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Abstract. Integrating nephelometers are instruments that di-
rectly measure a value close to the light scattering coeffi-
cient of airborne particles. Different models of nephelome-
ters have been used for decades for monitoring and research
applications. Now, a series of nephelometers (Ecotech mod-
els M9003, Aurora 1000 and Aurora 3000) with newly de-
signed light sources based on light emitting diodes are avail-
able. This article reports on the design of these integrating
nephelometers and a comparison of the Aurora 3000 to an-
other commercial instrument (TSI model 3563) that uses an
incandescent lamp. Both instruments are three-wavelength,
total and backscatter integrating nephelometers.

We present a characterization of the new light source de-
sign of the Aurora 3000 and provide parameterizations for its
angular sensitivity functions. These parameterizations facil-
itate to correct for measurement artefacts using Mie-theory.
Furthermore, correction factors are provided as a function of
the Angstrém exponent. Comparison measurements against
the TSI 3563 with laboratory generated white particles and
ambient air are also shown and discussed. Both instruments
agree well within the calibration uncertainties and detection
limit for total scattering with differences less than 5 %. Dif-
ferences for backscattering are higher by up to 11 %. Highest
differences were found for the longest wavelengths, where
the signal to noise ratio is lowest. Differences at the blue and
green wavelengths are less than 4 % and 3 %, respectively,
for both total and backscattering.

Correspondence to: T. Miiller
BY (thomas.mueller @tropos.de)

1 Introduction

Integrating nephelometers, first introduced by Beuttell and
Brewer (1949), offer a method of measuring the light scatter-
ing coefficient of airborne particles. Because no assumptions
about particle composition, size or shape are necessary, the
use of integrating nephelometers is widespread for ambient
air monitoring as well as for laboratory studies. A scien-
tific review of this type of instrument was given by Heintzen-
berg and Charlson (1996). Integrating nephelometers can be
calibrated with gases of well known scattering coefficients,
which facilitates quality assurance and maintenance.

Radiative transfer calculations of the Earth’s atmosphere
require the scattering phase function or at least the asym-
metry parameter of airborne particles. One method of esti-
mating the asymmetry parameter is to convert the measured
back-scatter fraction, the ratio of hemispheric backscat-
tering to total scattering, into their corresponding asym-
metry parameters. Integrating nephelometry for measur-
ing hemispheric backscattering is described in Charlson et
al. (1974) and Heintzenberg (1978), and relationships be-
tween backscatter fraction and particle asymmetry parameter
were investigated by Marshall et al. (1995) and Andrews et
al. (2006).

Several studies on the performance of integrating neph-
elometers (Anderson et al., 1996; Heintzenberg et al., 2006,
Miiller et al., 2009, Massoli et al., 2009) were performed.
Previous intercomparisons of instruments of different makes
are limited to total scattering only. We present the first inter-
comparison of two integrating total/backscatter nephelome-
ters. Additionally, to the backscatter option both nephelome-
ters are three wavelength instruments. One instrument type
TSI 3563 (TSI Inc, St. Paul, MN, USA) was characterized
in detail by Anderson et al. (1996). In the recent years,
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nephelometers (models M9003, Aurora 1000, and Aurora
3000) with light emitting diodes were developed by Ecotech
Pty, Ltd, Knoxfield, Australia.

We present the history of development of the Ecotech Au-
rora 3000 integrating nephelometer and a comparison of this
three wavelength total and backscattering instrument against
the TSI model 3563. We discuss the theory of integrat-
ing nephelometers and describe the Aurora 3000 instrument.
Furthermore, we investigate the characteristic of the angular
sensitivity of the new LED light source and provide values
to parameterize it. Finally, intercomparison experiments be-
tween the two integrating nephelometer types are presented
and discussed using ammonium sulfate and ambient aerosols.

2 Principle of operation of integrating nephelometers
and instrument descriptions
2.1 Theory of integrating nephelometers

The total scattering signal S ; and hemispheric backscat-
tering signal Sy, ; measured by integrating nephelometers at
wavelength A can be written as

180°

S = f Fo(0) Z(60) do (1)
J

and
180°

Sbos = / Fi(8) Zus (6) db. @)
J

where Zs(0) and Zys (0) are the angular sensitivity functions
of the nephelometer for total scattering and backscattering,
respectively, and 6 is the scattering angle.

dn(dy) (dp
2

+00 5
Fx(@):/_ﬁ(@,m,\,dp)dlogd —) dlogd, + Fr(©®) (3)
p

is the angular scattering function of the particle population
and the carrier gas. The particle number size distribution
is given by dn(dp)/dlogd, and f,(6,m;.,dp) is the angu-
lar scattering function of the individual particles with com-
plex refractive m; and diameter dp. fi can be calculated
using light scattering codes. For calculations throughout the
manuscript, a code given in Bohren and Huffman (1983) was
used. Fr(6) is the contribution of the Rayleigh scattering of
the carrier gas to the scattering function. Calibration of inte-
grating nephelometers with two particle free gases of known
Rayleigh scattering coefficients yields calibration constants
K which relate the scattering signals S to the total scattering
(subscript ts) and backscattering (subscript bs) coefficients o
by

Ots, . = Kts,k Sts,k — OtsR, A “@
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and

Obs,n = Kbs, 1 Sbs,» — ObsR, &)

where the contribution for Rayleigh scattering oyr,) and
obsR,2 are calculated analytically (e.g. Buchholz, 1995) for
given temperature and pressure and subtracted from the scat-
tering signals.

Angular sensitivity functions of an ideal nephelometer
would be

Zis (0) =sin(0) (6)
for total scattering and

__ | sin(6) 90° <6 < 180°
Zs(0) = { 0 otherwise

for backscattering. The calculated coefficients (Egs. 1 to 7)
are denoted as frue total scattering coefficient o™* and true
backscattering coefficient o' for ideal angular sensitivity
functions. The angular sensitivity functions of nephelome-
ters are formed by a light source with Lambertian radiant
emission meaning that the angular illumination of the parti-
cles is almost a sine-function. In the backscattering mode, a
shutter prevents forward emitted light from reaching the sam-
ple volume. Because illumination functions of integrating
nephelometers deviate little from a sine-function (Anderson
etal., 1996; Miiller et al., 2009), and due to a limited range of
angular integration (e.g. Anderson et al., 1996; Moosmiiller
and Arnott, 2003), integrating nephelometers measure the so

(M

called nephelometer total scattering atrsleph and nephelome-

ter backscattering cr;se P! In the following, the term angular
sensitivity comprises both the non-Lambertian illumination
and the angular truncation. We follow the definition of cor-
rection factors from Anderson and Ogren (1998), where the
ratios of true to measured nephelometer values for both total
scattering and backscattering are defined by

true _neph
Cor — Ots, 1 OtsR, )
ts,A = neph O_true
UtS,)L tsR, A
and
true
Obs,x ObsR, pneph
Cos,p. = — e )

UI;I ?ph bsR, A
S, A ’
respectively. The second quotients in the above equations
compensate for the non-ideal illumination function, when
calibrating the nephelometer with Rayleigh scattering gases.
In Anderson and Ogren (1998) the compensations for gas
calibration is implicitly stated by “To calculate C, it is nec-
essary to take the gas calibration ... into account”. However,
in Eqgs. (8) and (9) the full equations are explicitly given.
The correction factors Cis 5 and Cys ) depend on both par-
ticle size and refractive index. If angular sensitivity func-
tions Z (6) and Zys (6) are known, correction factors can be
simulated for given particle number size distributions and re-
fractive indices. Easy to use parameterizations for sensitivity
functions are given in Sect. 3.
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2.2 Instrument descriptions

2.2.1 Development of the Ecotech model Aurora
3000 integrating nephelometer

In 2002, the first LED (light emitting diode) based neph-
elometer with type designation M9003 was developed by
Ecotech. The unique feature of this nephelometer was an
array of seven LEDs, where the LEDs were shining to the
center point of a diffusing plate. The electrical drive cur-
rent of each LED was adjusted so that the angular intensity
distribution of the light source was nearly a Lambertian ra-
diation distribution. The M9003 nephelometer was a single
wavelength total scatter only nephelometer. The nephelome-
ter was available at wavelengths of 470, 525, or 630 nm. The
performance of the M9003 with wavelength 525 nm was in-
vestigated during nephelometer intercomparisons and cali-
bration workshops (Heintzenberg et al., 2006; Miiller et al.,
2009). An improvement of the performance of the illumina-
tion function was achieved by using 15 LEDs and released
as model Aurora 1000. A new three-wavelength light source
(used in the original Aurora 3000 model nephelometers) was
designed, which included 3 light source boards in one hous-
ing with a total of 45 LEDs. In all cases, LEDs of different
colours are sequentially switched on and off to allow the de-
tection of scattering signals at all three wavelengths with a
single photomultiplier tube. A recalibration of the bright-
ness of each LED in models M9003, Aurora 1000, and Au-
rora 3000 was time-consuming and could not be done by the
user. It is known that an optically thicker opal glass diffuser
helps to form a Lambertian illumination function. However,
an opal glass reduces the transmitted intensity. With rapid
improvements in LED technology, it has become possible to
obtain higher intensity outputs from smaller LED packages.
Ecotech released an opal glass LED light source in Novem-
ber 2008. This light source utilizes an opal glass diffuser
fitted in front of a small array of only 3 high intensity LEDs
per wavelength to form a Lambertian distribution. The light
source is attached to the sensing volume. The angular inte-
gration of nephelometers is limited by apertures at both ends
of the sensing volume. For the Aurora 3000 and 1000, the
angular integration ranges from 10° to 171°.

A further development of the Aurora 3000 was to im-
plement a hemispheric backscatter mode. A motor driven
backscatter shutter, which is attached to the light source
block, moves periodically between two pre-programmed po-
sitions. Sketches of the nephelometer cell, light source, and
backscatter shutter are given in Fig. 1. The position of the
shutter is controlled by a servomotor with position feedback,
a servo controller (mounted on the outside of the light source)
and a microprocessor. In the backscatter position, the shutter
blocks the light emitted in forward direction. The remain-
ing scattered light is seen by the detector as hemispheric
backscattering.
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Fig. 1. Sketch of the Aurora 3000. (a) Sensing volume and indi-
cated truncation angles, (b) arrangement of LEDs, (c) light source
with motor driven backscatter shutter.

Specifications of the Aurora 3000 are summarized in
Table 1.

2.2.2 TSI model 3563

For comparison purposes, the integrating nephelometer
model TSI 3563 was also used in this study. For a de-
tailed description of the TSI 3563, we refer to Anderson et
al. (1996). We briefly summarize the main parameters of in-
terest. The light source of the model 3563 is an incandescent
quartz-halogen lamp, which emits light in a large range of
wavelengths. An elliptical mirror focuses light onto one end
of an optical pipe. The other end of the pipe is attached to
an opal glass diffuser providing a nearly Lambertian emis-
sion. In the forward scattering direction, an aperture limits
the angular integration to angles greater than 7°. At the other
side, a shadow plate limits the integration to angles less than
170°. Light scattered by particles enters the detection unit
and is split by dichroic filters into three light beams of sep-
arated spectral ranges. Interference filters in the light beams
limit the spectral transmittance to a well-defined wavelength
range of about 40 nm before the light is detected by photo-
multipler tubes. A rotating backscatter shutter blade period-
ically blocks light emitted in the forward direction and thus
allows measurement of the hemispheric backscatter signal.
Specifications of TSI 3563 are given in Table 1.

3 Truncation and angular illumination correction

3.1 Angular illumination functions

Angular illumination functions for TSI 3563 were measured
in a previous study (Miiller et al., 2009) with a goniometer
setup. For this study, illumination functions for the Aurora
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Table 1. Nephelometer specifications.

Light Lambertian ~ Wavelengths

Type source diffuser [nm]

Band-width
FWHM [nm]

Angular ranges

Backscatter total scattering  backscattering

TSI 3563 incandescent

halogen lamp

opal glass 450, 550,700

~40()

continuously rotating 7° to 170° 90° to 170°

Aurora 3000  three LEDs
for each

wavelength

opal glass 450, 525, 635

<30@ (450nm)
<40®@ (525nm)
<30 (635 nm)

periodically moving 10° to 171° 90° to 171°

(D Values are taken from Anderson et al. (1996). @ Values from specification sheets of LEDs.

3000 were measured using the same experimental setup with
small modifications. We briefly describe here the principle
of the angular intensity measurements.

The light source of the Aurora 3000 was removed and
mounted on an optical bench in the centre of a computer con-
trolled rotating arm. Relative emitted intensities were mea-
sured with a detection optics at the end the rotating arm at
angles 0°< 6 <180° in steps of 5°. The detection optics con-
sists of a lens which couples the light into an optical fibre
and a photodiode attached to the other end of the fibre. Be-
fore measuring, it was ensured that the field of view of the
detection optics was large enough to cover the whole surface
of the opal glass of the light source. The overall uncertainty
of the angular alignment was estimated to be less than one
degree.

Measured angular intensity functions for the Aurora
3000 are shown in Fig. 2. Wavelengths are indicated by
B (450nm), G (525 nm), and R (635 nm), respectively, and
total scattering and backscattering are indicated by ts and
bs, respectively. Total scattering illumination functions were
normalized to unity at a scattering angle of 90° and the back-
ward scattering illumination function was adjusted to match
the value of the total scattering illumination function at 110°.
[lumination functions for total scattering and for backscat-
tering agree well among each other at large scattering angles
(6 >110°).

Illumination functions of TSI 3563 were measured inde-
pendently and published in Anderson et al. (1996) and Miiller
et al. (2009). The illumination functions for total scattering
agreed well for both studies. It also was found, that there
is no difference between illumination functions for different
nephelometer wavelengths.

Besides the non-Lambertian illumination, the angular
truncation contributes to the overall angular sensitivity func-
tion. Truncation angles for the TSI 3563 were given in An-
derson et al. (1996) and were reported to be 7° and 170°.
From technical drawings truncation angles for the Aurora
3000 were determined to be 10° and 171°. To our knowledge
there is currently no method for experimental verification of
truncation angles.
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Fig. 2. Measured angular intensity functions for nephelometer
model Aurora 3000. The wavelengths are indicated by B (450 nm),
G (525nm), and R (635nm), respectively. Total scattering and
backscattering are indicated by ts and bs respectively. For com-
parison purposes, the total angular intensity functions have been
normalized.

A parameterization was developed for total and backscat-
tering sensitivity functions. The parameterizations are modi-
fications of sine-functions with

0 0°<f6<u
Zis (@) =14 B1 xsin(@)”2 o <0 <y (10)
0 ap <6 <180°
and
0 0° <60 <o
Zbs (0) = max(O,ﬁl x sin(6)P2 Xmin(l,e;zyl)) ar<f<ay (11)
0 ar <60 <180°

where o1 and «y account for the upper and lower trunca-
tion and B accounts for the decreased relative illumination
at small and large angles. B is a normalization factor, which
cancels out in Egs. (8) and (9). B; and B, are the same for
total and backscattering. Theses parameters define the shape
of the illumination curve for total scattering and that part of
the backscatter illumination curve which is not blocked by
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Table 2. Parameters for truncation and non-Lambertian illumina-
tion correction functions. Correction functions are given for TSI
model 3563 and Aurora 3000 nephelometers.

Nephelometer o) B1 B2 71 2

TSI 35631 7°  170°  1.005 1.175 73.86 32.84
Aurora3000  10°  171°  1.01 1.190 7025 39.99

(D) Parameters were derived from sensitivity functions published in Miiller et al. (2009).

the shutter. The shadowing of the backscatter shutter is ac-
counted for by parameters y; and y,. Parameters for TSI
model 3563 and Aurora 3000 were derived from angular in-
tensity functions shown in Miiller et al. (2009) and Fig. 2,
respectively. Parameters are given in Table 2. For compari-
son, Fig. 3 shows measured and parameterized illumination
functions.

3.2 Correction using measured size distributions

Correction factors for angular sensitivity were calculated for
the TSI 3563 and Aurora 3000 and are shown in Fig. 4 ver-
sus the volume median diameter Dy, of a lognormal volume
size distribution with geometric standard deviation 1.6. The
refractive index was chosen to be 1.53-0.01i, which corre-
sponds to a weakly absorbing aerosol. Corrections factors
were calculated using Egs. (8) and (9) with the parameter-
izations given in Egs. (10) and (11) and the corresponding
parameters given in Table 2. The wavelengths were 525 nm
and 550 nm for the Aurora 3000 and TSI 3563, respectively.
For total scattering, the correction factor increases for larger
diameters and correction factors for the Aurora 3000 are
higher than the corresponding values of the TSI 3563. Rea-
sons for this are the different truncation angles in the for-
ward scattering direction. The backscattering correction fac-
tors are smaller compared to total scattering with differences
between the Aurora 3000 and TSI 3563 of less than 2 %.

3.3 Correction using scattering Angstrom exponents

In Sect. 3.2, correction factors for angular illumination and
truncation were derived from calculations based on Mie the-
ory. Mie calculations require that particle number size distri-
butions and complex refractive indices are known. Anderson
and Ogren (1998), from now on denoted as AO98, found a
dependency between the scattering Angstrém exponent and
the correction factor for total scattering, and presented a cor-
rection of the TSI 3563 nephelometer. The correction was
given by

Cs=a+b-ag, 12)

where o is the scattering Angstrom exponent derived from
uncorrected nephelometer scattering. In AO98 it was pointed
out that for backscattering no correlation between correction
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Fig. 3. Measured and parameterized angular intensity functions,
f(0), including forward and backward truncation for the TSI 3563
(upper panel, data are taken from Anderson et al., 1996) and Au-
rora 3000 (lower panel). For the Aurora 3000 the average of all
three wavelengths is shown. For comparison purposes, the total
scattering illumination function (ts) has been normalized to unity at
90° scattering angle. The backward scattering illumination function
(bs) was adjusted to match the total scattering function at 110°.

factors and scattering Angstrém exponents was found. The
parameters a and b were derived from Mie calculated true
scattering and simulated nephelometer scattering for ranges
of particle sizes and refractive indices. The calculations were
limited to less absorbing particles with imaginary parts of the
refractive index in the range 0 <im (m) <0.01, and the real
part of refractive index was in the range 1.40 <re (m) < 1.52.
Calculations were performed for bimodal lognormal size dis-
tributions with volume median diameters ranging from 0.2 to
0.4 um for the fine mode and 2.0 to 4.0 um for the coarse
mode. Fine mode volume fractions were chosen between
0.1 and 0.9. Calculations were done twice with and with-
out a sub-um size cut. Calculations with sub-um size cut
were done for an aerodynamic diameter of 1 um, which cor-
responds to a geometric diameter of 0.77 um for particles
with a density of 1.7 gcm™3. We would like to annotate that
nephelometers are mostly operated without any sub-um cut.
For correcting the scattering at the three wavelengths of the
nephelometer, the parameterization uses scattering Angstrom

Atmos. Meas. Tech., 4, 1291-1303, 2011
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Fig. 4. Angular sensitivity correction factors for total scattering
(upper panel) and backscattering (lower panel) versus the volume
median diameter of a lognormal volume size distribution with ge-
ometric standard deviation 1.6. The refractive index of the aerosol
was chosen to be 1.53-0.01i. The wavelength for calculating cor-
rection factors were 525 and 550 nm for Aurora 300 and TSI 3563,
respectively.

exponents derived from different wavelength pairs. Wave-
length pairs are 450/550 for correction at 450 nm, 450/700
for correction at 550nm, and 550/700 for correction at
700 nm, respectively.

In Bond et al. (2009) it is pointed out that the AO98 correc-
tion is accurate for a wide range of atmospheric aerosols. If
the single scattering albedo is larger than 0.8 and the aerosol
absorption does not have a large spectral dependence, the un-
certainty of the correction is not expected to be larger than
2 %. For a large spectral dependence of the absorption, the
uncertainty can be up to 3 % at a single scattering albedo of
0.8 and larger for smaller single scattering albedos. It was
found that changes in either the real or imaginary part of the

Atmos. Meas. Tech., 4, 1291-1303, 2011

refractive index result in a change of the scattering Angstrém
exponents. Even though, the truncation correction factor Cg
is rather non-sensitive to the refractive index. Thus, a cor-
rection as a function of the scattering Angstrém exponent is
limited in its use. In accordance with Bond et al. (2009),
Massoli et al. (2009) reported high uncertainties of the AO98
correction for highly absorbing particles caused by the high
real part of refractive indices of absorbing particles.

To be consistent with the frequently used AO98 correc-
tion for the TSI 3563 nephelometer, the same correction was
derived for Aurora 3000. Mie calculations were done for
the same range of parameters as given in AO98. Correc-
tion functions were also recalculated for TSI 3563 to check if
the calculations are consistent with AO98. Results are given
in Table 3. In agreement with Anderson and Ogren (1998)
no correlation between backscattering correction factors and
Angstrom exponents was found. Therefore, Table 3a gives
constant corrections factors and the corresponding uncer-
tainties, defined as the half ranges of the correction factors.
For total scattering, correction factors as a function of the
Angstrom exponent are given in Table 3b.

Figure 5 shows correction functions for no cut and sub-
um cut conditions for total scattering. Recalculated correc-
tion factors for TSI 3563 agree well with the values given in
AQO98. Small differences between AO98 and this study might
come from the choice of values for mode diameters and re-
fractive indices within the given ranges. Additionally, the
illumination function used in AO98 differs slightly from the
parameterization of the illumination function used for this
study. We would like to draw attention to the fact that the
numbers of diameters and angles for numerically solving the
integrals in Eq. (3) affects the result. For instance, the differ-
ence in truncation correction factors for angular resolutions
of 1° and 0.25° can be up to 1.5 %. The results shown here
were calculated with 0.25°. Differences in correction factors
for TSI 3563 from this study and AO98 are smaller than 1 %.

From Fig. 5 we can see that the correction factors for
Aurora 3000 are slightly higher than the correction for TSI
3563. For no-cut conditions and Angstrom exponents be-
tween 0.5 and 2.0 the correction factors for Aurora 3000 are
on average 5 % higher than the correction factors for TSI
3563. With a sub-um cut and Angstrém exponents between
1.0 and 3.0, correction factors for Aurora 3000 are about 2 %
higher than for TSI 3563.

4 Instrument characterization

4.1 Noise and detection limit

Instrumental noise levels typically depend on the method of
data filtering and averaging. The averaging in the TSI 3563
is done by a running-average which can be specified by the

user. For the Aurora 3000, either a running-average filter or
a digital Kalman filter can be selected. The Kalman filter

www.atmos-meas-tech.net/4/1291/2011/
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Table 3a. Nephelometer correction factors for angular nonidealities. Wavelengths for TSI 3563 are 450 nm (B), 550 nm (G), and 700 nm
(R), and wavelengths for Aurora 3000 are 450 nm (B), 525 nm (G), and 635 nm (R), respectively.

(a) Midpoint £ half range of calculated correction factors for conditions with and without sub-um cut

total scatter backscatter
wavelength B G R B G R
TSI 3563 no cut 1.30+0.25 1.29+0.24 1.26 +0.21 0.9834+0.040 0.984+0.041 0.988 £0.043
sub-um 1.0864+0.040  1.0664+0.031  1.0454+0.021 0.950£0.009 0.944+£0.012 0.954+£0.009
Aurora 3000 no cut 1.37+0.29 1.38+0.31 1.36 +0.29 0.963£0.040 0.971£0.047 0.968 +0.043
sub-um 1.1254£0.059 1.103£0.046 1.078 £0.035 0.9324+0.012 0.935+£0.017 0.935+£0.014

Table 3b. Correction factors for total scatter as function of Angstrom exponent: Cs =a +b x ag. For correction of scattering coefficients
for the blue (B) wavelength the Angstrom exponent calculated from uncorrected scattering coefficients of blue and green (B/G) is used. At
the wavelength G and R Angstrém exponents at the wavelength pairs B/R and G/R are used, respectively.

wavelength B G R
Angstrom exponents o (B/G) af (B/R) o (G/R)
parameters a b a b a b
TSI 3563 no cut 1.345 —0.146 1.319 —-0.129 1.279  —0.105
sub-um 1.148 —0.041 1.137  —0.040 1.109 —0.033
Aurora 3000 no cut 1.455 —0.189 1434 —-0.176 1.403 —0.156
sub-um 1.213  —0.060 1.207 —0.061 1.176  —0.053

1.5
scattering corrections for green wavelengths
1.4 A
"""" TSI 3563, AO98

1.3 - = = -TSI3563

R Aurora 3000

» SL
1.2 _

114 e

1 .
0.9 T T : .

0.5 1 15 2 25 3
a7s

Fig. 5. Total scattering correction functions for the green wave-
lengths. Shown are two branches for no cut and sub-um cut.

provides a good compromise between response time and
noise reduction. With the Kalman filter, the averaging time
is variable and depends on the change rate of measured sig-
nals. For rapidly changing signals, the instrument responses
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quickly, while for steady signals, the effective averaging time
increases. The measurements presented here were done with
the Kalman filter, since this is the normal operation mode for
ambient air monitoring. The use of different averaging and
filtering methods does not allow a direct comparison of noise
levels for both instruments.

Noise levels and detection limits were investigated in An-
derson et al. (1996) for the TSI 3563. At low particle con-
centrations or short sampling times, the dominant source of
uncertainties is random noise. The detection limits (sig-
nal to noise ratio of 2) for a five minute averaging time at
wavelengths 450, 550, and 700 nm were given to be 0.29,
0.11, and 0.17 Mm™! for total scattering and 0.19, 0.07, and
0.11 Mm~! for backscattering, respectively. For the Aurora
3000, the noise was determined by sampling filtered air. Data
were recorded minute by minute. The detection limits with
Kalman filter at wavelengths 450, 525, and 635nm were
0.11, 0.14, and 0.12Mm™"! for total scattering, and 0.12,
0.11, and 0.13Mm™"! for backscattering, respectively. An
additional post averaging with five minute moving average
changes the detection limit to 0.10, 0.13, and 0.11 Mm~! for
total scattering and 0.09, 0.11, and 0.12 Mm~! for backscat-
tering, respectively. The post averaging reduces the detec-
tion limit only a little, indicating that the effective averaging
time during the noise tests is about five minutes or larger.
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Values for the detection limit are in agreement with the de-
tection limit of <0.3 Mm™' given in the user manual for all
wavelengths. Results indicate that the noise of TSI 3563 and
Aurora 3000 might be similar. Because of the different fil-
ter and averaging methods, a better comparison of noise and
detection limit was not possible.

The noise for backscattering is similar to that for total scat-
tering. However, the signal to noise ratio for backscattering
is worse compared to total scattering, since the backscatter-
ing signal is about one order of magnitude smaller than the
total scattering signal for ambient air. Drifts of background
signals caused by wall scattering and detector offset are com-
pensated by continuous zero measurements during normal
operation and during calibration. A drift between two zero
measurements can cause a bias, which is worse for backscat-
tering than for total scattering. Thus the backscatter channels
are more sensitive to non stable operation conditions.

4.2 Calibration

The accuracy of gas calibrations was investigated in
Heintzenberg et al. (2006) with many nephelometers. Span
gas (COj) checks with 15 instruments of type TSI 3563
were performed and showed total scattering average errors
(90 % confidence) of 3%. For backscattering, errors less
than 5 % were found during a calibration and intercompar-
ison workshop (Miiller et al., 2009) but not published before.
The uncertainty of calibration for the Aurora 3000 is given
in the user manual to be 2.5 % (Ecotech, 2009). Span gas
checks by a series of calibrations with one or multiple Au-
rora 3000 nephelometers in parallel have not been performed
to date. Thus, an independent test of calibration uncertainties
by means of span gas is not available.

5 Instrument comparison
5.1 Laboratory comparison: ammonium sulphate
5.1.1 Setup

A solution of ammonium sulfate was nebulized as a test
aerosol with known composition and refractive index. The
aerosol was dried by diluting it with dry particle free air
to relative humidities below 10%. The aerosol was fed
into a 15litre mixing tank upstream of the Aurora 3000
and TSI 3563 nephelometers. Particle number size spec-
tra were measured with an optical particle size spectrometer
(UHSAS, Droplet Measurement Technologies, Boulder, CO,
USA) in the size range 0.06 to 1.0 um. Particle size classi-
fication with optical spectrometers depends on the particles
refractive index. Since refractive indices of ammonium sul-
fate and polystyrene latex, which was used for calibration of
UHSAS, are known, size spectra were corrected to a volume
equivalent particle diameter. Particle number size distribu-
tions were used to calculate correction factors for angular
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sensitivity functions. The volume median diameter was on
average 0.24 um with lower (10th percentile) and upper (90th
percentile) diameters of 0.20 um and 0.68 pm, respectively.

5.1.2 Instrument comparison

For comparison, scattering and backscattering coefficients
measured by TSI 3563 were adjusted to wavelengths 450,
525 and 635 nm using the Angstrém exponents defined by

Oits, 1y, 1o = —1N(0ts, 0 /2,) /I0(A1 /A2). (13)
and
Qbs, iy, 00 = —1N(Tbs ) /Obs,a,) /IN(A1/A2). (14)

Angstrém exponents o, 1, and apg ., are calculated
from scattering coefficients at wavelengths A1 and X,. Once
the Angstrém exponents are calculated from scattering at two
nephelometer wavelength, Eqs. (12) and (13) can be used to
adjust scattering and backscattering coefficients to any other
wavelength Ax by o3, = 03, , (A1,2/Ax)*"2, where 112 is one
of the nephelometer wavelengths and oy, , the corresponding
scattering coefficient. Angular sensitivities were corrected
using Mie-calculation with measured size distributions from
the optical particle counter and the refractive index of ammo-
nium sulfate (m =1.53-0i at 550 nm).

Scatter-plots of total and backscattering are shown in
Fig. 6. Results of a linear regression analysis for uncorrected
as well as corrected scattering coefficients are summarized in
Table 4a. Corrected total scattering coefficients measured by
the Ecotech Aurora 3000 and TSI 3563 differ between 2 %
and 5 %. Differences in backscattering are between 1 % and
11 %. Differences for total scattering are in agreement within
the uncertainties of calibration. The highest deviation occurs
for the red channels in backscattering mode and cannot be
explained by calibration uncertainties. Both nephelometers
have the lowest signal to noise ratios for this channel. The
intercepts of all linear regressions are small and close to the
sum of detection limits of both nephelometers.

A statistical analysis of Angstrém exponents is given in
Table 5. Angstrom exponents for total scattering differ by
5% and 1% for wavelength pairs 450/525 and 525/635,
respectively. Differences in backscattering are higher and
amount 11 % and 17 % for the same wavelength pairs. It
cannot clearly be explained why differences in backscatter-
ing are higher than for total scattering, and why the relation-
ships change with wavelength. We suspect that the low signal
for backscattering, especially in the red wavelength, causes
higher uncertainties since the backscattering is more sensi-
tive to non stable operation conditions (c.f. Sect. 4.1).
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Fig. 6. Results from experiments with ammonium sulphate. Correlation between total scattering coefficients measured with the TSI 3563 and
Aurora 3000, respectively. The left panel shows the correlation for total scattering coefficients including truncation correction. Wavelengths
for TSI 3563 were adjusted to 450, 525, and 635 nm. The right panel is similar to the left panel but for backscattering coefficients.

Table 4. Results of regression analysis (0Aurora3000 =7
oTs13563 + b and the coefficient of determination R?) of the Au-
rora 3000 and TSI 3563 for total scattering (ts) and backscattering
(bs). The intercept b is given in units of Mm~!. Directly measured
values as well as angular sensitivity corrected values are shown.
Wavelengths are B=450nm, G=525nm, and R=635nm. Values
are given for (a) ammonium sulphate and (b) ambient air.

(a) Ammonium sulphate

ts, B ts, G ts, R bs, B bs, G bs, R
without angular sensitivity correction
slope (m) 094 096 094 0.95 1.04 1.13
intercept (b))  0.51 064 094 0.46 0.61 0.88
R? 0.998 0995 099 0993 0991 0.988
with angular sensitivity correction
slope (m) 096 098  0.95 0.93 1.01 1.11
intercept (b)) 056  0.68  0.97 0.43 0.57 0.81
R? 0.998 0995 099 0993 0991  0.998
(b) Ambient air
ts, B ts, G ts, R bs, B bs, G bs, R
without angular sensitivity correction
slope (m) 096 098 093 1.04 1.05 0.98
intercept (b) 1.38 1.08 045 —0.07 -0.14 0.06
R? 0.997 0997 0997 0994 0994 0.995
with angular sensitivity correction
slope (m) 0.99 1.01 0.95 1.01 1.03 0.96
intercept (b) 1.04 08 026 —0.11 -0.16 —0.03
R? 0.998 0997 0997 0993 0994 0.9%4
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5.2 Ambient air

5.2.1 Setup, aerosol characterization, and truncation
correction

An ambient air intercomparison was performed for a period
of 46 days in December 2009 and January 2010. The aerosol
was fed through an aerosol inlet and custom-made Nafion™
membrane diffusion dryers into a mixing chamber, which en-
sures equal aerosol concentrations at all output ports of the
chamber. The aerosol was dried to a relative humidity of less
than 25 %. Transport losses through the inlet, Nafion dryer,
mixing chamber and aerosol transport lines into the chamber
are not specified. Transport losses from the chamber to the
instruments were estimated to be small and did not affect the
instrument comparison.

Particle number size distributions were measured with a
custom-made SMPS (Scanning mobility particle sizer, Wang
and Flagan, 1989) for mobility diameters d,,, between 30 and
800nm. Aerodynamic size spectra were measured with an
APS (Aerodynamic Particle Sizer, model 3321, TSI Inc., St.
Paul, MN) from aerodynamic diameters dye; between 542
nm and 19.81 um. The relations between mobility diame-
ter, aerodynamic diameter and diameter of volume equiva-
lent spheres dyeq are given by dyeq = dp, / x for SMPS and

dyeq = daer / AP / x for APS, where p and y are the parti-

cle density in units of gcm™> and the dynamic shape factor,
respectively (e.g. DeCarlo et al., 2004). Because no infor-
mation about the particle shape and density were available,
the particles were considered to be spherical with a dynamic
shape factor of unity and the particle density was assumed
to be 1.7 gem ™3, which roughly corresponds to ammonium
sulfate. Size spectra from SMPS and APS were combined

Atmos. Meas. Tech., 4, 1291-1303, 2011
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Table 5. Angstrém exponents for two wavelength pairs and angular sensitivity corrected total and backscattering, respectively. Given are the
median and 10th and 90th percentiles for two wavelength pairs and total and backscattering, respectively.

TSI 3563 Aurora 3000
total scattering backscattering total scattering backscattering
wavelengths pair [nm]  450/525  525/635 450/525  525/635 450/525  525/635 450/525  525/635
median 241 2.78 1.64 1.59 2.28 2.79 1.48 1.36
10th percentile 2.37 2.74 1.50 1.50 2.24 2.74 1.35 1.17
90th percentile 2.46 2.83 1.74 1.73 2.32 2.84 1.62 1.52
50 be found in individual particles. The mixing is important,
45 .. ranges of volume \yhen 'considering. absorptior%,'whereas the' s'cattering cqefﬁ-
40 - / '\median diameters clent 1n con'trast 1S lfess sensitive to. tbe mixing state. Since
S 1 c . —0.18-0.25 We have no 1pf0rmat10n abf)ut thf.l ml.xmg State, we assume an
-~ 35 / |\ --025-035 internally mixed aerosol with a size-independent complex re-
g_ 30 - 3 - 0. 35 0' 47 fractive index. This assumption might be supported by back-
:q 25 4 .‘/ \ ' ' ward trajectories, which indicate that the air mass during the
® 5g / . comparison measurements was an aged continental aerosol.
i 15 | - ST \ The complex refractive index m=n-ik was calculated by
% ./ Pid N an iterative algorithm. Differences between simulated and
10 A e ’ v\ measured scattering and absorption were minimized by op-
59 _" < \\ T timizing the imaginary part of the refractive index until the
/\‘ S minimization function ¢ (k), defined by defined by
0.1 d, [um] 1

Fig. 7. Average particle volume size distributions for ambient air
classified for three ranges of volume median diameters.

to a particle number size distribution, which was used to cal-
culate volume size distributions dV (dp)/dlogd,, and volume
median diameters Dym. For an additional aerosol charac-
terization, the particle absorption coefficient was measured
with a MAAP (Multi angle absorption photometer, Thermo
Fisher Scientific Inc.,Waltham, USA)

Correction of the truncation error can be done either
by Mie-calculations of by the Angstrom parameterization,
which can be used for less absorbing particles with imagi-
nary parts of the refractive index smaller than 0.01. In the
following section, we present an estimation of the imaginary
part of refractive index.

Measured average volume size distributions for three
ranges of volume median diameters are shown in Fig. 7.
The particle volume concentration ranges between 1.5 and
60 um> m~3 and the range of volume median diameter is be-
tween 0.2 and about 0.48 um. Ambient air particles are a
mixture of different compounds as easily can be seen by the
volume size spectra shown in Fig. 7. An external mixing
state means that individual particles consist of a single com-
pound. In internally mixed aerosol, several compounds can
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015,525 nm abs,637 nm

neph Mi 2 MAAP Mi 2
(k)= <0-ls.525 nm Uls,gEZS nm () ) + <(7abs.637 nm Uab;,e637 nm (k) ) (15)

has its minimal value. The measured and calculated val-
ues are indicated by upper indices “neph” and “Mie” re-
spectively. The real part of the refractive index was cho-
sen to be n =1.53, a typical value for low absorbing am-
bient aerosol mainly consisting of ammonium sulphate (Wex
et al., 2002). Minimization was done using the nephelome-
ter scattering coefficients at 525 nm measured with the Au-
rora 3000 and the absorption coefficients measured at 637 nm
with the MAAP. The median value of the time series of the
imaginary part of refractive index was 0.048 and the 95th and
5th percentiles were 0.082 and 0.023, respectively. Because
of the occasionally high imaginary parts of refractive index,
truncation correction factors were not calculated using the
Angstrom parameterization. Instead, scattering coefficients
were corrected using Mie-theory with the time series of par-
ticle numbers size distributions and estimated refractive in-
dices.

5.2.2 Nephelometer comparison

Total scattering and backscattering coefficients were com-
pared using the measured data of the Aurora 3000 and TSI
3563. Figure 8 shows angular sensitivity corrected scatter-
ing and backscattering at wavelengths 525 nm for both neph-
elometer models. There is an excellent agreement between

www.atmos-meas-tech.net/4/1291/2011/
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both instruments with a coefficient of determination (R?)
higher than 0.99 for both total scattering and backscattering.
Deviations in the slope are small with about 1% and 3 %
for total scattering and backscattering, respectively. Linear
fit parameters for all three wavelengths and for uncorrected
as well as corrected values are summarized in Table 4b. In
all cases the coefficients of determination are better than
0.99. For uncorrected scattering, the slopes averaged for all
three wavelengths are 0.96 and 1.02 for total scattering and
backscattering, respectively. Average slopes after applying
angular sensitivity correction corrections are 0.98 and 1.00.
Differences in the slopes of the blue and green channels are
less than 2 %. Differences in the red wavelength compared
to the other wavelengths are about 6 %. Higher deviations in
the red channels cannot be explained. Deviations in the slope
for the blue and green channels are less than the uncertain-
ties of calibration, showing that the instruments agree well
within the specified uncertainties.

Measurements of Angstrdm exponents are often applied
for aerosol characterization. Changes of Angstrom expo-
nents indicate changes of the volume median diameter of
the particle population, whereas a higher Angstrom expo-
nent indicates smaller volume median diameters. We com-
pared Angstrom exponents derived from the Aurora 3000
and TSI 3563. Ratios of Angstrém exponents («wr), defined
by Angstrom exponents at 450 and 525 nm from the Aurora
3000 divided by Angstrom exponents from the TSI 3563 at
the same wavelengths, were investigated. Fig. 9 shows ra-
tios of Angstrom exponents versus the volume median di-
ameter for total scattering and backscattering as well as for
uncorrected and angular sensitivity corrected values. When
considering total scattering, the slope of the regression line
is significantly better for angular sensitivity corrected val-
ues. For backscattering, the ratios of Angstrom exponents
are similar for the cases with and without angular sensitiv-
ity correction. The majority of volume median diameters
were between 0.2 and 0.4 um. In this range, the Angstrom
exponents with angular sensitivity correction differ between
3% and 11 % for total scattering, with the TSI 3563 reading
the higher values. For backscattering, the Aurora is higher
by 8 % for the smaller volume median diameters and lower
by 6 % for the larger volume median diameters. The noise
(standard deviation) of the ratios is 6 % for total scattering.
The noise for backscattering ratios is much higher with 28 %,
which can be explained by the much smaller signal to noise
ratio for the backscatter signal compared to total scattering.

In all cases, there is the tendency that the ratio becomes
smaller for larger volume median diameters. For corrected
scattering and backscattering, this effect is less than for un-
corrected scattering. For ideals nephelometers and correc-
tions, the ratio should be independent on the size. It is un-
likely that uncertainties of the gas calibration are responsi-
ble for the tendency. Faulty calibration factors at one or two
wavelengths can cause a constant bias in the Angstrom expo-
nents, but they cannot explain the observed size dependence
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Fig. 8. Results from experiments with ambient air. Panel (a) Cor-
relation between total scattering coefficients measured with the
TSI model 3563 and Aurora 3000, respectively. Panel (b) shows
the correlation for backscattering coefficients. Total scattering
and backscattering at 525 nm were corrected for angular sensitiv-
ities. TSI 3525 scattering coefficients ware adjusted to wavelength
525 nm using an interpolation based on the Angstrém exponents.

in the ratio of Angstrém exponents. Possibly, truncation an-
gles were not determined correctly for either one or both of
the nephelometers, or truncation angles were not determined
in exactly the same way. Unfortunately, there is no experi-
mental method for measuring the nephelometer angular sen-
sitivity including angular truncation, illumination function,
and the cell dimension in a single setup. This deficiency pre-
vents a better characterization of nephelometers.

6 Summary

We presented the performance of the new Ecotech Aurora
3000 integrating nephelometer. The Aurora 3000 is a three-
wavelength total and backscatter integrating nephelometer.
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Fig. 9. Results from ambient air experiments. Ratios of Angstrom exponents (ag) at wavelength 450 and 525 nm, defined by Angstrém
exponents from the Aurora 3000 divided by Angstrém exponents from the TSI 3563. Panel (a) and (b) show ratios for uncorrected and
sensitivity corrected total scattering. Ratios for uncorrected and sensitivity corrected backscattering are shown in panels (c¢) and (d).

The light source consists of three LEDs per wavelength. An
opal glass diffuser provides a nearly Lambertian angular il-
lumination function, which is cut by the cell geometry at
truncation angles of 10° and 171°. A periodically mov-
ing shutter allows measurement of hemispheric backscatter-
ing. An intercomparison of the Ecotech Aurora 3000 and
the TSI 3563 three-wavelength total scatter and backscat-
ter integrating nephelometers was performed in this inves-
tigation. To correct systematic uncertainties due to angular
truncation and non-Lambertian illumination, truncation an-
gles were obtained from technical drawings and angular il-
lumination functions of the Ecotech Aurora 3000 were mea-
sured and compared to the TSI model 3563 nephelometer.
Currently, there is no method to verify truncation angles.
Even the uncertainty of truncation angles is unknown. For
better understanding of nephelometer corrections, it is rec-
ommended that effective truncation angles are determined
experimentally. The TSI model 3563 was previously char-
acterized in detail by Anderson et al. (1996) and Miiller et
al. (2009). Parameterizations of angular sensitivities for total
scattering and backscattering were derived for both models
of nephelometers along with correction factors as a function
of Angstrom exponent.

Atmos. Meas. Tech., 4, 1291-1303, 2011

The Ecotech Aurora 3000 and TSI 3563 integrating neph-
elometers were compared using ammonium sulphate and am-
bient air aerosols. Scattering and backscattering coefficients
at wavelengths 450 and 525 nm agree well within the cali-
bration uncertainties. Calibration uncertainties are less than
3% and 5 % for total and backscattering, respectively. Max-
imum differences in total scattering are 4 % (450 nm), 2 %
(525nm) and 5% (635nm) for experiments with ambient
air and laboratory generated white particles. For backscat-
tering, the differences are higher and amount 7 % (450 nm),
3% (525nm) and 11 % (635 nm). Angstrém exponents for
a large range of volume median diameters were investigated
during an ambient air experiment. Angstrom exponents de-
rived at the wavelength pair 450 and 525 nm agree well and
differ by less than 5 % for particle populations with volume
median diameter less than 0.3 um. Ratios of Angstrom ex-
ponents for both nephelometer models show a slight depen-
dence on volume median diameters. A sound explanation of
this size effect is missing. However, values of scattering and
backscattering coefficients of both nephelometers agree well.
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