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ARTICLE INFO ABSTRACT

Keywords: We describe how reference filter characteristics (unexposed weights) can influence instrument-
Emfab reported attenuation (thereby black carbon concentrations) using the OT21 (SootScan Optical
Filter thickness Transmissometer), in the case of Emfab filters. Reference filters (unexposed filters) with higher
Transmittance

unexposed weights (pre-weights) compared to that of sample filters are found to reduce the
instrument-reported aerosol sample attenuation measurement; reference filters weighing less
than the sample filter results in the reverse outcome. This sensitivity can lead to significant
under- and over-estimation by the instrument (estimated mean absolute error: ~ 10 and 16 ATN
units for infrared (IR) and ultraviolet (UV) channels, respectively, in our tests, which represent
44% and 15% errors, respectively). We find that the error is linear with respect to difference in
the unexposed filter weights of the sample and reference filters. We report two equations (one for
IR, one for UV) for correcting the Transmissometer output based on experimental data, which
allow use of any unexposed Emfab filter as the reference filter; application of correction para-
meters to data here reduces the error to 2 and 3 ATN units, respectively, for IR and UV (10% and
3% errors, respectively).

Light attenuation

1. Introduction

Black carbon (BC) aerosols are relevant to the global climate and to human health. BC impacts climate by attenuating solar
radiation, influencing cloud processes, and altering the melt rate of snow and ice cover (Bond et al., 2013). Exposure to BC is
associated with adverse health impacts such as higher blood pressures (Baumgartner et al., 2014) and cardiovascular risk (Ostro
et al., 2008) and is associated with health outcomes independent of particulate matter (Janssen et al., 2011). On the other hand, ultra-
violet absorbing particulate matter (UVPM), mainly emitted by wood and biomass burning activities can significantly affect tropo-
spheric photochemistry and interact/absorb solar radiation (Kirchstetter & Thatcher, 2012).

Several techniques are available for estimating BC and UVPM mass concentrations based on optical, thermal and acoustic
principles. Multiple authors have compared results from various instruments and methods using these principles (Ahmed et al., 2009;
Davy, Tremper, Nicolosi, Quincey, & Fuller, 2017; Presler-Jur, Doraiswamy, Hammond, & Rice, 2017; Ram, Sarin, & Tripathi, 2010).
Reflectometry (Delumyea, Lih-Ching, & Macias, 1980) and transmissometry (Dutkiewicz et al., 2014; Hill, 1936; Moosmiiller,
Chakrabarty, & Arnott, 2009) are well established optical techniques for estimating the darkness of a sample collected on a substrate,
in which darkness is proportional to BC concentration (Beer-Lambert Law).
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Transmissometry (e.g. Dutkiewicz et al., 2014) involves filter-based sampling of aerosol particles (air is drawn through a filter;
particles deposit onto the filter) followed by measurement in the transmissometer of the blackness of the exposed filter relative to a
reference (i.e., unexposed) filter. Optical attenuation is measured by transmitting a monochromatic light signal through these filter
papers and measuring the subsequent spectral attenuation.

We report sensitivity of transmissometer measurements to a reference filter (Emfab), which to our knowledge has not been
previously described in the literature. In a recent study, Presler-Jur et al. (2017) reported large variations in the attenuation of the
Teflon filter blanks within filter lots. We investigated whether this sensitivity is related to filter unexposed weight. Finally, we
propose, implement, and test an approach for generating a correction equation to address the impact of variation in reference filter
unexposed weight. This short communication contributes to the peer-reviewed literature by providing correction factors for trans-
missometer measurements.

2. Material and methods

Analysis and results presented here are part of the Cardiovascular Health effects of Air pollution in Telangana, India (CHAI)
project (http://www.chaiproject.org). Details regarding the aims, objectives and filter sampling protocols are given elsewhere (Tonne
et al., 2017).

We used an offline SootScan Optical Transmissometer (Model: OT21, Magee Scientific, Berkeley, California, USA). The
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Fig. 1. IR and UV attenuation values for ten randomly drawn samples (C1, C101, C140, C217, C494, C829, C966, C1401, C1438, C1598) measured
against various reference filters. X-axis labels correspond to reference filter label.
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Transmissometer measures optical attenuation of an aerosol-loaded filter (the sample) relative to a reference (i.e., unexposed) filter at
two wavelengths, infrared (880 nm) and ultraviolet (370 nm). We operated the instrument in accordance with manufacturer's pro-
tocol (mageesci.com/EACworkshop2016/MANUALS/0OT21/0T21_UsersManual_V52.pdf). The instrument accepts three filter sizes
(25 mm, 37 mm and 47 mm diameter). A variety of filter media types (e.g., Quartz fiber, Teflon coated borosilicate glass fiber, Teflon
membrane filters) may be used. The sensitivity of the instrument is 1 ATN unit and the optimal maximum loading is 125 ATN units
(above which the linearity of the instrument is impaired). Operating the instrument involves inserting two filters (the sample filter;
the reference filter); the instrument output is optical attenuation (ATN; unitless; defined as the gradual reduction in the intensity of
the optical signal while propagating through the material medium) at each of the two wavelengths (A). ATN is calculated as

ATN = 100* In (I,/1), 1)

where, I, and I are the light transmission of the blank reference and sample filters, respectively. Importantly, this equation assumes
that transmission for the reference filter would be equal to the transmission for the sample if the sample had no light attenuating
material on the filter.

The CHAI project collected ~1700 measurements of 24-h PM, 5 for personal and ambient monitoring. SKC pumps (Model: 224-
PCMTX8, SKC Ltd, Dorset, UK) drew air through a cyclone separator (cut-point: 2.5 um) attached to a cassette containing 37-mm
filter papers. Pallflex Emfab filter media were used for all samples. Emfab filters are pure borosilicate glass microfibers, reinforced
with woven glass cloth and bonded with Polytetrafluoroethylene (PTFE). These filters are characterised with low air resistance and
low moisture pickup and high durability, making them well-suited for gravimetric mass measurements. The filter weighing protocol
can be found in Balakrishnan et al. (2015). Transmissometer measurements were conducted on all filters. Reference filters were from
the same lot and batch as the that of sample filters. Precisely, no reference filters from lots/batches other than the ones utilized for the
project are used for the measurements. We defined the lots using the lot numbers printed on each box. By ‘batch’ we mean the box
containing 100 filters. CHAI project used more than 2000 filters (including pilot study and main study), all the filters are not from the
same lots. We used filters from more than two lots and several batches.

We assessed the Transmissometer measurements by measuring ten exposed sample filters with each of 30 reference filters (i.e.,
300 measurements in total). We then used regression analysis (R-Core Team, 2016) to explore the relationship between attenuation
and the difference in the unexposed weight of the sample filter and that of the reference filter. Analysis of these data (below)
uncovered the sensitivity and also suggested the correction equation approach described below. The suggested approach has been
tested by calculating the mean absolute error in the attenuation values (for both IR and UV channels) before and after the correction.

Linear regression models constructed in the study are compared using the Akaike's Criterion (AIC).

3. Results and discussion

The IR and UV attenuations for ten sample filters (C1, C101, C140, C217, C494, C829, C966, C1401, C1438, C1598) compared to
different reference filters are shown in Fig. 1. For sample C1, for example, instrument-reported attenuation varied between 0.1 and 32
ATN (IR) and between 80 and 133 ATN (UV). Thus, Fig. 1 demonstrates that the Transmissometer reading for a single sample filter
can vary by reference filter. The coefficient of variation (COV) for the ten sample attenuation values ranged between 0.16 (0.05) and
0.80 (0.28) for IR (UV); the median COV among the ten samples is 0.37 (0.14) for IR (UV). Similarly, for all other filters, the
Transmissometer attenuation value was not constant for IR and for UV. We investigated whether variability in the attenuation was
explained by differences in filter unexposed weights.

The distribution of the unexposed weights of all Emfab 37 mm filters is shown in Fig. 2. The unexposed filter weights varied
between 47.5 and 59.5mg and the distribution appeared to be bimodal. To understand the impact of filter weights on
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Fig. 2. Distribution of unexposed filter weights.
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Fig. 3. IR and UV attenuation values for the ten samples against the reference filter unexposed weights. Solid line indicates the linear least square fit.

Transmissometer output, in Fig. 3 the attenuation values obtained for sample filters (shown in Fig. 1) are plotted against the reference
filter unexposed weights. The attenuation values indicate approximately a linear pattern with respect to the reference filter un-
exposed weights: higher attenuation values (for both IR and UV) are observed when the sample filter is measured against a reference
filter with lower unexposed weight and vice versa. This result is explained as follows: when the reference filter weighs more than that
of the unexposed sample filter, the excess mass in the reference filter results in greater calculated attenuation (see Equation (1));
hence, the instrument output is underestimated. Conversely, a lower-weight reference filter results in the overestimation of the
sample filter attenuation. The under and over estimations of the sample filter attenuation is different for IR and UV channels, as is
illustrated by the different slopes for IR (—2.9mg~ ") and UV (—4.7 mg ") for C1 in Fig. 3.

We assumed that Transmissometer output is reliable when the unexposed weights of the sample and reference filter matches,
based on Equation (1). We therefore plotted Transmissometer attenuation values for the ten sample filters against the difference in
filter weight (sample filter unexposed weight minus reference filter unexposed weight; call this “D”); see Fig. 4. Variations among
filters in Fig. 4 are parameterized using linear regression. Solid line in the figure indicates the linear fit. Slope values for IR and UV are
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Fig. 4. IR and UV attenuation values against [sample unexposed weight minus reference unexposed weight] for the ten sample filters. Solid and
dashed lines indicate best-fit lines.

Table 1

Regression coefficients and 95% Confidence Intervals (CI) for the data shown in Fig. 4.
Filter ID IR uv

R? By (95% CI), mg~* R? By (95% CI), mg ™!

Cl 0.71 2.9 (2.4-3.5) 0.81 4.7 (4.0-5.4)
C101 0.88 3.0 (2.6-3.3) 0.88 4.5 (3.9-5.1)
C140 0.97 3.0 (2.7-3.3) 0.94 4.7 (4.2-5.1)
C217 0.92 3.1 (2.7-3.4) 0.93 4.6 (4.2-5.1)
C494 0.93 3.1(2.7-3.4) 0.93 4.7 (4.2-5.1)
C829 0.93 3.1(2.8-3.4) 0.93 4.7 (4.2-5.1)
C966 0.93 3.0 (2.7-3.4) 0.93 4.7 (4.2-5.1)
C1401 0.92 3.0 (2.7-3.4) 0.93 4.7 (4.2-5.1)
C1438 0.93 3.1 (2.8-3.4) 0.93 4.7 (4.2-5.1)
C1598 0.93 3.1 (2.8-3.4) 0.93 4.7 (4.2-5.1)
All ten filters combined (overall model) 0.90 3.0 (2.7-3.4) 0.94 4.7 (4.2-5.2)

similar across filters (Table 1), suggesting the potential for a correction parameter that could be applied to other filters. In that case,
the actual attenuation values of the aerosol sample collected on the sample filter would correspond to a zero value for D.

In addition to the artefact which is identified in the present study, filter-based attenuation measurements are known to suffer from
the loading effect, especially when particle loading is high (Park, Hansen, & Cho, 2010; Virkkula et al., 2015). Dutkiewicz et al.
(2014) demonstrated the impact of the loading effect on Transmissometer measurements. We observed similar reference filter un-
exposed weight impact on the sample filter attenuation measurements for a range of loading which gave us confidence that these two
effects are independent and need to be corrected separately. The influence of the unexposed weight should be corrected (as it is
related to the physical characteristic of the filter paper) before dealing with the loading effect.

4. Correction methodology

Results indicated that for nonzero values of D, Transmissometer output are biased. We considered two correction equations to
reduce this bias:

Y, =B, — B, #* D; + ¢ i= 1.Nfilters 2)
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Table 2
IR and UV ATN values corrected using regression equations and matched sample and reference unexposed weights.
Sample ID Regression (Eq. (2)) Regression (Eq. (3)) Matched unexposed weights
Corrected ATN (Y) Corrected ATN (Y) Reported ATN (B, for D~ 0)
IR uv IR uv IR uv
C1 11.58 105.20 11.58 105.21 - -
C101 14.74 72.57 14.52 71.94 13.99 70.5
C140 10.29 35.50 10.19 35.02 10.31 33.99
C217 52.38 289.70 52.40 289.67 48.33 283.76
C494 56.15 168.07 56.00 168.08 - -
€829 11.81 47.74 11.64 47.17 10.20 44.88
C966 32.20 131.86 32.21 131.86 - -
C1401 16.27 79.53 16.30 79.64 16.93 80.5
C1438 10.93 34.61 10.71 33.95 12.54 35.61
C1598 52.26 179.79 52.19 179.79 49.53 176.38
Y =B, — By, * Di + ¢ i= 1.Nfilters 3)

D = (sample filter unexposed weight — reference filter unexposed weight)

Y is corrected ATN value accounting for differences in filter weight between the sample and the reference filter; 3, is the un-
corrected, instrument-reported attenuation; (3; is the correction parameter, determined as the slope in Fig. 4, € is the normally
distributed error with a mean value of 0. Equation (2) represents the model with one slope for all filters and equation (3) represents
the model where each filter has its own slope. We observed that the model with a single correction parameter (slope) for all filters had
a smaller AIC, indicating a better fit to the data. The slopes (3; = standard errors) based on the best fitting model (Equation (2))
were 3.0 = 0.2 mg_1 for IR, 4.7 = 0.3 Ing_1 for UV (Table 1). The Y values (IR and UV) obtained using Equations (2) and (3) are
presented in Table 2.

We compared our results from the regression equations with values from matched unexposed weights of each sample with that of
reference filter (from the suite of ~ 30 filters used), which we assumed to be unbiased. We attempted to identify pairs for which
D = 0, though in practice we could only achieve D~ 0; here, we implement a requirement that D < 0.05 mg. The 3, values for that
particular sample and reference filter pair, are also reported in the last column of Table 2. We observed that the ATN values (IR and
UV) agree (meaning that the difference in the sample ATN and raw ATN, when D "0 is less than the instrument's precision) in all the
three cases shown in Table 2, implying the proposed regression correction is reliable. For sample filters C1, C494, and C966 we were
unable to find a reference filter whose unexposed weight is close to that of sample filter.

To further test the proposed correction, we quantified the uncertainty in the uncorrected and corrected ATN values (for both IR
and UV channels) in terms of mean absolute error. The mean absolute difference in the uncorrected ATN and the ATN values for D~ 0
(last column of Table 2, which is considered as the best estimate) is employed here as the error in the uncorrected values. The mean
absolute difference in the corrected ATN values using overall correction parameter and the ATN values for D~ 0 is employed as the
error in the corrected values.

The mean absolute error for the IR channel was between 9.2 and 11.9 ATN units among filters (average error: 10.1); applying our
correction approach reduced the error to 2.3 ATN units. For the UV channel, the mean absolute error was 12.6-18.3 ATN units
(average error: 15.6); applying our correction approach reduced the error to 3.2 ATN units.

Correction parameters (see equation (2)) differ by spectra (IR versus UV) and may differ by filter type (e.g., Emfab vs non-Emfab).
Thus, future research could apply the approach developed here to other filter types.

OT21 transmissometer measurements, which involve a sample filter and a reference filter, appear to be biased when those two
unexposed filter weights differ. Here, we present evidence of this bias, and then develop and test an approach to correct the bias. For
37 mm Emfab filters, Transmissometer users could adopt the overall correction equation and parameters reported here, which carries
the advantage of not requiring new measurements.

5. Summary

The current study brings to light a previously unknown sensitivity in the offline BC measuring instrument, the Sootscan Optical
Transmissometer (OT21), in the case of Emfab filters. The findings from the study are summarized as follows:

1. Use of reference filters with higher unexposed weights than that of sample filters resulted in underestimation of the sample
attenuation and vice versa.

2. Correction equations and parameters (for UV and IR channels) are proposed (case of Emfab), which allow the user to measure the
sample attenuation against any random reference (unexposed) filter, irrespective of batch and lot.

3. The correction methodology proposed in the current study reduced the error in the instrument measured attenuation from 44%
(15%) to 10% (3%) for the UV (IR) channel.
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