33 — 1.70.

3. Weakly absorbing spherical particles with ny,, = 1.33 — 1.70 and k¢, = 0.001 — 0.010.
4. Absorbing spherical particles with ng;,. = 1.33 — 1.70 and k4, = 0.030 — 0.300.

5. Weakly absorbing spherical particles with mineral dust-like refractive index ng.,. = 1.50 — 1.55 and ky;.,e = 0.000 —
0.016.

6. Weakly absorbing irregular particles with mineral dust-like shape and refractive index ny,,,. = 1.50 — 1.55 and ky;,e =

0.000 —0.016.

Several observations can be made looking at the results represented in Figs.6 and 7. First, the panels in the first row of Figs.6
and 7 show that the effect of the TSI OPS 3330 binning on the angular correction is smaller than 0.7 %. Indeed, 1.59 + 40 is
the refractive index used for the calibration of the TSI OPS 3330 and, in this case, the difference between Cyo and Cprase,0Ps
is the result from the TSI OPS 3330 binning.

Second, if the particle size distribution is calculated with the calibration refractive index, the use of "true" refractive index
in the optical modeling of the angular correction Cp,qse,0p5 does not improve the accuracy significantly. Indeed, panels in
the first and second columns (approaches a and b) look quite similar for all aerosol types, both with sub-pm and with no size
cut-off.

Third, if the particle size distribution is calculated with the "true" refractive index, the agreement between C,q5e,0p5 and
the "original" Cgo significantly improves, for all cases with spherical particles. The agreement is within 3 — 4 % for all weakly
absorbing aerosols with spherical particles for both with and with no size cut-off (row 2 and 3, column 3 of Figs.6 and 7).

Fourth, in the case of absorbing aerosol, the Cppqse,0ps(c) calculated with the refractive index correction can have large
uncertainties. In the case of size distributions with sub-pm size cut-off, when ke = 0.1 — 0.3, Cppase,0ps(c) overestimates
Coo by up to 21 % (row 4, column 3 of Fig.6). The comparison plot shows unusual features as the retrieval procedure used for
the refractive index correction failed. Indeed, the TSI OPS 3330 Mie curve for ky,,, = 0.3 is almost flat in the diameter range
from 0.5 to 1.0 um. The angular correction Cg 4 is accurate within 4 % in this case. In the case of size distributions with no
size cut-off, Cppase,0ps(c) can have up to £25 % uncertainty, when k., = 0.1 — 0.3 (row 4, column 3 of Fig.7).

Finally, an interesting result is found in the case of irregular particles when no size cut-off is considered (last panel row of
Fig. 7). The angular correction Cppqse,0ps(a), obtained with the refractive index of the calibration material, agrees on average
with the "original" Cy within 0.3% percent. However, the relationship is strongly dependent on the imaginary part of the
refractive index. If ke = 0.000, Cpprase,0ps(a) overestimates the "original" Co up to 8 %. If ke = 0.016, Cppase,0rs(a)
underestimates the "original" Cgo up to 18 %. Surprisingly, when the "true" refractive index is taken into account, the angular

correction Cppqse,0ps(c) systematically overestimates the "original” Coo on average by 5% and up to 22% in the worst case.
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Figure 6. Simulated closure experiment to asses the limitations and uncertainties of the angular correction obtained with Mie the-
ory from the size distribution measured by an OPS. The comparison for the angular correction Cpnase,0ps calculated with the three
approaches (a, b, ¢) are shown in the first three columns. The comparison for the angular correction Cs 4 is reported in the last column.
Different lines refer to different aerosol input. The color code indicates different values of the real part of the refractive index for the non
absorbing cases (rows 1-2) and of the imaginary part of the refractive index for all the other cases (rows 3-6). The solid lines are the 1:1 lines.
The dashed lines are the 3% lines. In the tables are reported the minimum, mean, and maximum value of the ratio between the quantity

reported in the y axis and the quantity reported in the x axis.
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Figure 7. Simulated closure experiment to asses the limitations and uncertainties of the angular correction obtained with Mie the-
ory from the size distribution measured by an OPS. The comparison for the angular correction Cpnase,0ps calculated with the three
approaches (a, b, ¢) are shown in the first three columns. The comparison for the angular correction Cs 4 is reported in the last column for
comparison. Different rows refer to different aerosol input. The color code indicates different values of the real part of the refractive index
for the non absorbing cases (rows 1-2) and of the imaginary part of the refractive index for all the other cases (rows 3-6). The solid lines are
the 1:1 lines. The dashed lines are the 3% lines. In the tables are reported the minimum, mean, and maximum value of the ratio between

the quantity reported in the y axis and the quantity reported in the x axis.
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6 Discussion
6.1 Nephelometer angular corrections

Integrating nephelometer measurements require an angular correction to provide the particle scattering coefficient. Several
methods to calculate the angular correction are available in the literature and are covered by our laboratory and modeling study.
The applicability and uncertainty of these corrections depend on the particle type and the availability of other measurements.

The angular correction Cy,44, is @ method recently developed by Miiller et al. (2012). Nephelometer data corrected with
the angular correction Cpq, (Fig.3c-d) are in agreement with the reference particle scattering coefficient only for particles
with sizes smaller than 1um, while they strongly underestimate (up to ~ 40 %) the particle scattering coefficient for larger
particle sizes. This observation is in agreement with the model calculation performed by Miiller et al. (2012). Miiller et al.
(2012) showed as well that this correction is not affected by the imaginary part of the refractive index and that it can reduce the
uncertainty of the angular correction for sub-pm to about 2 %.

The angular correction Cg 4 g is the method most commonly used in literature (e.g., Pandolfi et al., 2018; Valenzuela et al.,
2015; Costabile et al., 2013; Clarke et al., 2007). Nephelometer data of polydisperse coarse mode irregularly shaped aerosols
corrected with the angular correction Cg 4 (Fig.3b) are in very good agreement with the reference particle scattering coef-
ficient for small volume median diameters (< 2 ym). For volume median diameters larger than 2 yum, the reference particle
scattering coefficient is underestimated up to 15%. This performance is much better than the one achieved with the Cpo;q, an-
gular correction. This result is in agreement with the model calculations of weakly absorbing polydisperse aerosol of spherical
and irregularly shaped particles (Fig.7 last panel column, rows 3, 5, and 6), which show that the angular correction Cg 4 has
an overall uncertainty of about +13 %. A possible explanation for the underestimation of the angular correction Cg 4  for large
particle sizes (volume median diameter > 2 um) is that the SAE is already around zero. Even if the SAE can reach slightly
negative numbers, it is no longer linearly related to the particle size.

The overall higher uncertainty of the angular correction Cg 4 for coarse mode aerosol is already highlighted by Anderson
and Ogren (1998). For this reason, they introduce the sub-pm size segregation and point out that very accurate information,
within a few per cent, on the particle scattering coefficient of sub-pm polydisperse non-absorbing aerosol can be achieved, as
confirmed experimentally by Massoli et al. (2009).

Nevertheless, the angular correction Cg 4 g is not very accurate in the case of absorbing aerosol. The SAE is only indirectly
related to the particle size, and this relationship is altered for absorbing particles. Bond et al. (2009) showed that the angular
correction Cg 4 g might have an error of about 5 % for sub-pzm aerosol. Even if this error looks rather small, they point out that
the error is in the same order of magnitude as the angular correction for absorbing sub-pm particles. In addition, Massoli et al.
(2009) showed this issue experimentally and pointed out that for sub-um particles, the relationship between SAE and angular
correction is also strongly dependent on the real part of the refractive index. Our calculations (last panel column of Fig.6)
confirm the finding of Bond et al. (2009) and Massoli et al. (2009). In addition, our calculations for particle size distributions
with no size cut-off (Fig.7) show that, in extreme cases, if coarse mode highly absorbing particles are present, the uncertainty

of the Cg 4 correction may rise up to 33%.

29



5565

560

565

570

575

580

585

https://doi.org/10.5194/amt-2021-369 Atmospheric
Preprint. Discussion started: 21 December 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

The angular correction Cppase,0ps is a rarely used method in literature (e.g.,Di Biagio et al. (2019)) as it requires parallel
particle size distributions measurements and also knowledge about refractive index and particle shape. For the mineral dust
measurements, the performance of the angular correction Cpj,q4¢,0 ps is surprisingly good (Fig.3.h) because no refractive index
or shape is considered in the size distribution retrieval. This result might lead one to the conclusion that there is no need to take
into account the refractive index or shape of the measured aerosol for the calculation of the angular correction Cppgse,0PS-
The optical particle spectrometer is an optical cross-section selector rather than a particle sizer. Thus, using the refractive index
of the calibration particles might lead to compensations if the Mie curve of the calibration material is parallel to that of the
mineral dust particles. Results of our simulated closure experiment (Fig.7, last row) suggest that the good performance of the
angular correction Cppqse,0ps for mineral dust measurements (Fig.3.h) might be due to a compensation of the non-spherical
shape effect by the small imaginary part of the refractive index. In the case of mineral dust measurements, the particle size
distribution by an OPS, obtained with the manufacturer-provided PSL-equivalent nominal diameters of the bin borders, leads
to an angular correction which is on average correct (within £0.3 %). However, it has a strong dependence on the imaginary
part of the refractive index with an overall uncertainty of a about +17 % (Fig.7, last row, approach a).

The direct effect of particle shape on the angular correction itself (i.e., "original" Cgo ) is very small. Our calculations
(Fig.5) show that the angular correction for dust-like irregularly shaped particles is on average 2% higher than the angular
correction for volume equivalent spheres. This result is in agreement with the one obtained by Quirantes et al. (2008), who
found that angular corrections calculated for oblate particles and prolate spheroids are similar within 1-2% to results obtained
for equal-projected-area spheres. The observation that the near-forward scattering is quite insensitive to the particle shape (e.g.,
Mishchenko et al., 1995) further supports this finding.

If the "true" refractive index is assumed for the particle size distribution retrieval, the Cppase,0ps is systematically overesti-
mated on average by 5—6 % up to a maximum of 22 % (Fig.7 last row, approach c). This result highlights that even if the direct
effect of the particle shape on the angular correction looks rather small, the non-sphericity contributes to a higher uncertainty
in the determination of the particle size distribution and thus on the angular correction Cppase,0PsS-

In the case of irregularly shaped particles, the angular correction Cs4g looks more accurate and it requires less effort
than considering the non-sphericity for the retrieval of the size distribution. Our calculations show that the angular correction
Cs g is accurate on average within 2 % with an overall uncertainty of about +13 % (Fig.7 last row, last column). In addition,
the angular correction Cg 4 doesn’t show a strong dependence on the imaginary part of the refractive index as the angular
correction Cppqse,0ps(a), calculated with the refractive index of the calibration material.

Results of the simulated closure experiment show that the angular correction Cpj,q5¢,0ps calculated with the approach (c),
e.g., assuming the "true" refractive index for both the particle size retrieval and the optical calculations, is more accurate
than the ones calculated for the other approaches for all cases except for irregular particles (Fig.7). The overall uncertainties
obtained are within a few percent for slightly absorbing particles but larger uncertainties (about +25 %) are found for absorbing
aerosol. Quite similar results were obtained for the other two approaches (a and b), where the angular correction Cppqse,0P5
is calculated from the PSL equivalent particle size distribution and the optical simulations used the PSL refractive index for

the approach (a) and the "true" refractive index for the approach (b). This result highlights that the angular correction is
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quite insensitive to the refractive index as also pointed out by Bond et al. (2009), who estimate about 2 % uncertainty due to
the refractive index when calculating the angular correction with Mie theory. Our analysis points out that while the angular
correction is quite insensitive to both the refractive index and the shape, it is critical to assume the correct refractive index and

shape for the particle size distribution retrieval and in the calculation of the angular correction Cppase,0P5-
6.2 TImplications for optical closure studies

Optical closure studies, where the aerosol optical properties measured directly are compared with the aerosol optical proper-
ties simulated using the measured size distribution and optics theory, allows not only the evaluation and minimizing of the
measurement uncertainties but also constraining specific parameters. Iteratively comparing the measured particle scattering
and absorption coefficient with the corresponding derived quantities, it is possible to retrieve the aerosol refractive index (e.g.,
Abo Riziq et al., 2007; Mack et al., 2010)

If the instruments’ uncertainties are comparatively high, it is difficult to achieve a perfect closure, and the refractive index
retrieval might fail. For instance, Schladitz et al. (2009, 2011) found discrepancies in the range 32 — 42 % between measured
and Mie-simulated optical properties and could not determine an average refractive index in the case of high mineral dust
particle concentrations. These studies attributed the discrepancies to a superposition of irregular shape effect on both the neph-
elometer angular correction and the sizing and counting uncertainty. While Schladitz et al. (2009, 2011) used a combination of
a differential mobility particle sizer and an aerodynamic particle sizer, Di Biagio et al. (2019) could retrieve the refractive index
of mineral dust within a chamber closure experiment using a combination of two OPSs. Even if they recognized the potential
role of non-sphericity in affecting their results, they assumed the mineral dust to be spherical for the whole data treatment.

Our study suggests that while the particle shape affects the angular correction Cgo only by 2 % (Fig.5), the overestimation
of particle size of mineral dust by optical particle spectrometers can be estimated to result on average in about 5 % up to 22 %
overestimation of the angular correction (Fig.7 last row, approach c). This result allows decoupling of the effect of the coarse
mode irregular particles on the angular correction itself and on the measured size distribution. Our analysis suggests that the
non-sphericity mainly affects the retrieval of the particle size distribution, and therefore a more accurate refractive index might

be obtained by considering the shape in the particle size retrieval.
6.3 Limitations of the study

Measurement uncertainties of the measurement instruments Aurora 4000, CAPS PM.,, and TAP might partly explain the
observed deviations in the result of the laboratory experiment. An additional source of uncertainty is given by the parameters
of the Aurora 4000 angular sensitivity function Z4%m°ra4000((° §) (see Eq. 5). Indeed, all angular corrections tested rely on
the parameters and truncation angles of Z4um°ra4000(° ) (Table 1).

Differences in the angular sensitivity function of the Aurora 4000 and the Aurora 3000 (Miiller et al., 2011a) leads to a
difference of 3 — 6% in the angular correction Cg 4 . The truncation angles of Aurora 4000 are 9° and 170° according to the
Aurora 4000 manual, while the truncation angles of Aurora 3000 are 10° and 171° (Miiller et al., 2011a). To our knowledge,

there is no experimental method to verify these angles. In addition, the parameters of the Aurora 4000 angular illumination
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function measured by Miiller et al. (2012) are different from those of Aurora 3000 angular illumination function published by
Miiller et al. (2011a). We cannot exclude that small differences may exist even within different units of the same model. The
Aurora 4000 used in this experiment was the Aurora 4000 of the University of Vienna, while the angular sensitivity function
was measured on the unit of the TROPOS Institute by Miiller et al. (2012).

In our data analysis, we introduced some circularity when the CAPS PM.,; was calibrated considering the total particle
scattering coefficient for measurements of PSL with nominal diameter 200 nm, as discussed in section 4.2. The particle scat-
tering coefficient was obtained from the value measured by the Aurora 4000 corrected for angular truncation and illumination
error. The angular correction was calculated with the method Cppqsc, Where the particle phase function was obtained via Mie
calculations assuming a log-normal particle size distribution and assuming the validity of Z4ur°ra4000((° ¢ This correction
might contribute to compensations in the comparison between the reference particle scattering coefficient and the corrected
Aurora 4000 particle scattering coefficient. Nevertheless, the angular correction increases with particle sizes and the parameters
of the angular sensitivity function remain a source of uncertainty for coarse mode particles.

A method to evaluate the accuracy of the angular sensitivity function could consist of considering the angular correction
Cphase,H, obtained from the particle phase function measured by Horvath’s polar nephelometer. Indeed, the latter doesn’t re-
quire assumptions on the refractive index and shape of the measured aerosols. The particle scattering coefficient measured by
Horvath’s polar nephelometer might be used as a reference value for this purpose. Unfortunately, it was not possible to obtain
the particle scattering coefficient from Horvath’s polar nephelometer because of the very variable signal during dust measure-
ments and the low temporal resolution (35 min) of the instrument. The angular correction Cpj,q s, 7 leads to an underestimation
of the reference particle scattering coefficient of on average 12% (Table 4). Even if we do not fully understand the reasons for
this discrepancy, we can’t attribute it completely to the uncertainty of the angular sensitivity function. Most probably, the use
of the 1-minute Aurora 4000 particle scattering coefficient to cope with the very variable signal introduced a high uncertainty.
The Horvath’s polar nephelometer has been corrected for its angular truncation error considering an extrapolation procedure
(Horvath, 2015). Even if the accuracy reported for this procedure is better than 1 %, we cannot exclude being worse for our
measurements where the instability of the aerosol number concentration together with the use of coarse mode irregular particles

represents a major challenge.

7 Summary and conclusions

We performed an extensive closure study, including laboratory and modeling effort, to evaluate and compare different angular
corrections for the Aurora 4000 polar nephelometer. We focused on their performance for coarse mode irregular shaped aerosol
as for example, mineral dust, which is the most abundant aerosol worldwide in terms of dry mass (Choobari et al., 2014; Textor
et al., 2006). In the laboratory experiment, we used soil samples collected in desert areas, synthetic silica, and a volcanic
ash sample to generate polydisperse test aerosol. In addition, PSL particles and ammonium sulfate were used to generate
monodisperse test aerosol. We tested and compared four angular corrections: Cs4 g using the measured scattering Angstrém

exponent, Cp,q4, Using the polar measurements of the particle scattering coefficient, Cpqse, r using the particle phase function
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measured by Horvath’s polar nephelometer, Cprase,0ps using the particle phase function simulated on the base of the size
distributions measured by the two optical particle sizers.

We compared the particle scattering coefficients corrected with each angular correction with the reference particle scattering
coefficient obtained as the difference between the measured particle extinction and absorption coefficients. As a result, we
found that the angular correction Cp4, is reliable for sub-um particles while strongly underestimating the "true" particle
scattering coefficient for larger particle sizes. The two angular corrections that showed the best performance for mineral dust
measurements are Cgag and Cppase,0ps, as they both underestimate the reference angular correction on average by 7 %.
The good performance of Cppqse,0ps for mineral dust aerosol looks surprisingly because a simple approach was used for its
calculation. The refractive index of the calibration material was assumed for both the particle size distribution retrieval and the
optical calculations. In addition, the non-spherical shape was not considered.

To interpret these results, we performed an extensive modeling effort, simulating a closure experiment for randomly selected
particle size distributions, refractive indices, and shapes. First, we estimated the effect of the particle shape on the "original"
angular correction Cgo. We found that using the Mie theory to calculate the angular correction for mineral dust-like irregular
shapes leads to an underestimation of about 2 %. Second, we investigated the uncertainties of the two angular corrections
Csag and Cppgse,0ps that showed the best performance for mineral dust measurements. The signal measured by a TSI OPS
3330 was simulated for the selected particle size distributions, refractive indices, and shapes.

The angular correction Cpq5e,0p5 Was calculated with three different approaches: (a), (b), and (c) (See Fig.4 and related
text). Overall, the angular correction Cpj,qs¢,0ps (¢), Which considers the refractive index of the selected aerosol for both the
particle size distribution retrieval and the optical calculations, leads to an improvement in the agreement between the derived
angular correction and the "original" angular correction Cyo. An exception is the case of irregular particles, where the angular
correction Cppase,0ps (c) overestimates the "original" angular correction Cgo on average by 5 % and up to 22 %. Using the
angular correction Cppase,0ps(), i.e., the refractive index of the calibration material was assumed for both the particle size
distribution retrieval and the optical calculations, the effect of the non-spherical shape seems to be almost compensated by the
effect of the imaginary part of the refractive index. In conclusion, through an extensive closure experiment and modeling effort,
we could decouple the effect of the coarse mode irregular particles on the angular correction itself and on the measured size

distribution.
7.1 Recommendation for the use of an appropriate correction method

Based on the current knowledge and the present work, we conclude that there is no generally "best" method to calculate
the angular correction. Rather the angular correction should be selected depending on the aerosol type and the investigated
size range. The angular correction Cg 4 is the most accurate in many of the analyzed cases and may serve as the ’default’
method, even if its uncertainty can be relatively large (up to 33 %). If higher accuracy of the particle scattering coefficient
by a nephelometer is desired, the angular correction might be obtained via optical simulations from the measured aerosol size

distribution Cp,qse,0 ps. However, the retrieval of the particle size distribution from the OPS would need to consider the correct
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refractive index and the particle shape, even if the direct effect of the particle shape on the nephelometer angular truncation
and illumination error was found to be comparatively small.

We provide uncertainties for different approaches to calculate the angular correction from the measured particle size distri-
bution, and we indicate the least uncertain approach for several situations. The reported uncertainties are calculated on the basis
of the simulated closure experiment and do not consider the uncertainty of the angular sensitivity function. We recommend the
procedure shown in the flow chart in Fig.8 to establish the nephelometer data correction method.

If the measurements are performed with a sub-pm cut-off or if the aerosol population is dominated by sub-pm aerosols,...

. . . . . . o
— ...and the nephelometer provides the scattering coefficient for various angular ranges (in particular g2 °"*4000:10" and

o
O_Aurora4000,20

P ), the angular correction Cpoiqr can be used. The uncertainty for this method is 2% (Miiller et al., 2012).

— ...and the nephelometer does not provide the scattering coefficient for various angular ranges, the angular correction can

be calculated with the C's 4 5 method, with 5% uncertainty.

A size segregation into sub-um and total aerosol is often motivated by technical issues (e.g., the inlet efficiency). However,
a sub-um cut-off may also be applied on purpose to better characterize the fine aerosol fraction (e.g., Cappa et al., 2016), in
particular in mixtures where the fine and coarse mode aerosol are dominated by different aerosol types (e.g., in mineral dust
and black carbon mixtures).

If the measurements are performed without a sub-pum cut-off or if the aerosol population is dominated by coarse mode

aerosols,...

— ...the size distribution is not measured over a relevant size range, and/or the aerosol type is not known, the angular
correction can be calculated with the C's 4 g method. However, the uncertainty is up to 33% in the case of large (> 1 pm)

absorbing particles.

— ...the size distribution is measured over a relevant size range, the aerosol type is known, and the particles are spherical, the
best method is the Cppqse,0ps With the approach (c), considering the "true" refractive index via an inversion procedure
to retrieve the measured size distribution. The uncertainty is 3 % in case of slightly absorbing aerosols, while it is 25%

if the aerosols are highly absorbing.

— ...the size distribution is measured over a relevant size range, the aerosol type is known, and the particles are desert dust,
the angular correction C's 4 i could be used. The uncertainty for this case is 13%. To further reduce the uncertainty, the
correction Cppqse,0ps could be calculated from an optically measured size distribution, but it would need to consider

not only for the refractive index but also the irregular shape.

— ...the size distribution is measured over a relevant size range, the aerosol type is known, and the particles are not desert
dust, more investigation is needed on the angular correction. However, C's g4 can still be used but with an unknown

uncertainty.
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Last but not least, nephelometer data should always be reported in both forms with and without angular correction because the
uncorrected nephelometer particle scattering coefficients might be used within a closure experiment to constrain the particle
refractive index without introducing additional uncertainty in the nephelometer scattering coefficient by the angular correction

method.

Appropriate angular correction?

Inlet with
sub-pm cut-
off?

yes no

Size
distribution
measured with

OPSs over
relevant size
range?

no

Neph
provides
010 and 0y ?

Aerosol
type is
known?

Particles
are
spherical?

yes

More investigations
needed or

Csag
unknown uncertainty

Csak
33% uncertainty
(for large absorbing
aerosol)

Cpolar
2% uncertainty
(Miiller et al. 2012)

Csae

o PSS .
5% uncertainty 3% uncertainty if slightly absorbing 13% uncertainty

25% uncertainty if highly absorbing

‘ CSAE ‘ Cphase (C)

Figure 8. Flow chart to decide which angular correction is appropriate in different situations. The uncertainty related to the appropriate

angular correction is identified on the basis of the results of the sensitivity study reported in Figs.6 and 7.
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Table 7. List of symbols

Symbol parameter

Os scattering coefficient

Osp particle scattering coefficient

OsR Rayleigh scattering coefficient

Oep particle extinction coefficient

Oap particle absorption coefficient

0 scattering angle

Y angular scattering function

Q solid angle with respect to the direction of the incident beam

A wavelength

AB blue wavelength of the Aurora 4000 polar nephelometer = 450 nm
Yel green wavelength of the Aurora 4000 polar nephelometer = 525 nm
AR red wavelength of the Aurora 4000 polar nephelometer = 635 nm
«@ shutter position in degree

P particle density

d particle diameter

n real part of the refractive index

k imaginary part of the refractive index

SAE scattering Angstrdm exponent

SAE” scattering Angstrbm exponent calculated using the uncorrected Aurora 4000 measurement of o,
Zideal angular sensitivity function for an ideal nephelometer

ZAuroradtoo angular sensitivity function of the Aurora 4000 polar nephelometer

01,02,51,52,01,02
S
O_?puroraél[)oo,a
OPS Cscq
CR,a
Ca

Coo

Ophase
Cphase,OPS
Cphase,H
Csag
Cpolar

Csag,ops

Cpolar,OPS

parameters of the angular sensitivity function

signal measured by the Aurora 4000 polar nephelometer

particle scattering coefficient measured by the Aurora 4000 polar nephelometer for shutter position «
scattering cross section of the optical particle spectrometer

Rayleigh angular correction for shutter position «

angular correction for shutter position o

angular correction for total particle scattering coefficient (aw = 0 °)

angular correction calculated using the particle phase function

angular correction calculated using the Mie simulated particle phase function with the OPS particle size distribution
angular correction calculated using the particle phase function measured by Horvath’s polar nephelometer
angular correction calculated using the SAE

angular correction calculated using the polar measurements of the particle scattering coefficient

angular correction calculated using the Mie simulated SAE with the OPS particle size distribution

angular correction calculated using the Mie simulated polar measurements of o, with the OPS particle size distribution
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