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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 uncer-
tainties 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 il-
lumination to provide the particle scattering coefficient. We
performed an extensive closure study, including a labora-
tory and a simulated experiment, aiming to compare differ-
ent nephelometer angular truncation and illumination cor-
rections (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 re-
trieved from optical particle spectrometer measurements and
the irregular shape effect is not considered, the angular cor-

rection can be overestimated by about 5 % and up to 22 %.
For mineral dust, the traditional angular correction based
on the wavelength dependency of the scattering 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 ab-
sorb the solar radiation (direct effect) and act as cloud con-
densation nuclei (indirect effect), influencing the Earth’s en-
ergy budget and thus the climate system. The aerosol radia-
tive forcing constitutes one of the largest uncertainties in cli-
mate predictions (IPCC, 2013). To reduce this uncertainty,
climate models require more accurate information on the op-
tical properties of aerosol particles. In particular, the particle
scattering coefficient, the angular distribution of the scattered
light, and the particle absorption coefficient are crucial quan-
tities 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 particle spectrometers (e.g.,
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Hermann et al., 2016; Vasilatou, 2021), but different mea-
surement techniques also exist to measure the aerosol optical
properties directly. For example, integrating nephelometry,
firstly introduced by Beuttell and Brewer (1949), is exten-
sively used in monitoring stations, field campaigns, and lab-
oratory experiments (e.g., Pandolfi et al., 2018; Cappa et al.,
2016; Di Biagio et al., 2019). An integrating nephelome-
ter performs a geometrical integration of the light scattered
by gas molecules and aerosol particles in an enclosed vol-
ume 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 proper-
ties measured directly, in principle allows 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 parti-
cles and air in the whole angular range, the angular trunca-
tion 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). There-
fore, data from integrating nephelometers must be corrected
to obtain the particle scattering coefficient. Since larger par-
ticles 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 com-
monly 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 wave-
length 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 be-
tween the scattering wavelength dependence and angular cor-
rection 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 er-
roneous in some cases since the wavelength and angular de-
pendence of scattering can be different for absorbing parti-
cles. 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-micrometer size range, where absorbing particles are rel-
evant.
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Another method of calculating the angular correction uses
Mie theory and the angular sensitivity function, which takes
into account the geometrical limitations of the nephelome-
ter (Heintzenberg et al., 2006). This method requires knowl-
edge of the particle size distribution and the refractive in-
dex, in addition to the nephelometer measurements. How-
ever, Heintzenberg et al. (2006) found larger uncertainties
(~20 %) associated with super-micrometer particles. In ad-
dition, Schladitz et al. (2009, 2011) showed that this ap-
proach also requires the knowledge of particle shape in the
case of non-spherical particles, such as mineral dust aerosol.
Mineral dust, raised from desert areas by the wind and trans-
ported around the globe, is the most abundant aerosol compo-
nent in terms of dry mass (Choobari et al., 2014; Textor et al.,
2006). A study based on the spheroids model (Quirantes
et al., 2008) indicated that the effect of non-sphericity on
the angular correction might be small. Meanwhile, Sorribas
et al. (2015) estimated an uncertainty of about 13 % for
the Anderson and Ogren (1998) angular correction in the
case of coarse-mode desert dust aerosol and recommended
the re-evaluation of this angular correction for coarse-mode
aerosol.

This work aims to evaluate and compare different neph-
elometer angular truncation and illumination corrections
with a focus on mineral dust aerosol. We used the Ecotech
Aurora 4000 polar nephelometer, which measures the light
scattering in 18 different angular sectors in addition to the
total scattering coefficient. Miiller et al. (2012) measured the
angular illumination function of the Aurora 4000 polar neph-
elometer and provided its angular sensitivity function for all
angular sectors. An alternative angular correction, exploit-
ing 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 depen-
dency 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 anthro-
pogenic aerosol in the North China Plain, including mainly
sub-micrometer particles. The utilized data set limits the use
of the new angular correction to sub-micrometer spherical
particles. Since our work mainly focused on coarse-mode ir-
regularly shaped particles, we did not consider this angular
correction in our comparison.

We conducted an extensive closure study, including a lab-
oratory and a simulated experiment, focusing on coarse-
mode irregularly shaped particles (mineral-dust-like). Lab-
oratory test aerosols were generated using polystyrene latex
(PSL) particles, ammonium sulfate (AS), and soil dust sam-
ples. Their extinction, scattering, and absorption properties,
as well as the particle number concentration and size distri-
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bution, were measured by seven instruments in parallel. To
better interpret the results of the laboratory experiment, we
performed a simulated closure experiment randomly select-
ing 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 correc-
tion of the Aurora 4000 polar nephelometer calculated using
parallel particle size distribution measurements from a TSI
OPS 3330. The TSI OPS 3330 is an optical particle spec-
trometer, a class of instrument widely used to measure the
aerosol size distributions during aircraft field experiments
(e.g, Weinzierl et al., 2017; Spanu et al., 2020; Brock et al.,
2021).

In Sect. 2, we describe the principle of operation of the
Aurora 4000 polar nephelometer. In Sect. 3, we review the
methods considered for calculating the angular correction
and their main limitations. In Sect. 4, we describe the lab-
oratory closure experiment and the most important results.
In Sect. 5, we describe the simulated closure experiment and
its main outcomes. In Sect. 6, we discuss the results of both
the laboratory and the simulated experiments and we com-
pare them with the literature. In Sect. 7, we draw the main
conclusions and we give recommendations for an appropri-
ate angular correction.

2 Principle of operation of the Aurora 4000 polar
nephelometer

The Aurora 4000 polar nephelometer is a three-wavelength
integrating nephelometer. Integrating nephelometers mea-
sure 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 6. The measured signal is the integral over nearly
all angles of the angular scattering function y (£2), the frac-
tion 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 nephelome-
ters 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 light sources
three light-emitting diodes (LEDs) at different wavelengths:
blue (Ag =450nm), green (Ag = 525nm), and red (AR =
635 nm). It is marked as “polar” because it integrates y (£2) in
several angular sectors. A shutter can block the angular illu-

T light source is Lambertian if the emitted radians are propor-
tional 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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mination, such that the detector measures only the light scat-
tered between the shutter position o 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 o
and wavelength A, the signal measured by the Aurora 4000
can be written as

6=180°
S¥ o 27 / ya(0) Z o400 9)de, (1)
0=0°

where Z2vora400(y gy describes the angular sensitivity of
the Aurora 4000 for shutter position « at scattering angle
0 (see Eq. 5 in Sect. 3.1). The signal S is proportional to
the scattering coefficient US"" ,, in the angular sector o — 180°.
The two extreme positions o = 0° and o = 90° yield a signal
proportional to the total scattering coefficient 031 and hemi-

spheric back-scattering coefficient asg’go, 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 scatter-
ing coefficient 0:;), , in the angular sector o — 180°:

o _ paga o
Oepr = K3 S) — O a5 2

where a:‘R, , is the Rayleigh scattering coefficient of particle-
free air in the angular sector o — 180°. It can be derived in-
tegrating in the angular sector o — 180° the Rayleigh angular

0
scattering function yR(0) = UZ‘:T’A 43'1 (1+cos?(9)):

o [1 1 3
oA = USOR,;\ |:§ + gCOS3((¥) + gCOS(Ol)] , 3)
where 0501; , 1s the Rayleigh total scattering coefficient of air
(e.g., Bucholtz, 1995) at the wavelength XA calculated at the
temperature and pressure of the carrier gas. The second term
is a value changing from 1 for @ = 0° to 0.5 for o = 90°.

3 Angular truncation and illumination correction
3.1 Angular sensitivity function

In an ideal nephelometer, the light source is perfectly Lam-
bertian and the angular integration is complete from « to
180°. Thus, the angular sensitivity function can be written
as

ideal 0 0°<f<a
Z;" N (a,0) =1 | 4)
sin(f) o <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 (6 = 0°) and backward (6 = 180°) directions cannot
be measured, and the detector field of view is restricted to
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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 per-
fectly sharp and the shadowing of the shutter has to be con-
sidered 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)

ZAurora4000 (Ol, 9) —

0° <6 <6
max{O, B1 sin(@)ﬂzmin[l, (9 _61(0[))“ 0 <6 <6 5)
82 ()
0 <6 < 180°.

The angular limits of detection 8; and 6, are reported in
the Aurora 4000 polar nephelometer user manual. 81 and S,
describe the deviation from the sine as measured by Miiller
et al. (2012) with the method described in Miiller et al.
(2009). §1(x) and 8>(a) account for the shadowing of the
shutter as a function of its position « and are provided by
Miiller et al. (2012). The parameters for the Aurora 4000 po-
lar nephelometer are reported in Table 1 and are the same for
the three wavelengths.

The ideal particle scattering coefficient oiy®"® and the
. . . Aurora4000,«
Aurora 4000 particle scattering coefficient oy can
be explicitly written as
6=180°
oah =2 f Yo.1.(6) sin(0)de, (6)
O=a
6=180°
Gslgtl)tora4000,a — 27TCR,oz / Vp,k(e)
6=0°
X ZAurora4000 (a7 e)de , (7)

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

=180 R (0) sin(6)de
CR,oc

A g (0) ZAwon 000 o, )

®)

For the Aurora 4000 polar nephelometer, the Rayleigh an-
gular truncation and illumination correction for « =0° is a
non-negligible value:

Cr.o = 1.06. )

Taking into account both the angular truncation and the
non-Lambertian illumination, the angular correction C, for
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any position of the shutter o can be defined, following the
definition given by Anderson and Ogren (1998), as

ideal, o

_ P
Co = aAurora4000,a : (10)

sp

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

cient asopo from the particle scattering coefficient measured by

the Aurora 4000 for shutter position « = 0°, asApurora4OOO’00.

Since larger particles scatter into the forward direction more
than smaller particles, Coo is size-dependent and increases
with increasing particle size. This effect was originally re-
ported by Heintzenberg and Quenzel (1973). Different meth-
ods have been proposed in the literature to calculate the an-
gular correction Cgo. The angular correction can be calcu-
lated 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 par-
ticle phase function to apply this method, we refer to this
angular correction as Cppase. Other methods of calculating
the angular correction exploit the relationship between Cqo
and quantities measured by the nephelometer. We consider
an angular correction based on the wavelength dependence
of the particle scattering coefficient, the scattering Angstrém
exponent, Csag, and one based on the polar measurements
of the particle scattering coefficient Cpolar. In the following
sections, we describe each method and its limitations by re-
viewing 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.

3.2 Angular correction using the phase function: Cppase

The angular correction can be calculated on the basis of the
definition Eq. (10) if the particle phase function P,(6) is
available. Considering the definition of particle phase func-
tion (P, (0) =4my,(0)/0sp) and writing explicitly the ideal
and Aurora 4000 particle scattering coefficient (see Eqgs. 6—
9) with « = 0°, the angular correction can be written as

I80° p,(6) sin(0)do 1
Cphase = —g00 , (1D)
0 Pp (9)2Aurora4000 (007 9)d9 CR,0°

where the second term takes into account the angular trunca-
tion and illumination error for Rayleigh scattering. Knowl-
edge about the particle phase function is required to calcu-
late the first term. The particle phase function for a given
wavelength can be calculated via Mie theory if the parti-
cles are spherical and homogeneous with a known size dis-
tribution and refractive index. 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
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Table 1. Parameters of the Aurora 4000 angular sensitivity function given by Miiller et al. (2012).

3165

0, 6

B1

B2 81(a)

& (@)

Aurora 4000 9°

170°

1.00

1.109  0.4156 -« +0.0041 - 2

1.1935 - & 4 0.0082 - o2

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

Correction  Formula Literature Reported limitations
1807 o (6) sin(6)do | ) L
Cphase 505 oA 20001 Cho Angular correction developed by Large uncertainties were found for
e BOZ (0°,6)d6 = Heintzenberg et al. (2006). The par- super-micrometer particles (Heintzen-
ticle phase function Pp(0) can be berg et al., 2006). If the particle shape
obtained via Mie simulations if the differs from spheres, this angular cor-
size distribution and refractive index rection may be not applicable (Schla-
are known. ZAurora3000ge gy was  ditz et al., 2009, 2011).
measured by Miiller et al. (2011a).
zAurorad000 o 9y was measured by
Miiller et al. (2012) (see Eq. 5 and
parameters in Table 1).
CSAE a+b-SAE* Angular correction developed by An- Large uncertainties are expected for
derson and Ogren (1998) for the TSI  coarse-mode aerosol (Anderson and
nephelometer. The parameters for the Ogren, 1998); Sorribas et al. (2015)
Aurora 3000 are given by Miiller et al. recommend this correction to be re-
(2011a). The parameters for the Au- evaluated for coarse-mode aerosol. This
rora 4000 are given in Table 3. correction can be erroneous for absorb-
ing particles (Bond et al., 2009; Massoli
et al., 2009).
O_Aurora 4000,10° _gAurora 4000,20° -1
Cpolar <c+d. Sp UAmMO(;gJQQ > Angular correction developed for the This angular correction underestimates
sp

Aurora 4000 by Miiller et al. (2012).
The parameters for the Aurora 4000 are

the true scattering coefficient for large
particles (Miiller et al., 2012).

given in Eq. (14).

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 ro-
tating arm to measure the angular scattering function with
high angular resolution without performing the angular inte-
gration (e.g., Waldram, 1945; Horvath et al., 2018).

3.3 Angular correction using the scattering Angstriim
exponent: Csag

A method to calculate the angular correction Cpo without ad-
ditional measurements exploits the wavelength dependence
of scattering expressed by the scattering Angstrém exponent
(SAE). If the particle scattering coefficient is measured at
two wavelengths, A1 and A», the scattering Angstrom expo-
nent can be obtained as

_ log(asp,k1 /Usp,kz)
log(A1/22)

Anderson and Ogren (1998) found a linear relationship be-
tween the SAE and Cg- and proposed that the angular cor-

SAE(A| /)2) = (12)
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rection can be constrained using the SAE. The angular cor-
rection Csag exploiting the SAE is given by
Csag =a+b-SAE", (13)
where SAE* is the scattering Angstrém exponent calculated
using uncorrected nephelometer measurement of o,. Wave-
length pairs are Ag and Ag for the angular correction at the
blue wavelength (Ap), A and AR for the angular correction
at the green wavelength (Lg), and Ag and AR for the angular
correction at the red wavelength (Ar). The parameters a and
b are derived from Mie calculations of Co for ranges of par-
ticle 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 param-
eters for the angular correction Csag considering the angu-
lar 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.

Atmos. Meas. Tech., 15, 3161-3187, 2022
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Table 3. Angular corrections for Aurora 4000 for the total scattering coefficient Cpo as a function of the scattering Angstrom exponent:
Coe = a+b - SAE*. For correction of the scattering coefficients for the blue wavelength (Ag), the scattering Angstrém exponent calculated
from uncorrected scattering coefficients of blue and green wavelengths (Ag, Ag) is used. At wavelength Ag and AR, scattering Angstrbm
exponents at the wavelength pairs (Ag, AR) and (g, AR) are used, respectively.

Wavelength

AB =450nm

AG = 525nm AR = 635nm

Angstrom exponents

SAE*(hp, AG)

| |
| SAE*(Ag.AR) | SAE*(AG.AR)
|

Parameters b a b ‘ a b
Aurora 4000  No size cut-off 1.361 —0.159 | 1.352 —0.151 | 1.334 —0.135
Sub-micrometer size cut-off 1.137 —0.037 | 1.127 —0.036 | 1.105 —0.03

Calculations are limited to weakly absorbing particles with
the imaginary part of the refractive index k in the range of
0.00-0.01. The real part of the refractive index n is in the
range of 1.40-1.52. The size distributions are bimodal log-
normal functions with a geometric standard deviation of 1.8
and a geometric volume median diameter in the range of 0.2—
0.4 pm for the fine mode and 2.0—4.0 um 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-micrometer size cut-off,
with an aerodynamic diameter smaller than 1 pm (0.77 um
for density p = 1.7 gcm™3). This size segregation was intro-
duced by Anderson and Ogren (1998). They point out that
the angular correction is better constrained by the SAE when
only sub-micrometer particles are measured, while larger un-
certainties ~ 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) exper-
imentally. They point out that the uncertainty of the angular
correction Csafg increases for absorbing particles. Indeed, the
wavelength dependence of the particle scattering coefficient
is related to particle size only indirectly.

3.4 Angular correction using the polar measurements
of the particle scattering coefficient: Cpopar

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

In particular, the particle scattering coefficients
asjl\)umm 000 for @ =10° and o =20° are used to ob-
tain the polar factor

Aurora 4000, 10° Aurora 4000,20° Aurora4000,10°
<asp — 0y ) /O .

The angular correction Cpolar is given by

Cpolar =

o Aurora4000,10°

Aurora 4000, 10° Aurora4000,20° \ —1
— ol
(14)
sp

(1 043 -0.7651 22
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The parameters were derived from scattering theory using
both Mie and discrete dipole approximation codes. Calcu-
lations were done for different shapes: spheres, cubes and
nested cubes, and three different kinds of dust shapes. The
size parameter (x = wd,/A) ranges from 0.1 to 28. The imag-
inary part of the refractive index k is in the range of 0.00-0.1.
The real part of refractive index n is in the range of 1.53-
1.55. Via model simulations, Miiller et al. (2012) showed
that the angular correction Cpolar is more accurate than the
angular correction Csag 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 um.

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 mea-
sure 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 po-
lar nephelometer and a self-built polar nephelometer, here-
after referred to as Horvath’s polar nephelometer (Horvath
et al., 2018), were used to measure the particle scattering
coefficients at A =450, 525, and 635nm and the particle
phase function at A = 532 nm, respectively. Besides the par-
ticle scattering properties, the particle extinction coefficient
at 530nm 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 particle num-
ber concentration was measured with a condensation particle
counter (CPC 3772, TSI) and the particle size distribution
with two optical particle spectrometers: the UHSAS (DMT)
and the OPS 3330 (TSI), covering the nominal size range
0.06-1 and 0.3-10um, 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 PSL particles of

https://doi.org/10.5194/amt-15-3161-2022
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a nominal diameter in the range of 0.1-1.8 um or ammonium
sulfate in combination with a Vienna-type differential mo-
bility analyzer (DMA) (Steiner et al., 2010), obtaining par-
ticle size distributions with a diameter in the range of 0.2—
0.85 um. Polydisperse aerosols were generated by blowing
dry air through a hermetic glass bottle containing the sam-
ple 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 electri-
cal vibrating device was mounted outside the bottle and could
be activated to mobilize the powder better. The samples in-
cluded 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 (Mo-
rocco), sand from the Sahara desert, dust from Mauritania,
and soil dust from Zagora (Morocco). Moreover, one sample
of volcanic ash from Eyjafjallajokull (Iceland) was included.

Measurements were repeated twice, with and without a
cyclone for size-selective sampling, in order to achieve dif-
ferent 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 di-
mensional cut-off was most probably larger than 1 um. We
measured volume median diameters in the range of 0.85-
1.85 um for measurements with the cyclone and in the range
of 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, concentrations corresponding to a particle extinc-
tion coefficient between 100 and 200 Mm ™! were preferred,
since they are the CAPS PMgy; 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 mea-
surements. If an adjustment was required during one mea-
surement, a manual bottle shaking was preferred rather than
a flow adjustment to avoid changes in the size cut-off.

4.2 Data evaluation

The data evaluation of the laboratory experiment had the
overall aim of investigating the uncertainty of the particle
scattering coefficient measurements by testing different an-
gular corrections. A summary of data evaluation from the raw
data is provided in Fig. 2. The top line displays all instru-
ments involved in the laboratory experiment. The descend-
ing arrows include all corrections performed to obtain the
measured quantities of each instrument (indicated in yellow
boxes). Black arrows indicate 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 an-
gular corrections Csag, based on the scattering Angstrém ex-
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ponent, and Cpolar, based on the polar measurements of the
particle scattering coefficient, are obtained directly from the
Aurora 4000 polar nephelometer measurements. The angu-
lar correction based on the phase function Cphase is calcu-
lated, on the one hand, considering the particle phase func-
tion measured by Horvath’s polar nephelometer, from now
on referred to as Cphase,H. On the other hand, this angular
correction is calculated considering the particle phase func-
tion simulated using the size distribution measured by the
two OPSs (DMT UHSAS and TSI OPS 3330), from now on
referred to as Cphase,ops. The four angular corrections CsaE,
Cpolars Cphase,H, and Cphase,0ps were tested comparing the
corrected Aurora 4000 particle scattering coefficient with the
difference of the particle extinction coefficient and the par-
ticle absorption coefficient. In addition, the particle size dis-
tributions measured by the two OPSs were used to simulate
the Aurora 4000 scattering coefficients and to obtain the sim-
ulated angular corrections Csag,0ps and Cpolar,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 Supplement. All data were
converted to standard temperature and pressure (STP: Tp =
273.15K, Py = 1013.25 hPa). The Aurora 4000 polar neph-
elometer was calibrated with particle-free air and CO,, fol-
lowing the procedure recommended by Anderson and Ogren
(1998). A set of calibrations were performed, and the com-
bined uncertainty due to calibration and noise for 1 min data
was found to be about 8 %, while for the data averaged along
with longer sequences, it is smaller than 3 %. The higher un-
certainty for the 1 min data was due to the temporal resolu-
tion of about 30s obtained by measuring the scattering co-
efficient as"l‘), , for all the 18 available positions of the scatter
shutter.

The particle extinction coefficient oep 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 PMgy, this instru-
ment 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 ex-
tremes of the measurement chamber. The CAPS PMcy; was
calibrated and corrected for non-linear behavior considering
measurements of the Aurora 4000 particle scattering coef-
ficient for 0.203 um PSL particles. For this correction, the
Aurora 4000 particle scattering coefficient was corrected for
angular truncation and illumination correction. The angu-
lar correction was calculated with Mie simulations consider-
ing a log-normal size distribution (dg = 203 nm, og = 1.026,
m(A =525nm) = 1.582+i0.00 as reported in Devon and
Rudin, 1987). Besides a larger uncertainty, this calibration
may introduce some compensation for the inaccuracy of the
Aurora 4000 angular sensitivity function ZAurera4000 e g)
and therefore some circularity in our analysis. However, the
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Figure 1. Scheme of the laboratory closure experiment set-up. Different aerosol types, such as monodisperse polystyrene latex (PSL) spheres,
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. The dilution chamber was operated at a pressure slightly
above ambient. 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.

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 ab-
sorption coefficients were corrected using the angular cor-
rection developed by Bond et al. (1999) and refined by
Ogren (2010). The single scattering albedo (SSA) was calcu-
lated from the particle extinction coefficient measured by the
CAPS PM¢y; at A = 530nm and the particle absorption co-
efficient measured by the TAP at A = 528 nm and resulted in
the range 0.95-0.99 for mineral dust measurements, in agree-
ment 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 of 0.95 —0.99 and
the raw (i.e., uncorrected) absorption coefficient > 3 Mm™!
is estimated to increase from 35% to 100 % as SSA in-
creases (Ogren et al., 2017). Even considering the highest
uncertainty (~ 100 %), this error hardly affects the difference
between particle extinction coefficient and particle absorp-
tion coefficient because we measured only weakly absorbing
aerosol with a low absorption coefficient. For all the mea-
surements where some absorption is expected, the difference

Atmos. Meas. Tech., 15, 3161-3187, 2022

between particle extinction coefficient and particle absorp-
tion coefficient is regarded as the reference value for light
scattering because it is the best we can get for weakly ab-
sorbing 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,y; is set as a reference value.

The Horvath’s polar nephelometer was deployed to mea-
sure the particle phase function P,(6) at A = 532 nm. Its de-
tector 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 CO»
and particle-free air. The extrapolation procedure described
in Horvath (2015) is used in order to extend the phase func-
tion 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 neph-
elometer has high uncertainty due to the low temporal res-
olution of the instrument and the highly variable concentra-
tion during mineral dust measurements. For compensation of
the variable signal, Horvath’s polar nephelometer signal at
each measurement angle is divided by the 1 min average Au-

https://doi.org/10.5194/amt-15-3161-2022
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ment 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 the data processing of a

Figure 2. Flow chart of the data evaluation for the laboratory closure experiment. All instruments involved in the laboratory closure experi-
different instrument.
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rora 4000 particle scattering coefficient gy 40000

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;,(69). The particle phase function
P, (0) is obtained by normalization. In the data set collected
during this experiment, there are a few cases where the ex-
trapolation 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 se-
quences with a constant number concentration or along the
35 min 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 in the scatter-
ing Angstrom exponent SAE(Ag, AR) was observed during
the selected sequences. We considered all measured quanti-
ties at the green wavelength. Although the instruments in-
volved have slightly different wavelengths (up to 7 nm dif-
ference), 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 of 0.06-0.374 um and the OPS 3330 in the range of
0.374—10 pm. The counting efficiency of the two instruments
was estimated by comparing their particle number concentra-
tion with the particle number concentration given by the CPC
in monodisperse ammonium sulfate aerosols. The accuracy
of the CPC number concentration reported by the manufac-
turer is 10 %. The calibration 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 di-
lution 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 size-dependent cor-
rection factor was estimated and applied to the UHSAS and
the OPS 3330 measurements. Further details are reported in
the Supplement.

The particle size distribution was obtained assuming the
PSL refractive index, e.g., the PSL-equivalent nominal di-
ameter values for the bin boundaries provided by the man-
ufacturer. 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 spheri-
cal shapes only (Mie code) and the refractive index of PSL
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particles was used, i.e., m = 1.591 +i0.00 at 1 =450 nm,
m =1.582+41i0.00 at A =525nm, and m = 1.574 4i0.00 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 as-
sumed. To estimate the uncertainty of the simulated optical
properties, the simulations were repeated 1000 times modi-
fying randomly the number concentration and the bin diame-
ters of the input data. More detailed information is provided
in the Supplement.

4.3 Results of the laboratory closure experiment

The four angular corrections Csag, Cpolars Cphase,H, and
Cphase,ops Wwere tested by applying each of them to the
Aurora 4000 particle scattering coefficient at Ag = 525 nm,
called corrected oy ™4 " and comparing them to the
difference between the particle extinction coefficient and the
particle absorption coefficient (oep — 0ap), Where oep and ogp
were measured by a CAPS PMg at A =530nm and by a
TAP at A =528 nm, respectively. oep, — 0,p represents the
reference value for the particle scattering coefficient as dis-
cussed in Sect. 4.1. The ratios of corrected oy ™™ o
(0ep — 0ap) as a function of the PSL equivalent volume me-
dian 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), and 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 vs.
(Oep—0ap)/ afl‘;umra 4000.0° '\ hich represents the reference an-
gular correction. The slopes represent the average deviation
from 1 of the ratio between the corrected USApurora 4000.0° ang
the reference particle scattering coefficient. Further details

for each correction are described in the following sections.
4.3.1 Results for the angular correction Csag

The angular correction Csag (Eq. 13), using the scattering
Angstrém exponent, was calculated with the parameters in
Table 3. For the monodisperse aerosol measurement, we used
the parameters for sub-micrometer size cut-off in the case
of nominal d < 1 um and the one for no size cut-off in the
case of nominal d > 1 pm. For polydisperse aerosol measure-
ments, we used the Ogarameters for no size cut-off.

The 0% corrected with the angular correction
Csag agrees with oep — 0yp within 215 % for most of the
measurements (Fig. 3a, b). In particular, the agreement is
excellent for polydisperse measurement with a volume me-
dian diameter smaller than 2 pm, with almost all values of the

ratio between corrected oQ%umm“OOO’O and (0ep — 0ap) equal

https://doi.org/10.5194/amt-15-3161-2022
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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 as‘?,urora 4000,0 ) and the difference between the particle extinction coefficient and the

particle absorption coefficient (oep —0ap) vs. the measured PSL equivalent volume median diameter. Each panel row shows the results for the

oSA urorad4000.0 ¢ rected with a different angular correction: (a, b) for the angular correction Csag; (¢, d) for the angular correction Cpolar;
(e, f) for the angular correction Cphase,H; (g, h) for the angular correction Cphase,0ps- 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 (b, d, f, h). 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 (Ceolumns = Slope(dep — Tap) /0sp

M. Teri et al.: Evaluation of different nephelometer angular correction

Aurora4000,0° o4 the coefficient of determination R2) of each

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

Aurora 4000, 0

particle scattering coefficient, (oep — Gap)/0sp
Ceolumns
CsAE Cpolar Cphase,H Cphase,OPS
Monodisperse Slope 0.924+0.02 0.87£0.03 - 0.9340.02
Aurora4000,0° P R2 0.989 0.978 - 0.992
(Uep Uap)/ sp
Polvdisperse Slope 0.93+0.01 0.77£0.02 0.88+0.02 0.93£0.01
yasp R? 0.995 0.987 0.994 0.997

to 1 within the expected uncertainties (Fig. 3b). For a larger
volume median diameter, the angular correction Csag leads
to an underestimation of oep — 0ap by up to 15 %, show-
ing a slightly size-dependent performance. For monodisperse
aerosol larger than 1 pm, the corrected aAumra4OOO % under-
estimates oe, — 0,p by about 20 % (Fig. 3b) Results from the
linear regression analysis show that the angular correction
Csag underestimates the reference angular correction on av-
erage 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 Cyjar

The angular correction Cpolar (Eq. 14), using the polar mea-
surements of the Aurora 4000 particle scattering coefficients,
shows a performance that strongly depends on particle size
for both monodisperse and polydisperse aerosol. The agree-
ment between corrected USApurora4 00.0° and (Oep — Oap) 18
within 10 % for small sizes (PSL eq. VMD < 600 nm).
Conversely, for larger sizes the corrected gy 40" un-
derestimates (0ep — 0ap) by up to 40 % (Fig. 3¢, d). Results
from the linear regression analysis show that the angular cor-
rection Cpolar Underestimates the reference angular correc-
tion on average by 13 % for the monodisperse aerosol mea-
surements and by 23 % for the polydisperse aerosol measure-

ments (Table 4).
4.3.3 Results for the angular correction Cphase,H

The angular correction Cphase,H, using the phase function
measured by Horvath’s polar nephelometer, shows a perfor-
mance that does not depend on particle size but generally
underestimates (0ep — 0ap)- The corrected asApumra 000,07 4
in agreement with (o¢p — 0p) for only a few measurements,
while it underestimates (0ep — 0ap) by 23 % in the worst case
(Fig. 3e, f). Results from the linear regression analysis show
that the angular correction Cpnase, i underestimates the refer-
ence angular correction on average by 12 % for the polydis-
perse aerosol measurements (Table 4).

Atmos. Meas. Tech., 15, 3161-3187, 2022

4.3.4 Results for the angular correction Cphase,0PS

The angular correction Cphase,0ps, using the particle phase
function simulated considering the UHSAS and OPS PSL
equivalent size distributions, shows a performance that does
not depend on particle size. The corrected gy 4000%"
agrees within +20% with (oep — 0ap) for all sizes and
aerosol types. In particular, the agreement for the large size
(VMD > 2 um) of the polydisperse aerosol measurement is
within £10 % (Fig. 3g, h). Results from the linear regression
analysis show that the angular correction Cphase,0ps under-
estimates the reference angular correction on average by 7 %
for both the monodisperse and the polydisperse aerosol mea-
surements (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 correc-
tions. 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 indi-
cate an agreement within £3 %.

The angular corrections Csag and Cpolar agree within
43 % with the corresponding OPS-simulated angular correc-
tions, called Csag,ops and Cpolar,0ps (see Fig. 2 and related
text in Sect. 4.1), both for the monodisperse and polydisperse
cases. The angular correction Cphase,0ps agrees within 43 %
with Csag, Csag,0ps, and Cpolar,0ps for the monodisperse
aerosol measurements and with Csag and Csag,ops for the
polydisperse aerosol measurements.

The angular correction Cphase,H, obtained with the phase
function measured with Horvath’s polar nephelometer,
agrees within 6 % with the angular correction Cphase,0PSs, Ob-
tained from the OPS-simulated phase function for the poly-
disperse measurements.

In the case of the polydisperse aerosol measurements, the
agreement within £3 % between each angular correction and
the corresponding OPS-simulated angular correction is sur-
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Table 5. Monodisperse aerosol: PSL and AS. Results of the regression analysis (Crows = slope - Ccolumns and coefficient of determination
R?) of each angular correction reported in the table rows Crows VS. each angular correction reported in the table columns Cojumns- Results

within 3 % are highlighted in bold.

CI'OWS

Ccolumns CSAE Cpolar CSAE,OPS Cpolar, OPS Cphase,OPS
c slope 1 1044001 0.995+0.002  1.02£0.01 0.996 = 0.005
SAE R? 1 0.996 0.99999 0.998 0.999
c slope - 1 0.95+001 0978+£0.005  0.95+0.02
polar R2 - 1 0.995 0.999 0.993
c slope - - 1 1.03£0.01  1.002 = 0.004
SAE,OPS  p2 - - 1 0.997 0.9996
slope - - - 1 0.97 +£0.01

Cpolar,0PS R2 _ _ 1 0.995

Table 6. Polydisperse aerosol: mineral dust, silica dust, and volcanic ash. Results of the regression analysis (Crows = slope - Ccolumns and
coefficient of determination R2) of each angular correction reported in the table rows Crows Vs. €ach angular correction reported in the table

columns Columns- Results within 3 % are highlighted in bold.

CI‘OW

Ccol CSAE Cpolar Cphase,H CSAE,OPS Cpolar, OPS Cphase,OPS
c slope 1 1224001 1.06+0.01 0.973£0.004 1.2240.01  0.99 £ 0.02
SAE R2 1 0.997 0.997 0.999 0.997 0.993
c slope - 1 0.88+£0.02 0.8024+0.004 1.004+0.002 0.8240.02
polar R? - 1 0.995 0.999 0.9998 0.983
c slope - - 1 0.9140.01 1144002  0.94-+0.02
phase.H = p2 - - 1 0.997 0.994 0.994
c slope . - - 1 125240007 1.03£0.02
SAE,OPS  p2 - - - 1 0.999 0.989
slope - - - - 1 0.824+0.02

Cpolar‘OPS R2 _ _ - 1 0.984

prisingly good. First, the refractive index of the calibration
material was assumed in the size distribution retrieval. Sec-
ond, 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 using Mie the-
ory 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 er-
ror? What is the impact of different refractive indices and
shapes on the angular correction Cphase,ops derived from
the size distribution measured by an OPS? What is the ef-
fect of different possible approaches (e.g., assuming differ-
ent refractive indices) to obtain the OPS size distribution and
the simulated angular correction Cppase,0ps? To answer these
questions and interpret the laboratory experiment results, we
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performed an extensive modeling effort simulating the TSI
OPS 3330 response for several particle types.

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 par-
ticular concerning the effect of particle shape on the determi-
nation of the particle scattering coefficient. We estimated the
effect of the particle shape on the “original” angular correc-
tion Cope (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 Csag and Cphase,0ps. The overall goal of these simula-
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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 Coe 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 Ce), and for irregular particles with
discrete dipole approximation (irregular Cgo). To simulate the angular correction Cphase, 0ps corresponding to each original Cgo considered,
the steps 1-5 are performed. Different approaches to run the five steps are possible.

tions is to estimate the effect of the different approaches on
the angular correction Cphase,0PS, €.£., assuming different re-
fractive indices for the particle size distribution retrieval.

The flow chart for this simulated closure experiment is
represented in Fig. 4. Several size distributions and refrac-
tive indices were selected randomly among values indicated
in the left box of Fig. 4. The original angular correction Cpo
was calculated directly on a given diameter grid for the in-
put particle size distributions, refractive indices, and shapes.
For homogeneous spherical particles, we hereafter will call it
spherical Coe and for irregular particles irregular Coo. The ir-
regular Cpo was compared with the spherical Cpo 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
Cphase,ops for the selected particle size distributions and par-
ticle types were simulated (step 1-5 in Fig. 4). The angu-
lar corrections Cphase,0ps Obtained with different approaches
were compared with the original angular correction Cpo ob-
tained for the same aerosol types (blue arrow, Fig. 4). We
performed the same comparison for the angular correction
CSAE.
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We selected 5000 random samples with particle size dis-
tributions and refractive indices similar to previous stud-
ies on the nephelometer angular correction (Anderson and
Ogren, 1998; Miiller et al., 2011a; Bond et al., 2009; Massoli
etal., 2009). The particle size distributions were bimodal log-
normal with the geometric volume mean diameter varying in
the range of 0.2-0.4 um for the fine mode and in the range
of 2.0-4.0 um for the coarse mode. The geometric standard
deviation varied in the range of 1.6-2.2. Fine-mode volume
fraction varied in the range of 0.1-0.9. Half of the simula-
tions were performed with sub-micrometer size cut-off, half
of them with no size cut-off. The real part of the refractive in-
dex varied in the range of 1.33—1.70 and the imaginary part
in the range of 0.0-0.3. Calculations were performed for ho-
mogeneous spherical particles using the miepython module
(Prahl, 2020), developed by Scott Prahl and based on Wis-
combe (1980).

Additionally, we selected 1000 random samples with re-
fractive indices similar to mineral dust aerosol (e.g., Di Bi-
agio 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 of 0.000-0.016. The calculations for
these samples were repeated twice for homogeneous spheri-
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cal particles and for irregular shapes selected among mineral
dust shapes from Gasteiger et al. (2011) and using the dis-
crete dipole approximation code (ADDA, Yurkin and Hoek-
stra, 2011).

The selected values of the refractive index for each case
are referred to hereafter in the text as well as in Fig. 4 as the
“true” refractive index (nyye + i kirue)-

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
Nye + ikiue Were calculated via Mie theory considering
the manufacturer-provided diameter detection limits of 0.3—
10 um for homogeneous spherical particles with a refractive
index 1.59 4 i0.00. In the case of irregularly shaped parti-
cles, the ADDA calculations were limited up to a volume-
equivalent diameter of 5.8 um.

Although particles smaller than 0.3 um 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 um 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 distribu-
tion, 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 Cyc,) by collecting the light
scattered in the angular range 30—150° with a mirror. We sim-
ulated the OPS Cygc, 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 corre-
sponding OPS bin (step 2, Fig. 4). In order to perform this
step, we had to convert the manufacturer-provided diameter
bin boundaries for the calibration material (m = 1.59+:0.00)
into scattering cross-section bin boundaries. The randomly
sampled size distribution was considered only in the follow-
ing 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
Cphase,OPS (step 5, Fig. 4).

Approach a: The particle size distribution was obtained
(step 4, Fig. 4) with the manufacturer-provided PSL-
equivalent nominal diameter values for the bin bound-
aries. The angular correction Cphase,ops Was calculated
(step 5, Fig. 4) via Mie theory with the refractive index
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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 nominal diameter values for the bin bound-
aries. The angular correction Cphase,0ps 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 bound-
aries 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 Cphase,ops Was calculated (step 5,
Fig. 4) via Mie theory with the true refractive index.

In addition, we calculated the angular correction Csag for
the same size distributions and aerosol types. For the calcu-
lation of the correction Csag the parameters obtained with
sub-micrometer 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 Supplement.

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 neph-
elometer angular correction, we compared the angular cor-
rection for randomly oriented mineral-dust-like irregular par-
ticles with the angular correction obtained for the volume-
equivalent spheres with the same size distribution and refrac-
tive index (green arrow, Fig. 4). In the case of size distribu-
tion with sub-micrometer cut-off, the angular correction ob-
tained with Mie simulation (i.e., for spherical particles) un-
derestimates the angular correction for irregular particles by
1 % on average as shown in Fig. 5a. In the case of size distri-
bution 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 %.

5.2.2 Results of the different approaches to calculate
Cphase,OPS

The Cphase,ops calculated using the three different ap-
proaches (a, b, c; Sect. 5.1) were compared with the original
angular correction Cgo calculated on the input size distribu-
tion considering the true refractive index and shape. For input
particles with a spherical shape, the comparison is done with
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Figure 5. Comparison between the angular correction for irregular particles and for spherical particles. Calculations are performed for
A =1525nm and on a diameter range of 0.06-5.8 um. Panel (a) shows the comparison for particle size distributions with sub-micrometer
size cut-off. Panel (b) 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 kyye. The solid line is the 1: 1 line. The dashed lines are the 43 % lines. The minimum, mean, and
maximum value of the ratio between spherical Cpo and irregular Cqe is reported in the table.

the Mie-calculated spherical Ce; for input particles with ir-
regular shape the comparison is done with the ADDA cal-
culated irregular Cgo (blue arrow, Fig. 4). The results of this
comparison are summarized in Fig. 6 for the size distribution
with sub-micrometer size cut-off and in Fig. 7 for the size
distribution with no size cut-off. In each column, the com-
parison for an angular correction Cppase,0ps calculated with
one of the three different approaches (see Sect. 5.1) or for
the angular correction Csag is shown. The six panel rows of
Figs. 6 and 7 report results for six aerosol categories:

1. non-absorbing spherical particles, with 7y = 1.59;

2. non-absorbing spherical particles, with nye = 1.33—
1.70;

3. weakly absorbing spherical particles with e = 1.33—
1.70 and ke = 0.001-0.010;

4. absorbing spherical particles with nyye = 1.33—1.70 and
kirue = 0.030-0.300;

5. weakly absorbing spherical particles with mineral-
dust-like refractive index nyye = 1.50-1.55 and kyye =
0.000-0.016;

6. weakly absorbing irregular particles with mineral-dust-

like shape and refractive index ngye = 1.50-1.55 and
kirue = 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 bin-
ning on the angular correction is smaller than 0.7 %. Indeed,
1.59 +i0.000 is the refractive index used for the calibration
of the TSI OPS 3330 and, in this case, the difference between
Coo and Cphase,0ps is the result of the TSI OPS 3330 binning.
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Second, if the particle size distribution is calculated with
the calibration refractive index, the use of the true refrac-
tive index in the optical modeling of the angular correction
Cphase,ops does not improve the accuracy significantly. In-
deed, panels in the first and second columns (approaches a
and b) look quite similar for all aerosol types, both with sub-
micrometer and with no size cut-off.

Third, if the particle size distribution is calculated with
the true refractive index, the agreement between Cphase,0Ps
and the original Cyo 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 (rows 2 and 3, column 3 of
Figs. 6 and 7).

Fourth, in the case of absorbing aerosol, the Cphase,0ps
(c) calculated with the refractive index correction can have
large uncertainties. In the case of size distributions with sub-
micrometer size cut-off, when kgye = 0.1-0.3, Cphase,0ps (€)
overestimates Coe 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. In-
deed, the TSI OPS 3330 Mie curve for kyye = 0.3 is almost
flat in the diameter range from 0.5 to 1.0 um. The angular
correction Csag is accurate within 4 % in this case. In the
case of size distributions with no size cut-off, Cphase,0ps ()
can have up to +25 % uncertainty, when ke = 0.1-0.3 (row
4, column 3 of Fig. 7).

Finally, an interesting result is found in the case of irregu-
lar particles when no size cut-off is considered (last panel row
of Fig. 7). The angular correction Cpnase,0ps (a), obtained
with the refractive index of the calibration material, agrees
on average with the original Co within 0.3 %. However, the
relationship is strongly dependent on the imaginary part of
the refractive index. If kyye = 0.000, Cphase,0ps (@) overesti-
mates the original Co up to 8 %. If kyye = 0.016, Cphase,0Ps
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Figure 6. Simulated closure experiment to assess the limitations and uncertainties of the angular correction obtained with Mie theory from the
size distribution measured by an OPS. The comparisons for the angular correction Cphase, Ops calculated with the three approaches (a, b, c)
are shown in the first three columns. The comparison for the angular correction Csag 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. The minimum, mean, and maximum value of the ratio between the quantity reported on the y axis and the quantity reported on
the x axis is reported in the tables.
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Figure 7. Simulated closure experiment to assess the limitations and uncertainties of the angular correction obtained with Mie theory from the
size distribution measured by an OPS. The comparisons for the angular correction Cphase, 0ps calculated with the three approaches (a, b, ¢)
are shown in the first three columns. The comparison for the angular correction Csap 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. The minimum, mean, and maximum value of the ratio between the quantity reported on the y axis and the
quantity reported on the x axis is reported in the tables. Calculations are limited for computational purposes to particle diameter ranges of
0.3-10 and 0.3-5.8 um for homogeneous spherical particles and for irregular particles.
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(a) underestimates the original Cge up to 18 %. Surprisingly,
when the true refractive index is taken into account, the angu-
lar correction Cphase,0ps (€) systematically overestimates the
original Cpo on average by 5 % and up to 22 % in the worst
case.

6 Discussion
6.1 Nephelometer angular corrections

Integrating nephelometer measurements require an angular
correction to provide the particle scattering coefficient. Sev-
eral methods to calculate the angular correction are available
in the literature and are covered by our laboratory and model-
ing study. The applicability and uncertainty of these correc-
tions depend on the particle type and the availability of other
measurements.

The angular correction Cpolar is a method developed by
Miiller et al. (2012). Nephelometer data corrected with the
angular correction Cpolar (Fig. 3c—d) are in agreement with
the reference particle scattering coefficient only for particles
with sizes smaller than 1 um, while they strongly underes-
timate (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) also showed 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-micrometer to about 2 %.

The angular correction Csag is the method most com-
monly used in the literature (e.g., Pandolfi et al., 2018; Valen-
zuela 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 Csag
(Fig. 3b) are in very good agreement with the reference parti-
cle scattering coefficient for small volume median diameters
(< 2 pm). For volume median diameters larger than 2 um, the
reference particle scattering coefficient is underestimated by
up to 15 %. This performance is much better than the one
achieved with the Cpolar angular correction. This result is in
agreement with the model calculations of weakly absorbing
polydisperse aerosol of spherical and irregularly shaped par-
ticles (Fig. 7 last panel column, rows 3, 5, and 6), which
show that the angular correction Csag has an overall uncer-
tainty of about £13 %. A possible explanation for the under-
estimation of the angular correction Csag for large particle
sizes (volume median diameter > 2 um) is that the SAE is
already around zero. Even if the SAE can reach slightly neg-
ative numbers, it is no longer linearly related to the particle
size.

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

Nevertheless, the angular correction Csafg is not very ac-
curate in the case of absorbing aerosol. The SAE is only in-
directly related to the particle size, and this relationship is al-
tered for absorbing particles. Bond et al. (2009) showed that
the angular correction Csag might have an error of about 5 %
for sub-micrometer aerosol. Even if this error looks rather
small, Bond et al. (2009) point out that the error is in the
same order of magnitude as the angular correction for ab-
sorbing sub-micrometer particles. In addition, Massoli et al.
(2009) showed this issue experimentally and pointed out that
for sub-micrometer particles, the relationship between SAE
and angular correction is also strongly dependent on the real
part of the refractive index. Our calculations (last panel col-
umn of Fig. 6) confirm the finding of Bond et al. (2009) and
Massoli et al. (2009). In addition, our calculations for parti-
cle 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 Csag correction may rise
up to 33 %.

The angular correction Cppase,0ps is a rarely used method
in the literature (e.g.,Di Biagio et al., 2019) as it requires si-
multaneous particle size distribution measurements and also
knowledge about the refractive index and particle shape. For
the mineral dust measurements, the performance of the angu-
lar correction Cppase,0ps is surprisingly good (Fig. 3h) even
though no refractive index or shape is considered in the size
distribution retrieval. This result might lead one to the con-
clusion that there is no need to take into account the refrac-
tive index or shape of the measured aerosol for the calcu-
lation of the angular correction Cphase,0ps. The optical par-
ticle spectrometer is an optical cross-section selector rather
than a particle sizer. The use of the refractive index of the
calibration material might lead to compensations of the ef-
fects of refractive index and shapes on the measured parti-
cle size distribution (see Supplement in Sect. S3 and Fig. S3)
and, thus, on the calculated angular correction. Results of our
simulated closure experiment (Fig. 7, last row) suggest that
the good performance of the angular correction Cphase,0PS
for mineral dust measurements (Fig. 3h) might be partly
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 boundaries, leads
to an angular correction which is on average correct (within
+0.3 %). However, Cphase,0ps has a strong dependence on
the imaginary part of the refractive index; it overestimates
the true angular correction by up to 8 % for non-absorbing
particles and underestimates it by up to 17 % for absorbing
particles (Fig. 7, last row, approach a).
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The direct effect of particle shape on the angular correc-
tion itself (i.e., original Cyo) is very small. Our calculations
(Fig. 5) show that the angular correction for dust-like irregu-
larly shaped particles is on average 2 % higher than the angu-
lar 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 par-
ticles and prolate spheroids are similar within 1%-2 % to
results obtained for equal-projected-area spheres. The obser-
vation that the near-forward scattering is quite insensitive to
the particle shape (e.g., Mishchenko et al., 1995) further sup-
ports this finding.

If the true refractive index is assumed for the particle size
distribution retrieval, the Cphase,0ps 18 systematically overes-
timated 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 cor-
rection looks rather small, the non-sphericity contributes to
a higher uncertainty in the determination of the particle size
distribution and thus in the angular correction Cppase,OPS-

In the case of irregularly shaped particles, the angular cor-
rection Csag 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 cor-
rection Csag is accurate on average within 2 % with an over-
all uncertainty of about +13 % (Fig. 7 last row, last column).
In addition, the angular correction Csag shows a less strong
dependence on the imaginary part of the refractive index than
the angular correction Cppase,0ps (a), calculated with the re-
fractive index of the calibration material.

Results of the simulated closure experiment show that the
angular correction Cphase,ops calculated with the approach
(c), e.g., assuming the true refractive index for both the parti-
cle 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 uncertain-
ties 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 correc-
tion Cphase,0ps is calculated from the PSL equivalent parti-
cle 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 an-
gular correction is 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 as-
sume the correct refractive index and shape for the particle
size distribution retrieval and in the calculation of the angu-
lar correction Cphase,0PS-
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6.2 Implications for optical closure studies

Optical closure studies, where the aerosol optical proper-
ties measured directly are compared with the aerosol optical
properties simulated using the measured size distribution and
optics theory, allow not only the evaluating and minimizing
of the measurement uncertainties but also constraining spe-
cific parameters. Iteratively comparing the measured particle
scattering and absorption coefficient with the corresponding
derived quantities, it is possible to retrieve the aerosol refrac-
tive 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 refrac-
tive index retrieval might fail. For instance, Schladitz et al.
(2009, 2011) found discrepancies in the range of 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 nephelometer 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 combina-
tion 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 Cpe only by 2 % (Fig. 5), the overestima-
tion of particle size of mineral dust by optical particle spec-
trometers 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 the decoupling of
the effect of the coarse-mode irregular particles on the an-
gular 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 consid-
ering the shape in the particle size retrieval.

6.3 Limitations of the study

Measurement uncertainties of the measurement instruments
Aurora 4000, CAPS PMgy;, and TAP might partly explain
the observed deviations in the result of the laboratory ex-
periment. An additional source of uncertainty is given by
the parameters of the Aurora 4000 angular sensitivity func-
tion ZAurora4000(ge gy (see Eq. 5). Indeed, all angular cor-
rections tested rely on the parameters and truncation angles
of zAurorad000(0° ) (Table 1).

Differences in the angular sensitivity function of the Au-
rora 4000 and the Aurora 3000 (Miiller et al., 2011a) lead to
a difference of 3 %—6 % in the angular correction Csag. The
truncation angles of Aurora 4000 are 9 and 170° according
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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 angu-
lar illumination function measured by Miiller et al. (2012) are
different from those of the Aurora 3000 angular illumination
function published by Miiller et al. (2011a). We cannot ex-
clude that small differences may exist even within different
units of the same model. The Aurora 4000 used in this ex-
periment 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,y was calibrated considering the total particle
scattering coefficient for measurements of PSL particles with
a nominal diameter of 200 nm, as discussed in Sect. 4.2. The
particle scattering coefficient was obtained from the value
measured by the Aurora 4000 corrected for the angular trun-
cation and illumination error. The angular correction was
calculated with the method Cphase, Where the particle phase
function was obtained via Mie calculations assuming a log-
normal particle size distribution and assuming the validity of
zAurorad000 e gy This correction might contribute to com-
pensations in the comparison between the reference particle
scattering coefficient and the corrected Aurora 4000 parti-
cle scattering coefficient. Nevertheless, the angular correc-
tion 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 sensi-
tivity function could consist of considering the angular cor-
rection Cphase,H, obtained from the particle phase function
measured by Horvath’s polar nephelometer. Indeed, the lat-
ter does not require assumptions on the refractive index and
shape of the measured aerosols. The particle scattering coef-
ficient 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 vari-
able signal during dust measurements and the low temporal
resolution (35 min) of the instrument. The angular correction
Cphase,H leads to an underestimation of the reference parti-
cle scattering coefficient of on average 12 % (Table 4). Even
if we do not fully understand the reasons for this discrep-
ancy, we cannot attribute it completely to the uncertainty of
the angular sensitivity function. Most probably, the use of the
1 min 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 an-
gular truncation error considering an extrapolation procedure
(Horvath, 2015). Even if the accuracy reported for this pro-
cedure is better than 1 %, we cannot exclude being worse for
our measurements where the instability of the aerosol num-
ber concentration together with the use of coarse-mode irreg-
ular particles represents a major challenge.
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7 Summary and conclusions

We performed an extensive closure study, including labora-
tory and modeling effort, to evaluate and compare different
angular corrections for the Aurora 4000 polar nephelome-
ter. We focused on their performance for coarse-mode irreg-
ularly shaped aerosol such as mineral dust, which is the most
abundant aerosol worldwide in terms of dry mass (Choobari
etal., 2014; Textor et al., 2006). In the laboratory experiment,
we used soil samples collected in desert areas, synthetic sil-
ica, 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: Csag using the mea-
sured scattering Angstrém exponent, Cpolar using the polar
measurements of the particle scattering coefficient, Cphase,H
using the particle phase function measured by Horvath’s po-
lar nephelometer, and Cphase,ops using the particle phase
function simulated on the basis of the size distributions mea-
sured by the two optical particle sizers.

We compared the particle scattering coefficients corrected
with each angular correction with the reference particle scat-
tering coefficient obtained as the difference between the mea-
sured particle extinction and absorption coefficients. As a
result, we found that the angular correction Cpolar is reli-
able for sub-micrometer particles while strongly underesti-
mating the true particle scattering coefficient for larger par-
ticle sizes. The two angular corrections that showed the best
performance for mineral dust measurements are Csag and
Cphase,0ps, as they both underestimate the reference angu-
lar correction on average by 7 %. The good performance of
Cphase,ops for mineral dust aerosol looks surprising because
a simple approach was used for its calculation. The refrac-
tive index of the calibration material was assumed for both
the particle size distribution retrieval and the optical calcu-
lations. In addition, the non-spherical shape was not consid-
ered.

To interpret these results, we performed an extensive mod-
eling 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 Cpo. We found that us-
ing the Mie theory to calculate the angular correction for
mineral-dust-like irregular shapes leads to an underestima-
tion of about 2 %. Second, we investigated the uncertain-
ties of the two angular corrections Csag and Cphase,ops 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 Cppase,ops Was calculated with
three different approaches: (a), (b), and (c) (see Fig. 4 and
related text). Overall, the angular correction Cphase,0ps (€),
which considers the refractive index of the selected aerosol
for both the particle size distribution retrieval and the optical
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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.

calculations, leads to an improvement in the agreement be-
tween the derived angular correction and the original angular
correction Cpo. An exception is the case of irregular particles,
where the angular correction Cphase,0ps () Overestimates the
original angular correction Cgo on average by 5 % and up to
22 %. Using the angular correction Cphase,0ops (a) (i.e., the
refractive index of the calibration material was assumed for
both the particle size distribution retrieval and the optical cal-
culations), the effect of the non-spherical shape seems to be
almost compensated for by the effect of the imaginary part of
the refractive index. In conclusion, through an extensive clo-
sure 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 investi-
gated size range. The angular correction Csag 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 scatter-
ing coefficient by a nephelometer is desired, the angular cor-
rection might be obtained via optical simulations from the
measured aerosol size distribution Cphase,0ps. However, the
retrieval of the particle size distribution from the OPS would
need to consider the correct refractive index and the particle
shape, even if the direct effect of the particle shape on the
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nephelometer angular truncation and illumination error was
found to be comparatively small.

We provide uncertainties for different approaches to cal-
culate the angular correction from the measured particle size
distribution, 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-micrometer
cut-off or if the aerosol scattering is dominated by sub-
micrometer aerosols,

— and the nephelometer provides the scattering coefficient

. . . Aurora4000,10°
for various angular ranges (in particular oy

(e}
and G$urora4000,20 ), the angular correction Cpolar can

be used. The uncertainty for this method is 2 % (Miiller
etal.,, 2012).

and the nephelometer does not provide the scattering co-
efficient for various angular ranges, the angular correc-
tion can be calculated with the Csag method, with 5 %
uncertainty.

A size segregation into sub-micrometer and total aerosol is
often motivated by technical issues (e.g., the inlet efficiency).
However, a sub-micrometer 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).
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If the measurements are performed without a sub-
micrometer cut-off or if the aerosol scattering is dominated
by coarse-mode aerosols,

— the size distribution is not measured over a relevant size
range, or the aerosol type is not known, the angular cor-
rection can be calculated with the Csag method. How-
ever, the uncertainty is up to 33 % in the case of large
(> 1pum) absorbing particles and 13 % for slightly ab-
sorbing particles.

— the aerosol type is known, the particles are spherical,
and the size distribution is measured over a relevant size
range, the best method is the Cphase,ops With the ap-
proach (c), considering the true refractive index via an
inversion procedure to retrieve the measured size dis-
tribution. The uncertainty is 3 % in the case of slightly
absorbing aerosols, while it is 25 % if the aerosols are
highly absorbing.

— the aerosol type is known and the particles are mineral
dust, the angular correction Csag can be used with an
uncertainty of 13 %. To further reduce the uncertainty,
the correction Cphase,0ps could be calculated from an
optically measured size distribution, but it would need
to consider not only the refractive index but also the ir-
regular shape.

— the aerosol type is known to be non-spherical but it is
not mineral dust, more investigation is needed on the
angular correction. However, Csag can still be used but
with an unknown uncertainty.

Last but not least, nephelometer data should always be re-
ported in both forms with and without angular correction.
Indeed, the uncorrected nephelometer particle scattering co-
efficients might be used within a closure experiment to con-
strain the particle refractive index without introducing addi-
tional uncertainty in the nephelometer scattering coefficient
by the angular correction method.

By improving the understanding of the nephelometer an-
gular correction for irregularly shaped coarse particles — in
particular mineral dust — this study reduces uncertainties in
observations of aerosol scattering properties. Future studies
with the aim of further reducing the uncertainty of scatter-
ing measurements should focus on environments with a high
load of absorbing particles like urban sites or moderately ab-
sorbing mixtures such as mixtures of mineral dust and black
carbon.
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Appendix A: List of symbols

Symbol parameter

o5 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

AG green wavelength of the Aurora 4000 polar nephelometer = 525 nm

AR red wavelength of the Aurora 4000 polar nephelometer = 635 nm

o shutter position in degree

P particle density

d particle diameter

X size parameter

n real part of the refractive index

k imaginary part of the refractive index

SAE scattering Angstrém exponent

SAE* scattering Angstrom exponent calculated using the uncorrected Aurora 4000
measurement of oy

zideal angular sensitivity function for an ideal nephelometer

Z/Aurora4000 angular sensitivity function of the Aurora 4000 polar nephelometer

01,62, B1, B2,61,82

S
Aurora 4000, o
(of sp

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 «

OPS Cyca scattering cross section of the optical particle spectrometer

CRr.a Rayleigh angular correction for shutter position «

Cy angular correction for shutter position «

Coo angular correction for total particle scattering coefficient (o« = 0°)

Chphase angular correction calculated using the particle phase function

Cphase,OPS angular correction calculated using the Mie simulated particle phase function
with the OPS particle size distribution

Cphase,H angular correction calculated using the particle phase function measured by
Horvath’s polar nephelometer

CsaAE angular correction calculated using the SAE

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

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

Cpolar,0PS angular correction calculated using the Mie simulated polar measurements

of oy, with the OPS particle size distribution
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