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Abstract. Two optical scattering instruments for particle
mass measurement, the Thermo Personal Data RAM (PDR-
1500) and the TSI Environmental DustTrak DRX (Model
8543) were evaluated by (1) using poly- and mono-disperse
test aerosol in the laboratory, and (2) sampling ambient
aerosol. The responses of these optical scattering instruments
to different particle characteristics (size, composition, con-
centration) were compared with responses from reference
instruments. A Mie scattering calculation was used to ex-
plain the dependence of the optical instruments’ response to
aerosol size and composition. Concurrently, the detection ef-
ficiency of one Alphasense Optical Particle Counter (OPC-
N2) was evaluated in the laboratory as well. The relation-
ship between aerosol mass concentration and optical scatter-
ing was determined to be strongly dependent on aerosol size
and to a lesser extent on aerosol composition (as reflected in
the refractive indices of the materials tested) based on am-
bient measurements. This confirms that there is no simple
way to use optical scattering instruments over a wide range
of conditions without adjustments based on knowledge of
aerosol size and composition. In particular, a test period mea-
suring ambient aerosol with optical scattering instruments
and a mass based method (an Aerodyne Aerosol Mass Spec-
trometer) determined that roughly two thirds of the variance
(R* = 0.64) of the optical to mass signal ratio is explained
by the aerosol mass median diameter alone. These observa-
tions and calculations help evaluate the applicability and lim-
itations of these optical scattering instruments, and provide
guidance to designing suitable applications for each instru-
ment by considering aerosol sources and aerosol size.

1 Introduction

The measured mass concentration of fine particulate matter
(PM3 5) both indoors and outdoors is important for many rea-
sons (Chow et al., 2005; McMurry, 2000; Bae et al., 2010;
Brauer et al., 2011). A major reason is that fine particulate
matter is associated with adverse effects on human health,
specifically increased morbidity and mortality rates (Dock-
ery et al., 1993; Landen et al., 2011). The standard mass con-
centration measurement method established by the US En-
vironmental Protection Agency (EPA) for compliance with
National Ambient Air Quality Standards (NAAQS) is based
on gravimetric filter sampling and weighing (Sousan et al.,
2016a), which are repeatable and have well characterized ac-
curacy and precision. However, these methods cannot pro-
vide real-time aerosol mass concentration, which limits the
information available regarding aerosol sources, diurnal vari-
ation (Wallace et al., 2011), and high concentration spikes of
short duration (Chung et al., 2001).

These drawbacks can be avoided by using real-time con-
tinuous instruments, most commonly the tapered element os-
cillating microbalances (TEOM) or beta attenuation mon-
itors (BAM) (EPA, 2013). However, due to the high cost
and large size of these instruments, it is difficult to deploy
these real-time instruments for quick-response situations or
in a wide spatial coverage, especially in remote areas and
developing countries. Less expensive, portable, small sen-
sors which use light scattering to infer particle mass con-
centration have become available in the past few decade,
and they are currently drawing much attention as an alterna-
tive to the well established methods described above (Hinds
et al., 1999; Holstius et al., 2014; Wang et al., 2015, 2016).
These portable sensors can provide high-resolution real-time
data, be deployed in dense networks at reasonable costs and
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also they are suitable for vertical aerosol profile measurement
Iunched on small balloon or aircraft (Mamali et al., 2017).

Typically, these light scattering sensors are calibrated by
the manufacturer using a specific test aerosol, which may or
may not be representative of ambient testing conditions at
a given location. For this reason, there is ongoing interest in
evaluating the capabilities and limitations of optical scatter-
ing sensors in the laboratory when challenged with aerosol of
varying sizes and compositions (Crilley et al., 2018; Holstius
et al., 2014; Li and Biswas, 2017; Sousan et al., 2016a; Wal-
lace et al., 2011; Wang et al., 2015). Sousan et al. (2016b)
found the OPC-N2 (Alphasense Ltd) performed similarly to
the PAS-1.108 (portable aerosol spectrometer, Grimm Tech-
nologies, 2010, also an optical particle counter) for par-
ticles with diameter above 1um. In other studies, labora-
tory measurements were complemented by field comparisons
with reference instruments (such as TEOM or gravimetric
filter methods). Wallace et al. (2011) suggested a calibra-
tion factor of 0.38 for the DustTrak when sampling ambi-
ent aerosol after comparing the instrument with TEOM data.
Crilley et al. (2018) evaluated the performance of OPC-N2
for ambient measurements in UK, and a reasonable agree-
ment was found comparing to reference instruments. Fein-
berg et al. (2018) shows high correlations between optical
PM sensors (such as AirCasting AirBeam, Shinyei PMS-
SYS-1 etc.) and reference monitors in Denver, Colorado,
USA.

Investigating the fundamental performance of these op-
tical instruments for different kinds of aerosol aids in un-
derstanding their properties and guiding their suitable use.
Based on these considerations, experiments were designed
and performed to evaluate three distinct optical sensors-the
Thermo Personal DataRAM (PDR-1500), the TSI Environ-
mental DustTrak DRX (Model 8543), and the Alphasense
Optical Counter (OPC-N2) using mono-disperse aerosol to
study the instrument’s dependence on particle size, and poly-
disperse test aerosol to study the effect of aerosol refrac-
tive index (related to chemical composition). A Mie scatter-
ing calculation was used to quantitatively describe the per-
formance of these instruments. Optical instruments readings
were then related to the aerosol mobility diameter measured
by scanning mobility particle sizer (SMPS) and chemical
composition of non-refractory ambient aerosol measured by
a high-resolution time-of-flight aerosol mass spectrometer
(HR-TOF-AMS) to provide detailed analysis of the effects
of ambient size and chemical composition on the response
of these optical instruments. Using these laboratory results,
the average refractive index of the ambient aerosol was esti-
mated based on the response of optical instruments and the
aerosol size distribution.
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2 Methods
2.1 Instrumentation

The TSI DustTrak DRX (model 8543, hereafter DRX) is
a combined photometer and optical counter, which uses
a 655 nm laser to illuminate a sample stream and measures
the intensity of scattered light perpendicular to the stream
with a photodetector (Wang et al., 2009; TSI Inc., 2017).
Its scattering angle is 90°. The measured intensity is a func-
tion of the total particle volume, the particle refractive index,
and the particle shape (Wallace et al., 2011). The measurable
mass range (software determined) is 0.001 to 150 mgm’3,
and size range is 0.1 to 10 um. Scattering intensities of in-
dividual particles are used to group particles into broad size
bins — typically PM1, PM3 5, PMy, and PM . The total flow
rate of the DRX was set to 3 LPM, with 2 LPM of this total
flow as measured aerosol sample flow, while the other 1 LPM
is filtered and used as sheath flow (TSI Inc., 2017). The DRX
is calibrated by TSI using ISO 12103-1, A1 Arizona test dust.
The default calibration factor of 1 was used for this study.

The PDR-1500 (Thermo Fisher Scientific Inc., 2014, here-
after PDR) is a highly sensitive nephelometric monitor us-
ing an 880 nm wavelength LED source for particle scattering
measurement. Its forward scattering angle covers 60 to 80°.
The measurable mass range of PDR is 0.001 to 400 mgm~3,
and its size range is 0.1 to 10 um. During the measurement,
the flow rate of PDR is set to 1.5 LPM. The PDR-1500 was
factory calibrated against a gravimetric standard traceable to
the National Institute of Standards and Testing (NIST) by the
manufacturer using SAE Fine (ISO Fine) supplied by Powder
Technology, Inc.

The OPC-N2 (Alphasense Ltd., www.alphasense.com, last
access: 15 May 2018, hereafter OPC-N2) measures the in-
tensity of light scattered from particles using an optical re-
ceiver at a forward angle of approximately 30° (Sousan et al.,
2016b). The light intensities are binned and reported as par-
ticle counts in 16 size bins from 380 nm to 17 ym. The laser
wavelength of OPC-N2 is 658 nm, and the total flow rate is
1.2LPM, of which 0.22 LPM is used for the aerosol mea-
surements. The maximum particle count rate is 10 000 parti-
cle per second. The number and sizing of the OPC-N2 were
calibrated by the manufacturer using polystyrene latex (PSL)
particles and for ambient measurements a constant density of
1.65 gecm ™3 is used for converting the volume concentration
to mass concentration.

Our reference instruments included a TSI Scanning Mo-
bility Particle Sizer (SMPS), which consisted of an Electro-
static Classifier (EC, model 3080), a Differential Mobility
Analyzer (DMA, model 3081), and a Condensation Parti-
cle Counter (CPC, model 3785). The SMPS operated with
a 10 : 1 sheath-to-sample flow ratio (sheath flow 3 Lmin~!,
and sample flow 0.3 Lmin~"), which led to an effective mea-
sured aerosol mobility size range of 14.9 to 673.2 nm. A ta-
pered element oscillating microbalance (TEOM) mass mon-
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itor (R&P Model 1400ab), provided continuous gravimetric-
based non-volatile aerosol mass concentrations with a time
resolution of 5 min (Hogrefe et al., 2004). An Aerodyne HR-
TOF-AMS (hereafter AMS) was also used to measure the
chemical composition and mass size distributions of selected
species in real time for non-refractory sub-micron aerosol
(Drewnick et al., 2005; Sun et al., 2012). A collection effi-
ciency (CE) factor of 0.5 was used to account for the aerosol
loss caused by aerosol bounce at the vaporizer and aerosol
lens transmission (Zhang et al., 2005, Canagaratna et al.,
2007; Sun et al., 2009, 2011). The default relative ionization
efficiencies (RIE) of organic compounds (1.4), nitrate (1.1),
sulfate (1.2), ammonium (4), and chloride (1.3) were used
(Jimenez et al., 2003; Lee et al., 2016). Aerosol density was
determined from AMS measurements of the weighted contri-
butions of major chemical species to the total mass concen-
tration, as described in the Supplement.

2.2 Experimental setup

The experiments were conducted first as a laboratory eval-
uation, which evaluated the performance of optical sensors
under controlled aerosol conditions, and second as ambient
tests, which evaluated the performance of sensors under am-
bient aerosol conditions, including the effect of aerosol size
and composition on sensor readings.

The laboratory setup used for evaluation and calibra-
tion of optical instruments has been described by Hogrefe
et al. (2004) and is shown in Fig. 1. The laboratory system
consisted of an aerosol generation and dilution system, as
well as a 500L aerosol chamber with sampling ports. The
aerosol generation instrument was a constant output atomizer
(TSI Model 3076). The dilution system reduced the aerosol
mass concentration produced by the atomizer and dried the
aerosol using dry air flow (generally below 10 % RH, mea-
sured by PDR). Before sampling by the different instruments,
the generated aerosol underwent equilibration in the aerosol
chamber. The instruments sampled from the middle of the
chamber, and about 20 min was required for the instruments
to stabilize after each modification to the dilution or genera-
tion system. For evaluating the dependence of optical sensor
performance on size, differently sized, mono-disperse PSL
particles were used. For each size PSL, dilution liquid was
incrementally added during measurement to vary concentra-
tion. After the PSL experiments, synthetic particles with four
different chemical compositions (NaNO3, (NH4)>SOg4, su-
crose, and adipic acid) were generated for testing the per-
formance dependence on particle composition, as light scat-
tering is affected by particle refractive index (Seinfeld and
Pandis, 2016). For each material, the solution concentration
and/or the amount of dilution air was varied during experi-
ments to modify the concentration.

During these experiments, the TEOM was used as the ref-
erence instrument for NaNOs3, (NH4)>SOy, sucrose, and PSL
particles because it had the same sampling location as optical
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Table 1. The scattering angles and light source wavelengths used in
the DRX, PDR, and the OPC-N2, as well the approximate price of
each sensor. USD: United States Dollar.

Sensor DRX PDR OPC-N2
Wavelength (nm) 655 880 658
Scattering angle (°) 90  60-80 30
Price (USD) ~ 10000 ~ 5000 ~ 500

instruments. The SMPS was used as the reference for adipic
acid, due to adipic acid’s high volatility (Mgnster et al., 2004;
Seinfeld and Pandis, 2016) and observed loss on the 50°C
TEOM mass sensor.

For ambient experiments, two optical sensors (DRX and
PDR), one HR-TOF-AMS, and one SMPS were connected
to a dryer, to keep the RH below 40 %, and then connected to
outside air through a vent port. The OPC-N2 was not used for
these tests due to its size detection limit (380 nm) being larger
than the most ambient aerosol of this study, while TEOM is
not used due to its high frequency noise in ambient measure-
ment.

2.3 Mie scattering calculation

The Mie scattering calculation followed the techniques in the
MATLAB version of Mie theory for homogeneous spheres
described by Mitzler (Mitzler, 2002). The required input pa-
rameters include the complex refractive index, the sphere
radius, light wavelength, and the scattering angle (Li and
Biswas, 2017). Considering only spherical particles is rea-
sonable in our situation because smaller non-spherical parti-
cles (< 1 um) are more similar to their spherical phase than
larger ones (Smith, 2009). The scattering angles and light
wavelengths used in these three optical instruments are listed
in Table 1, and the scattering angle of 90° for the PDR was
used for simplicity. Using scattering angles between 60 and
80° will change some details of the scattered flux, but the
linearity of the scattered flux with aerosol amount will not
be affected. Combining these sensor and aerosol parameters,
the relative scattering flux per unit aerosol volume (RF_v) for
each particle size was then calculated. Knowing the normal-
ized volume distribution (NVD) of the generated aerosol, the
integrated relative flux (hereafter RF) expected to be received
by the sensor detector was estimated by summing the product
of RF_v and NVD over the whole particle size distribution.
RF was then used to evaluate the performance of optical in-
struments and for comparison to measured mass concentra-
tions.
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2998 J. Zhang et al.: Selected optical scattering instruments for PM mass measurement

() PDR
DRX 1500

Neutralizer

Aerosol diluter

6.4 m (D: 30 cm) chamber

4 1pm

30 lpm

Flow
controller

SMPS

TEOM

Figure 1. Laboratory setup used for the evaluation and calibration of optical instruments using poly- and mono-disperse test aerosol.

T T T T T T T T T T T
2

1 (a) y=2.70x+0.99; R"=0.95

6 - T - m -
% I
= "
=} ;,‘%
] =

5 .- -
g 5
=3 Ihig
) e
— e
s 4 L e -
S v
= [ R2d L
g a?
3 paal
= 31 e -
° - (NH,),SO,
'Z“ m Sugar

27 - = NaNoO,

= Adipic acid
1 — 1 . ——
0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 2.0 22
Measurement DRX/TEOM

2.0 : : - T : : , : : .
1 2
184 (b) y=1.27x+0.42; R"=0.90 i
% | g
S5 164 o .- -
= prad
ER
3 1.4 1 . //, _
° Pig
=124 P B
= -
.2 L
= . )
8 104 e B
= ] %
2 - -
g 0% e (NH)SO
L ] Y ( 4)2 4
= 064 ° ® Sucrose ]
] e NaNO,
0.4 - e
] ® Adipic acid
02 . . . . : : . ; . T .
0.0 02 0.4 0.6 0.8 1.0 1.2
Measurement PDR/TEOM

Figure 2. The relationship of the Mie scattering relative flux and the measurement ratio of optical sensors to TEOM, (a) DRX and (b) PDR.

Table 2. Slopes of the regression lines obtained when plotting op-
tically reported PM values (for DRX, PDR, and OPC-N2); and cal-
culated Mie scatter flux (for DRX_RF and PDR_RF) for different
PSL sizes vs. the PM mass concentration measured by the TEOM.
NA - not available.

Vs. TEOM 90nm 173nm 304nm 490nm 1030 nm
DRX 0.86 0.90 3.73 2.56 0.93
PDR 0.32 0.28 1.34 3.14 1.30
OPC-N2 NA NA NA 0.68 0.48
RF results

DRX_RF 0.53 3.73 11.07 8.90 4.83
PDR_RF 0.09 0.63 2.92 5.30 3.70
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3 Results and discussion
3.1 Performance with mono-disperse particles

The dependence of DRX, PDR, and OPC-N2 performance on
particle size was studied using five sizes (90414, 173 +9,
304 £9,490 £ 15, and 1030 &= 31 nm) of PSL particles (Ted
Pella, Inc.). To compare optical sensors with the reference
instrument (TEOM), 15 min of data collected at the end of
each mass concentration plateau were averaged.

The relative responses of the optical sensors (PDR, DRX,
and OPC-N2) compared to the TEOM for the mono-
dispersed PSL particles are shown in Table 2. The outputs
of these sensors were linearly regressed against particle mass
concentration measured by the TEOM to get the ratio of op-
tical sensor response to TEOM readings and all results were
well correlated (R? > 0.90). The results from the PDR and
DRX for 304 nm PSL particles are shown in Fig. S1 in the
Supplement as an example. As particle size increased in these
experiments, the responses of the PDR and DRX showed
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a maximum for one specific size PSL (304 nm for DRX,
and 490 nm for PDR). For both instruments, these sizes were
closest to half of the light source wavelength used by the sen-
sor. For OPC-N2, this maximum was missed due to its lower
detection limit of 380 nm. For PSLs large enough to trigger
a response, the OPC-N2 detection efficiency was still lower
than 1 for these two sizes; the detection efficiency was 68 %
for 490 nm and only 48 % for 1030 nm.

Mie scattering calculation results were used to explain the
observed performance characteristics of the DRX and the
PDR. The relative scattering fluxes from particles for condi-
tions appropriate to the DRX and PDR are shown in Fig. S2
and Table 2. Figure S2a shows that the RF peaks at about
400 nm for DRX and 550 nm for PDR, which matches the re-
sults shown in Table 2 and as particle size increased beyond
peak size, the relative scattering flux decreased. High corre-
lation coefficients were obtained for regressions of RF vs. the
optical instrument to TEOM signal ratio, with R* = 0.97 for
DRX and 0.81 for PDR as shown in Fig. S2b. This is indica-
tive of the general positive relation between the calculated
RF with optical instrument’s response to PSL. The values for
90 nm PSL are not used in this analysis, since both the DRX
and PDR showed high response bias for 90 nm PSLs, which
may be caused by the proximity of 90 nm to their detectors’
size limits (100n m for DRX and PDR, Thermo Fisher Sci-
entific Inc., 2014; TSI Inc., 2017), the uncertainty introduced
by using a single scattering angle in the calculation, and/or
the “non-PSL”, very small aerosol generated when atomiz-
ing the PSL containing solution.

3.2 Performance with poly-disperse particles

3.2.1 Mass concentration dependence on particle
composition

To focus on the instruments’ dependence on particle com-
position (mainly the effect of refractive index), three groups
of tests with different concentration liquid samples were per-
formed and are shown in Table S1 in the Supplement. The
changes in solution concentration produced a shift in aerosol
number/mass size distribution sampled by the instruments.
In each of the three groups, concentrations were selected
such that the volume size distributions of the four compounds
were very similar (as shown in Fig. S3).

The ratios of readings from the optical instruments to those
of the reference instruments for different kinds of aerosol
in each group were determined, and are shown in Table 3.
A strong, linear relationship between the DRX, PDR, and
OPC-N2 with the TEOM for 0.45gL~! (atomizer solution
concentration) sucrose (density 1.59 gcm_l) was found, with
R? = 0.99 for all three optical sensors, as shown in Fig. S4 as
an example. For the other groups of particles and concentra-
tions tested, the results were similar. This illustrates the high
linearity of the responses of these optical instruments when
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challenged with pure substances of a stable particle size dis-
tribution.

Table 3 shows the variation of optical to mass ratios related
to the aerosol composition in each group, in addition to an
inter-comparison between different groups. For low dilution
concentrations (Group 1), the DRX showed a higher response
(ratio vs. TEOM) for sucrose (slope = 0.92), and (NH4)2SO4
(slope = 0.85), but lower ratios for NaNO3 and adipic acid
(58 and 61 %, respectively). Similar performance was also
shown for the PDR and OPC-N2. A lower detection ratio was
observed for the OPC-N2, due to its detection limit (380 nm),
as it would fail to detect many particles. Ratios of optical to
mass signals for different particles are also related to their re-
fractive index, and the aerosol with a larger refractive index
results in a higher measurement ratio. More detailed discus-
sion will be given in the next section, and the refractive in-
dices of these materials are shown in Table 3 (Weast, 1976;
Seinfeld and Pandis, 2016). For moderate and high concen-
trations, similar behavior was observed. Generally, the DRX
and PDR produced higher optical to mass signal ratios for
particles with larger refractive indices. It is worth noting that
only bright aerosols were tested, meaning that the imaginary
part of the refractive index of the aerosol was zero.

Since the median diameter of the volume size distributions
increased from Group 1 to Group 3 as seen in Table S1, the
increase in optical response shown in Table 3 verifies the size
dependence illustrated by the PSL and presented in the previ-
ous section. That is, the response ratios of the optical instru-
ments increase with increasing particle size for the same par-
ticle material in these three groups. Also, with increasing par-
ticle size, the difference between DRX and PDR decreased
from about 2.7 times for the smallest median diameter, to 1.7
times for the largest median diameter. With size distribution
shifting to larger sizes, the PDR displayed a larger relative
response (to the TEOM) due to its longer wavelength light
source.

3.2.2 Mie scattering calculation for optical instruments

For Mie scattering calculations, all particles were assumed
to be spherical, and their refractive index was independent
of wavelength over the range of interest. Refractive indices
of the four materials are shown in Table 3. Some materials
have two or three different refractive indices, the values of
which are related to their crystal structure (Eggleton et al.,
1991). To account for this effect, the relative scattering flux
was calculated by using the maximum and minimum refrac-
tive indices, which produced a range of relative flux values
for the material. The maximum and minimum relative fluxes
were then averaged to represent a best estimate relative scat-
tering flux of the material, and the difference between aver-
aged value and minimum value was used as the error range.
Following the above method, the relative Mie scattering flux
of these four particle compounds was obtained for the opti-
cal sensors at different dilution concentrations as shown in

Atmos. Meas. Tech., 11, 2995-3005, 2018
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Table 3. Ratios of mass concentration measured by optical instruments to reference instruments for the four compounds and groups listed in
Table S1 (the median volume diameters are added below the name of different groups), as well as the refractive indices of each aerosol used

in the Mie scattering calculations.

Ratio (vs. TEOM or SMPS) (NH4)2S04 NaNO3 Sucrose Adipic acid?®
Refractive indices (n) 1.521/1.523/1.533  1.587/1.336  1.54/1.567/1.572 1.439
Group1 DRX 0.85 0.58 0.92 0.61
153nm  PDR-1500 0.32 0.21 0.32 0.24
OPC-N2 0.026 0.015 0.018 0.01
Group2 DRX 1.34 0.96 1.65 091
202nm  PDR-1500 0.66 0.40 0.61 0.39
OPC-N2 0.09 0.07 0.08 0.03
Group3 DRX 1.57 1.06 1.90 1.23
231nm  PDR-1500 0.88 0.62 1.08 0.62
OPC-N2 0.2 0.14 0.17 0.09
4 SMPS was used as the reference measurement for adipic acid (see text).
Table S2. Here the Mie relative flux was only calculated for 400 . . . T
the DRX and PDR, and not the OPC-N2. This is because the @ (NH,)SO,
DRX and PDR responses are directly related to the scatter- ~ ° [’. . R’=0.99, slope=0.42
ing flux, while the OPC-N2 response is directly related to " 3004 ; ; u,", ® NaNO, i
the estimated aerosol number concentration, though its mea- g * 7 ya R:“gs’iope:L%
sured binned pulse is related to aerosol refractive index and g s A m/,' R2:0.99,gslope:O. 5s
aerosol size. g » i s & Adipic acid
. . . . . S 200+ / 2 _ H
The highly correlated relationship of the Mie scattering 3 LW o R'=0.99,slope=0.16
relative flux and the measurement ratios of DRX and PDR g i /ﬂ 2
to TEOM (R? = 0.95 for DRX and 0.90 for PDR) shown in £ ; V4 7
Fig. 2, verifies the linear relationship between RF and the 5 1o+ A ,,';P _/0' 1
ratio of optical to mass signals for this study and provides S A@f /,/"
an explanation of the performance of DRX and PDR for the 4 45@
variation in particle composition and size. The particle with 07&” .

a higher refractive index (such as (NH4)>SO4 and sucrose)
or larger size distribution, produces a larger relative flux for
optical instruments, resulting in higher instrument response
and subsequently a higher measurement ratio of optical sen-
sor readings to reference values.

3.3 Detection efficiency of OPC-N2

To evaluate the counting ability of OPC-N2 in more de-
tail, the detection efficiency in the first size range channel
(380-540 nm) of the OPC-N2 was analyzed. The limited size
range was determined using the overlap of SMPS size range
(14.9-673.2 nm) with OPC (detection limit of 380 nm). Us-
ing the measurements from the OPC and SMPS size dis-
tributions, the particle number counts of these two instru-
ments were calculated in the overlapping size range (380-
540nm) in units of number per cm?. The comparison of
OPC-N2 and SMPS measurement values is shown in Fig. 3.
In the analysis, (NH4)2S0O4 readings showed saturation when
OPC counts were higher than 300 cm™3. Excluding the sat-
urated data, all four compounds ((NH4)2SO4, NaNOs3, su-
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Figure 3. The comparison of OPC and SMPS counts for four kinds
of aerosol in the 380-540 nm size range.

crose, adipic acid) displayed strong linear relationships be-
tween SMPS and OPC-N2 counts, with all RZ > 0.99.

As with the DRX and PDR, the number detection effi-
ciency of the OPC-N2 showed substantial differences with
aerosol composition. For NaNOs3, the OPC-N2 number de-
tection efficiency was as high as 103 % when compared to
the SMPS. However, it was only 42 % for (NH4)2SOy4, 55 %
for sucrose, and 16 % for adipic acid. The low number detec-
tion efficiency of the OPC-N2 for many of these compounds
helps explain the low ratio of the OPC to SMPS in Table 3.

3.4 Ambient measurement

Ambient measurements were recorded from 22 December
2016 to 1 July 2017, and from 27 September 2017 to 10 Jan-
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Figure 4. The time series of 1 h aerosol concentration measured by DRX, PDR, AMS, SMPS from 22 December 2016 to 1 July 2017 and

27 September 2017 to 10 January 2017.

uary 2017 to study the performance of PDR and DRX under
ambient aerosol conditions. The time series of 1h aerosol
concentration readings of the DRX, PDR, AMS, and SMPS
are shown in Fig. 4, and the aerosol chemical species mass
concentrations and mass fractions are shown in Fig. S5.
Figure 4 shows very similar behavior (that is, high and low
excursions) for the DRX, PDR, SMPS, and AMS measure-
ments. AMS measurements showed high correlation (R? =
0.94) with SMPS mass concentration, and the regression
slope = 0.85 as shown in Fig. S6a. The 15 % difference be-
tween the AMS and SMPS may be the result of the bias of the
estimated aerosol density or the CE factor used by AMS. The
high correlation verifies the performance of AMS for these
periods and its reliability as a reference instrument. The even
higher coefficient of determination (R? = 0.96) between the
PDR and the DRX (Fig. S6b) shows the comparability of
these two optical instruments and the slope of 1.81 is due to
the different factory calibration factors for the instruments.
Of all the DRX vs. PDR data in Fig. S6b, there was one set of
data points clearly deviating from the main cluster and these
data points came from 28 September 2017 02:00 to the end of
this study. At that date and time, a cold front passed through
Albany, causing aerosol mass concentration to drop quickly,
from about 11 to 2ugm™> and aerosol mass median diame-
ter (measured by SMPS) dropped from 280 to 200 nm, while
the organic compound fraction increased to above 80 %, as
shown in Fig. S5. This deviation shows the influence of
aerosol characteristics (mainly aerosol size here) on the opti-
cal instruments. The comparisons between the optical instru-
ments with AMS are shown in Fig. 5. The PDR data shows
a little more scatter than the DRX data (R% = 0.86 vs. 0.91),
and the slope of PDR to AMS was 1.03 (near to 1), while the
slope of DRX to AMS was 1.96, indicating a calibration fac-
tor of 0.52 for the DRX would be appropriate for this data.
This calibration factor is higher than that recommended by
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the manufacturer for ambient aerosol (0.38, TSI Inc., 2017,
Wallace et al., 2011). This difference in recommended cal-
ibration factor based on aerosol size and composition is an
important result and deserves to be widely recognized.

The combination of aerosol median diameter, aerosol
chemical mass fractions, and the ratio of optical instrument
values to AMS mass concentrations can be used to verify
the above assumption that the aerosol size is the most im-
portant variable in this study. Plots combining these parame-
ters are shown in Fig. 6 (PDR) and Fig. S7 (DRX). Figure 6
shows the correlation scatterplot of aerosol median diameter
plotted vs. the PDR/AMS ratio. All points are color coded
by organic mass fraction, and sized by AMS mass concen-
tration. A moderate coefficient of determination (R% = 0.64)
with positive slope indicates the clear relationship between
mass median diameter and PDR/AMS ratio. The random
distribution of organic-rich (red) points and inorganic-rich
(blue) points in Fig. 6 and Fig. S7 suggests aerosol com-
position has a smaller effect on the response of these opti-
cal instruments. For example, the organic mass fraction cor-
responding to DRX/AMS ratio = 1 ranged from 0.3 to 0.8
in Fig. S7. Figure 6 does show clustered organic-rich parti-
cles in the smaller size range (lower left points), as well as
inorganic-rich particles in the large size range (upper right
points). A likely reason for this is that the small size range
particles were newly emitted fresh aerosol that was char-
acterized by very high organic fraction, small-size distribu-
tion and externally mixed properties (note that organics had
a small second peak at about 150 nm, Fig. S8a, Sun et al.,
2009), while the large particles were related to aged region-
ally representative aerosol, characterized by higher SO4 mass
fraction, large-size organic/SO4 mass distribution, as well as
internally mixed properties (both peak about 400 nm, Fig. 8b,
Sun et al., 2009).

Atmos. Meas. Tech., 11, 2995-3005, 2018



3002

24 T T T T T T T T T T
(a) y=1.03-0.33 R’=0.86

[
=3
|

e
1

PDR mass concentration (ug m‘3)

T T T
16 20

AMS mass concentration (ug m’3)

J. Zhang et al.: Selected optical scattering instruments for PM mass measurement

42 . . . T , T , r . .

(b) y=1.96x-0.40 R’=0.91
354

21

DRX mass concentration (ug md)

T T T
16 20

AMS mass concentration (ug mfs)

Figure 5. The comparison of the 1 h PM, 5 average concentration between PDR (a) and DRX (b) observations with AMS measurements.

2016/12/22-2017/01/07, 2017/09/27-09/30 Albany (size indicates AMS mass concentration)

320 ‘ ‘ ‘ : ‘ 09
.

3001

—_ 0.8
£ 280 J
) b} o .
5 260f ..“‘Q DYoo [ R=06sH F H072
g ve.- g
2401 2 1 -
§ " Ly 06 &
= D °
g )‘ i 05.5
- . 4 =
g o Oo g
£ . 4 =
04 Q
2 2ugm
] 4ugm 1
= 8ugm33 0.3
16ugm

L L
0.8 1 1.2 14

PDR/AMS ratio

L
0.6
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The dependence of the optical sensors on aerosol size
highlights an important consideration for the use of opti-
cal scattering sensors in critical applications. It is clear that
different correction factors should be used in different mea-
surement conditions instead of a single constant value (Mc-
Namara et al., 2011). For example, the PDR, when used in
a rural forest environment with high concentrations of fresh
organic-rich small size aerosol, the response ratio may be
as high as 2.50 based on the results of this study, while for
an area which would be strongly impacted by aerosol trans-
ported long distances, such as the northern US regions af-
fected by long-range transported wood-fire produced aerosol
from western Canada (Le et al., 2014) or biomass-burning
aerosol from of the central US (such as the Mississippi Val-
ley, Zhang et al., 2008), the correction factor could be as
low as 0.60. These lowest response ratios might be expected
when Albany was affected by biomass-burning aerosol from
southern Mississippi Valley as shown in Fig. S9.
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3.5 Ambient aerosol refractive index estimation

Assuming the relationship between RF and the ratio of op-
tical instruments to reference instruments is constant for
lab tests of pure composition aerosols (Fig. 2) and ambi-
ent aerosol, the average ambient aerosol refractive index real
part can be derived. The averaged RF of optical instruments
is calculated based on that linear relationship and the ratio
of optical or AMS signals. From this a reference table of
RF for different refractive indices can be built based on the
normalized volume size distribution and the assumed differ-
ences in refractive index (from 1.2 to 1.8 with step of 0.01),
as shown in Table S3. After comparing the calculated RF
with the RF in the reference table, the refractive index of the
ambient aerosol may be estimated. Figure S10 shows the es-
timated time series of 1 h refractive index real part using the
above method based on PDR and DRX data. Generally, the
relative difference between these two estimations was below
10 %, with the largest discrepancy after 28 September 2017.
A likely explanation of this larger difference is the smaller
particles in this period biasing the optical instruments rela-
tive responses. The averaged value determined for the refrac-
tive index was 1.54 for PDR and 1.55 for DRX, which was
very near to the estimated value 1.56 (Hand et al., 2002) and
within the estimated range of 1.54 to 1.72 (Ebert et al., 2004).
The correlation scatter plot of aerosol refractive index and the
PDR/AMS ratio (Fig. S11a) verifies the smaller effect of re-
fractive index on PDR/AMS ratio compared to aerosol size,
with a similar result for the DRX (Fig. S11b). One possible
reason for this is that the range of variation of refractive index
of this study was relatively small (88 % points in 1.48-1.58),
which was not enough to cause significant variation in the
optical instrument responses.
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4 Conclusions

In this study, the performance of three optical sensors (DRX,
PDR, and OPC-N2) was evaluated using (1) poly- and mono-
disperse aerosol in the lab, and (2) ambient aerosol (PDR and
DRX only). The aim of this evaluation was to study the appli-
cability and limitations of each optical sensor. A Mie scatter-
ing calculation was used to describe the results of these mea-
surements. During laboratory tests, good linear relationships
(generally R? > 0.90) were shown between the optical mea-
surements and the traditional mass measurements, while the
slope depended on aerosol size and aerosol composition. The
response of these optical instruments can be well explained
by the Mie scattering calculations. During the mono-disperse
particle tests, the DRX was more sensitive to smaller parti-
cles than the PDR, which is consistent with its shorter wave-
length light source. During the poly-disperse particle experi-
ments, all three sensors showed higher responses for sucrose
and (NH4)2S0O4, and lower responses for NaNO3 and adipic
acid, which illustrates the important effect of refractive in-
dex (or particle chemical composition) on instrument perfor-
mance. The aerosol with higher refractive index or larger size
produced more scattering flux, and therefore a higher instru-
ment response.

During ambient aerosol experiments, the DRX and PDR
were directly compared to the reference instruments (SMPS
and AMS). By exploring the aerosol mass median diameter
measured by SMPS and combining the mass fraction loading
of aerosol compounds measured by AMS, we found aerosol
size (represented by aerosol mass median diameter) has the
greatest impact on the relative optical response in this study
when compared to the chemical composition of the aerosol
compounds and the aerosol refractive index. The aerosol re-
fractive index was estimated based on the relationship of RF
with the ratio of optical instruments to reference instruments,
the normalized volume size distribution, and a reference ta-
ble.

The dependence of the optical sensors on aerosol size
highlights an important consideration about aerosol size dis-
tribution in the use of optical scattering sensors. For field
ambient aerosol measurements, the characteristics of aerosol
sources, such as traffic emissions or forest-based new parti-
cle formation may affect on the quality of the sensor data.
Knowledge of the size distributions of aerosol from former
studies would help to determine more accurate calibration
factors for optical instruments. However, due to the limit of
SMPS measurements (upper size limit < 700 nm in our case)
and AMS measurements (upper size limit < 1000 nm, and
only detects non-refractory species), the relatively short time
period of measurements in this study and a lack of diversity
of aerosol sources, more ambient measurements will be nec-
essary to more fully map out the range of calibration factors
required for the application of optical instruments. This study
mainly focused on dry aerosol (the detected aerosol RH by
PDR in lab is below 10 % and during ambient measurements
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the dryer kept the RH below 40 %), the dependence of optical
instruments on RH needs further study. Despite the complex-
ity of determining calibration factors, as well as instrument
limitations, these compact optical instruments will hopefully
provide increasingly reliable data covering a greater spatial
extent. Additional studies and measurements will help bet-
ter characterize the aerosol, and it is hoped they will provide
further accurate information that will help inform and design
plans to improve ambient air quality.

Data availability. Original research data are available from the au-
thors on request, and a public data query tool is in the process
of being adding to our database and will be accessible at http:/
atmoschem.asrc.cestm.albany.edu/~agm/AQM_Products/ (Schwab
etal., 2018).
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