Answers to the Reviewer#1

We thank the anonymous reviewer #1 for the detailed review. Including the suggestions made has significantly
enhanced the paper. In the following you will find our response to the reviewer directly marked in red.
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Received and published: 29 May 2019

This manuscript provides an analysis of a set of laboratory experiments comparing the recently developed CAPS
PMssa instrument, which measures aerosol extinction and absorption (from which is derived single-scatter albedo)
using cavity phase-shift and integrating sphere techniques, respectively. Because this instrument can determine
SSA through from a single sample, and bypasses the need for relatively uncertain ab- sorption measurements using
filter media, it has the potential to be extremely valuable. The aerosol direct effect remains a large uncertainty in
the Earth’s radiative balance, and this instrument, if accurate and widely used, has the potential to help reduce this
uncertainty. The topic is entirely within the scope of AMT and there should be many readers interested in the
subject. The experiments described in the manuscript appear to be well conducted and have produced high quality
data.

Regrettably, there are some significant issues with the manuscript, two especially, that will require a major
revision. These two issues are:

1) There is no error analysis of the techniques being compared. Instead, variance in the measurements is used as
surrogate for uncertainty. The authors need to directly and independently determine the uncertainty in the phase-
shift extinction measurement and the uncertainty in the scattering measurement, and propagate these
uncertainties through to the final SSA product. This uncertainty analysis must include consideration of both
potential biases (which might include determination of pressure and temperature in the instrument, for example)
and random uncertainties (which might include noise in the measurement that requires averaging). As it currently
stands with this manuscript, if | were to purchase two of the CAPS PMssa instruments and compare them and find
that they disagree by 5% in extinction and/or scattering, | would not know if this is within expectations or would
indicate a problem with one of the instruments. A complete uncertainty analysis needs to be applied to all the
instrument combinations used. In Table 6, it is not at all clear where these "uncertainties" come from; they appear
to be either the scatter in the data (plotted in Fig. 12) or else the difference between the mean values of the data
and the "expected" values of the calibration aerosols. Because the SSA of the calibration aerosols is not truly
known, there is no absolute standard provided against which to evaluate the different approaches to measuring
SSA, so a fundamental uncertainty propagation is needed.

This paper does NOT address in any explicit way, nor was it designed to address, the question of the absolute
uncertainties of these techniques. It was designed to address the question of how well they correlate. Thus, the
results are given in correlation coefficients (slope and intercept) and their statistical uncertainties

We have added Section 2.3 (new) summarizing the measurement uncertainties reported by the different
instrument paper. In particular the uncertainty of the CAPS PMssa was described in detail by Onasch et al. (2013).
We have added a passage to the manuscript referencing the detailed error analysis by Onash et al. more
pronounced. Temperature and pressure variabilities as potential biases are part of the used measurement error
and minimized by regular taking baseline measurements.



2) The linear regressions which provide the bases for the evaluated values appear to have some sort of error.
Examining Fig. 4, the fitted line shown on the scatterplot lies below all of the datapoints. Using Table A1, | plotted
the data shown in Fig. 4 and performed a linear regression. | got a slope of ~1.08 and the fitted line passed directly
through the data. This compares with the "all" fit shown in Table 3 of the manuscript, which gives a slope of 0.97. |
tried a two-sided regression, a one-sided regression, and one-sided regression forced through zero intercept. All
gave slopes >1.06. Inspecting the other scatterplots in the manuscript (e.g. Figs. 8, Fig. 11 for absorptions <70 Mm-
1), the fitted slopes do not seem to go through the data. Unless I've made an error, it appears that the values
appearing in all the tables are suspect because of this fitting issue. Thank you for including all the data in the
supplemental material tables, which makes finding an apparent problem like this easier.

The line shown in the linear regression was misplaced. The line is actually just a 1-1 line to help readers to evaluate
the results in comparison to a perfect correlation (1-1). We have replaced the figures and added the information to
the figure caption.

In addition to these two principal issues, there are some smaller items that need addressing.

a) The table captions all need to be more precise. For example, Table 3 might have a caption of, "Linear regression
parameters slope (m), intercept (b) and their standard deviations and the linear regression coefficient R2."

We have added your suggestion to the captions.

b) | was trying to understand for quite some time how the column labeled "SSA" in Table 3 was calculated before
realizing that it is simply an estimate of the SSA for the aerosol type being generated. It might be clearer to move
the SSA column to the second column of the table and label it "estimated SSA".

We have added your suggestion to the table.

c) The figures all need to use a heavier line width and larger, denser font. It is quite hard to read the labels and
identify the symbols and lines.

We have improved the figures resolution. But a final version (more readable) of each figure will depend on the
layout specified by the AMT. Therefore, we will wait until the final version of the article is given (format wise) to
optimize the figures sizes and resolutions.

d) The descriptions in the tables and figures of "PSAP-Neph" is confusing; it suggests that you are subtracting the
scattering data from the absorption data. | suggest you use PSAP+Neph for Table 1 and Fig. 4, and "PSAP & Neph"
for Table 6.

We have added your suggestion
e) Figs. 5 and 9 are not needed since the data appear in tables already.
It is a visual results representation, which we believe is important to many readers.

f) Fig. 12 should also show the SSA determined for the ammonium sulfate aerosol; this would give a good idea of
the scatter about a known, non-absorbing compound.

We have added the AS Data to Figure 14 (new)



g) The title includes "Field Deployment". There is no field deployment of the instrument described in this
manuscript, just laboratory tests.

Good point! The field deployment was excluded from this article, thus the title has been modified.

h) Lines 93 to 97, the description of the roles of MFC#1 and #2 in regulating make-up air appear to be switched
with MFC#3 and #4 in Fig. 1.

Right. It is corrected (lines 96-97) now.

i) Section 2, please describe the truncation angles for the various instruments and typical magnitudes of the
correction factors. The uncertainty in these correction factors need to be part of the total uncertainty analysis and
error propagation.

There are many studies about the truncation angles and corrections for the proven technologies (most important
and used ones are referred in the article). For the SSA Monitor the information has been added to section 2 (lines
196-204) in the description of the instrument, since it is what is being evaluated in this article. For the other
instruments, we included the uncertainty section 2-3 citing the relevant literature in a pronounced part.

j) Please use 2-sided (orthogonal distance) regression when performing the linear regressions. There are
uncertainties in both x and y dimensions that should be accounted for. Please weight the regressions by the
uncertainty in the measurements.

All uncertainties (standard deviations) are presented for both x and y. Sometimes the values are so small that they
are smaller than the data point marker.

k) The figure captions (e.g., Fig. 3: "Time series of the measurements by the extinction channel" do not adequately
describe the contents of the figures, which in this case shows results from 3 different instruments/combinations,
not just the extinction channel of the CAPS PMssa. The same for the other time plots.

We have updated the captions.

There is a lot of good information from some carefully performed and important lab- oratory studies in the
manuscript. | encourage the authors to address the concerns indicated above and submit a revised manuscript that
more fundamentally addresses uncertainties and that uses accurately determined regression slopes using properly
weighted 2-sided linear regressions.

Answers to the Reviewer#2

We thank the anonymous reviewer#2 for the detailed review. Including the suggestions by the referee has
significantly enhanced the paper. In the following you will find our response to the reviewer directly marked in
red.

REVIEW NOTES and comments:

Laboratory Validation and Field Deployment of a Compact Single-Scattering (SSA) Albedo Monitor



Journal: AMT
Title: Laboratory Validation and Field Deployment of a Compact Single-Scattering Albedo (SSA) Monitor
Author(s): Julia Perim de Faria et al.
MS No.: amt-2019-146
MS Type: Research article
Matrix Scores: Criteria:
Scientific Significance — Good 2

Scientific Quality — Fair 4

Presentation Quality - Fair
Over all English language presentation:
There is a general non-standard usage of comma separators, and a few general awkward English syntax
constructions. However, it seems most intended meanings are clear. The paper could use revision of
grammatical and syntactical usage to make the reading flow more smoothly.
Over all Scientific Presentation:
General lack of the definition and standard used for the terms accuracy and precision. There should be
at least an equation presented for the calculation assumed in each measure. It is important as the
system of closure for the complete instrumental experimental circuit depends not only upon the
accuracy and precision of each individual instrument, but the data path through all of them.
The study could be enhanced by a true presentation of error propagation by classical form differential
error analysis. The assumption of normally [Gaussian} distributed error seems perhaps unfounded in

such a complicated closure strategy.

The work has merit and should be published conditional upon appropriate revisions and additions.
Specifics:

Tablel: the mixture of AS+AD is assumed to have an SSA A=630nm of 0.6 for the study case, but lacks
details in discussion of how the mixture of the standard substances was to be controlled.

The SSA of the mixture containing AS and AD, was controlled by the online measured SSA
measured by the CAPS PM, See: Line 80-81 in the revised version.

.... The SSA of the mixture containing AS and AD, was controlled by the online measured SSA measured by
the CAPS PMssa. ...

We also added to the head of the table 1) that this is an expected/estimated value.

Lines 100 — 105:



Perhaps some calibration data could be presented, as well as plot of Scattering Channel signal vs.
Extinction Channel signal. This could provide insight into baseline fluctuations and possible instrumental
bias.

We have added Figure 4 (new) to the revised version.

12
Before Calibration
1 Before Calibration +After Calibration
10 y = 0,923 (£0,007) x + 0,234 (+0,052)
"y R2 =096
E 9
£ 8 After Calibration
% y = 0,999 (£0,008) x 0,004 (+0,059)
s T R2 =096
g g
e
£ 5
o
-E 4
0
O 3
B 2
@
1
i
-1
-1 0 1 2 3 4 5 6 7 8 a 10 11 12

Ext. Coef. CAPS PM, (Mm")

Figure 4. Scatterplot of the correlation of the extinction and scattering channel of the CAPS PMssa before
and after the calibration using CO2.

Section 2.1.2

Lines 115 -120 “The instrument measures.....
We have complemented the section.
Section 2.1.3 CAPS PMext configuration

It might be beneficial to include a figure as nicely detailed as that of Figure 2. For the CAPS PMssa
configuration.

Figure 2 (new) has been added — although we still have to check the rights to publish a figure from
another journal.
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Figure 2. Overview of the main components and operation principle of the CAPS PMex instrument
(Massoli et al., 2010)

Lines 140-145

One of the unique features of the CAPS PMssa set-up is the integrating sphere. The glass tube that
passes through the sphere needs a bit more detailed information as it is inside the integrator. Some
specifics as to the thickness of the wall, any coating it may have, it’s optical properties should be
characterized or listed somewhere from the manufacturer or supplier - if not determined during
calibration of the instrument itself.

We have added more information in the lines 185 — 193

Petzold at al. (2013) showed that this purge flow shortens the measurement path and dilutes
the sample and requires a correction factor. As done for the CAPS PM.,, a new correction factor
was developed, by using monodisperse polystyrene spheres (PSL) of know size, for the CAPS
PM.,. Due to the cell geometry, the new correction factor was slightly larger than the one found
for the extinction monitor, 1.37 and 1.27, respectively (Onasch et al., 2015). The noise of the
instrument, trunction angle and instrument uncertainty have also been studied by Onasch et al.
(2015). The values found were all below 1 Mm™ for the noise levels (1c; 1s) for all wavelengths.
For the case of this particular instrument (630 nm), the truncation correction was determined
below 4% for typical ambient conditions. The uncertainty was estimated at +0.03 for SSA equal
to 1 (PSL and ammonium sulphate) and decreases to +0.01 as the SSA goes down. (630 nm), the
truncation correction was determined below 4% for typical ambient conditions. The uncertainty was
estimated at +0.03 for SSA equal to 1 (PSL and ammonium sulphate) and decreases to #0.01 as the SSA
goes down.



For more details we have to reference Onasch et al. (2013).

[A general Question: Were any other wavelengths considered or tested for the calibration standard? -
No]

Section 3 discussion:
Some of the sentences could be divided into shorter more clear constructions Lines 210 — 215:

1) I think these critical figures could be sized up a bit

We have improved the resolution of the figures, but the final aspects will be determined by the layout
from AMT, thus we will wait until the final version (format wise) is done to work on this issue.

2) There seems to be a general assumption that the standard deviation is the most reliable measure of
experimental uncertainty. This reviewer is not sure this is a completely valid assumption.

The Reviewer is right, as long as the standard deviation relays on the assumption that the statistical
population follow a Gausian distribution. We have not proven the assumption by applying a Chi square
fitting test, but the assumption is not too bad considering the frequency of occurrence diagram (Figure 8
in the revised version) . We have chosen the standard deviation and not a quartile distance (used as
distribution free measure) because most readers are used to- and will ask for it.

3) The reference to PSAP-NEPH extinction measurements being similar to those of Petzold 2013: this
unfortunately requires the reader to find the other paper to validate this statement of event or know
what the expected result was. A simple sentence could clarify this. [Yes, as one of the contributing
authors it is perfectly acceptable to cite their own previous research articles, but perhaps a bit much to
expect the reader of this article to be familiar with the result of that work.]

We have added lines 268-269 :

...similar to the one found by Petzold et al. (2013), in which an excellent correlation (slope of 0.99) was
found for the laboratory comparison between the same instruments using highly absorbing aerosol,
exclusive scattering aerosol and mixtures of both”

Section 3.2

Line 217: “ There is no systematic error found neither in the average nor in the standard deviation of the
measured values.” Although the internal reference is to a table included in the supplemental material, it
is a mathematically unsupported assertion. A calculation or insight into how this statement is evidenced
might make a stronger case for its inclusion.

The reviewer is right. We have changed the sentence

Within the error bars of the two instruments we could not observe a systematic deviation of both either
in the average or in the standard deviation of the measured values.



Section 3.3

FigurelO: is problematic on multiple levels: although the notion of overlying timeseries into a single
track representing the CAPS PMssa and PSAP for the three type of aerosol particles testing is a good
idea, the diagram has flaws. [same comments apply to Figure 7 on the scattering channel;]

1) The figures do not expand into full size charts and are presented TOO SMALL to intuit any scientific
sense from their visual examination. [This may be a display result after the Copernicus online system

was revamped for their paper display] But the authors could simple make a much larger figure.

We have improved the resolution of the figures, but the final aspects will be determined by the layout
from AMT, thus we will wait until the final version (format wise) is done to work on this issue.

2) The horizontal axis has numbers on a scale with no mention or label as to their units. Are they
“seconds” after the calibration sequence has finished? Are they minutes?

The Unit (seconds) has been added to the axis label.

3) Even if the individual axis numbers align, there is not a mention to assure the reader they were
simultaneously measured.

We have clarified this in the Figure caption.

4) These figures as a set need to be amplified in the vertical scale so as to make visible Any regions in
time where the CAPS PMssa signal fluctuations and spikes might not be synchronous to those of the
supposed time coincident signal of the PSAP.

Same answer about the figures.

5) Expanding the horizontal time axes will allow the reader to view regions where the signals might not
be precisely time correlated and any instrumental fluctuations as “noise.”

This would require an interactive zooming option. Unfortunately this is not supported by AMT.

Discussion of this diagram is not complete. No mention is made to the significance of the regions where
the traces converge over time to a common point in the AD and BC examples. No mention of the
significance, if any, of time intervals where the signals step down, or step-up in sigma (o).

This increase/decrease is seen in figure 12 for the absorption. The explanation is added:

“The increase in the absorption coefficient observed in Figure 12 for the higher levels of AD and BC, is
related to the transmission decay of the filter in the PSAP and the correction algorithm chosen for this
study.”

NOTE: as mentioned prior it is not sufficient to cite a method “data correction” (Ogren 2010) without
explaining why it is appropriate in this situation and how it fundamentally treats the data. Forcing the
reader to find another paper to understand what is going on in this paper is not exercising good



scientific communication skill. There is nothing wrong with the citation of Ogren 2010, simply the
authors here should explain how and why is it used, as well as it’s importance to the data collected in
this research.

We have added all correction functions to the text for completeness. But we did not motivate them in
all the details.

| would like to state that it is good practice to reference a data correction algorithms used to the paper
without explaining them in all detail as long as they are commonly rated as best practice. If we would
have chosen a new/or exotic algorithm then the referee is right. Scientific papers relay on the
referencing system. Otherwise the wheel has to be invented again and again- and articles would be
more like textbooks. It is no argument that it is some work for a reader to search for a paper. This is part
of our job! On the other hand, reading the original literature gives the original authors the credit they
should get.

It should also be noted that without a time series analysis proper [lag correlation, etc. as an example]
there is not a reliable method to indicate how the static correlation coefficients presented in the table
evolve over time as the instruments run. Correlation coefficients are important as measures, but should
state clearly they might not reveal complex interrelationships between data signals as the instruments
run over time.

In particular the lag correlation (auto- and cross-correlation) does not help for this kind of lab studies.
We did not test the instruments dynamically for transfer- response- or relaxation-times. This would be
part of an extra paper. A detailed time series analysis is needed for field measurements. The way we
address this is to do the test for several runs repeatedly. Thus the reported correlation is not just a
snapshot.

Section 3.4
This is the key portion of the research and should be strongly emphasized. Generally well done.

Line 281: does the statement “....expected values for each aerosol type” directly refer to table 1? If so,
reiterate that. If not, please summarize the expected values directly here.

We have added the internal reference (Table 7).

THIS IS ENOUGH TO WORK ON FOR now
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Scattering Albedo (SSA) Monitor

Julia Perim de FarfaUlrich Bundké, *, Andrew Freedmah Timothy B. Onasch and Andreas Petzdid
IForschungszentrum Julich GmbH, IEK-8, 52425 Jukgarmany
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Correspondence to: Ulrich Bundke (u.bundke@fz-juelich.de)

Abstract. An evaluation of the performance and accuracp @avity Attenuated Phase-Shift Single Scatteritigedo
Monitor (CAPS PMsa Aerodyne Res. Inc.) was conducted in an optit@ure study with proven technologies: Cavity
Attenuated Phase-Shift Particle Extinction Monitf€APS PM, Aerodyne Res. Inc.); 3-wavelengh Integrating
10  Nephelometer (TSI Model 3563); and 3-wavelengtteffibased Particle Soot Absorption Photometer (PSRdliance
Research). The evaluation was conducted by comgethie instruments to a controlled aerosol germrasystem and
comparing the measured scattering, extinction, abgorption coefficients measured by the CAPSsPMith the
independent measurements. Three different paryges were used to generate aerosol samples withesscattering
albedos (SSA) ranging from 0.4 to 1.0 at 630 nmelength. The CAPS PM. measurements compared well with the
15 proven technologies. Extinction measurement corapas exhibited a slope of the linear regressioa flor the full data
set of 0.96 (-0.02/+0.06), an intercept near zem a regression coefficienf®.99; whereas, scattering measurements
had a slope of 1.01 (-0.07/+0.06), an interceples$ than +/-2x1®m?* (Mm™), and a coefficient R1.0. The derived
CAPS PM;,absorption compared well to the PSAP measurenaritav levels (< 70 Mm) for the small particle sizes
and modest (0.4 to 0.6) SSA values tested, withemi regression slope of 1.0, an intercept of Mand a coefficient
20 R?=0.97. Comparisons at higher particle loadings veem@promised by loading effects on the PSAP filt€iar the SSA
measurements, agreement was highest (regressmasshathin 1%) for SSA = 1.0 particles, though diféerence between
the measured values increased to 9% for extinataefficients lower than 55 Mm SSA measurements for absorbing
particles exhibited absolute differences up to 18%ugh it is not clear which measurement haddhkest accuracy. For a
given particle type, the CAPS RMinstrument exhibited the lowest scatter aroundaerage. This study demonstrates
25 that the CAPS PMais a robust and reliable instrument for the diresasurement of the scattering and extinction
coefficients and thus SSA. This conclusion alsaddals well for the indirect measurement of the gitgm coefficient

with the constraint that the accuracy of this patiir measurement degrades as the SSA and paitielecreases.

Keywords: CAPS PM, optical closure, single scattering albedo.

1  Introduction

30 Airborne aerosols impact climate directly though ihteraction with incident solar light by scatteyj generating a cooling

effect, or by absorbing it and reemitting infranedliation, having a heating effectccerding-to-Hayweood-and-Shine
{2995)According to Haywood and Shine (199hke effect of aerosols on the atmospheric ramthatiudget in the visible

spectral range depends on the aerosols opticah d&fD), the single-scattering albedo (SSA), aned tackscattered
fraction (BF). The radiative forcing efficiency (Efdescribes the resulting aerosol direct forciegynit AOD (ndrews
35  etal201iHaywood and Shine, 1998ndrews et al., 201$heridan et al., 2012) and is widely used to dbswithe
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radiative impact of a given aerosol type. As ammselrintensive parameter the RFE value depends@n§SA and BF. As
is stated in the latest IPCC rep@Boucher—et-al—2013)(Boucher et al., 2Q1@ncertainties in SSA and the vertical
distribution of aerosol contribute significantly ttee overall uncertainties in the direct aerosdiatve forcing, while AOD
and aerosol size distribution are relatively welhstrained.

The measurement of SSA requires the simultaneotsndaependent observation of two parameters sibye,
definition, the SSA is the ratio of the scatteriogthe extinction coefficient (where extinctiontie sum of the scattering
and absorption — see Equation (1) and (2); theximeefers to the contribution of aerosol partictesoverall light
extinction, which has also a contribution by gadeunoles, identified by the index g not shown in éggiation).

Oep = Ogp + Ogp 1)
SSA = ”“’/(,ep @)
Measuring all three aerosol optical parameterspaddently allows for the closure of optical proertand thus the
determination of uncertainties of the involved instents.

The aerosol optical parameters are typically measursitu by instruments such as Integrating Nephelometers
(NEPH) for the scattering coefficiefitieintzenberg-and-Charlson,-1996)(HeintzenbergGimatison, 1996)photoacoustic
(see e.g.lack-et-al(2006)Lack et al. (2006\rnott et al. (2006)) and filter-based methodstsas the Particle-Soot
Absorption Photometer (PSARBpnd-et-ak{1999)Bond et al. (1999the Multi Angle Absorption Photometer (MAAP;
Petzold-and-Schénlinner(2004)Petzold and Schéeii?004) and more recently the Tricolor Absorption Phottene
(TAP;-Ogren-et-ak-{2017)/CLAP; Ogren et al. (201féy the absorption coefficient; and for the egtion coefficient, the
Cavity Ring Down (CRD) technologifesesmiitier—et-al,—2005)(Moosmuller et al., 20@8¥) since 2007, the Cavity
Attenuated Phase Shift Particle Extinction Moni(@APS PM,) (Massoli et al., 2010). To measure the SSA usirgy

optical closure approach involves separate instmisneith different principles and uncertaintiesadeang to potential

sources of significant errors and biases.

A novel instrument based on cavity attenuated pshgetechnology and incorporating an integratipiere was
recently developed by Aerodyne Research, Inc. ibiel instrument represents a major step forwattienobservation of
aerosol optical properties since it simultaneousBasures two of the three aerosol optical parasétem the same air
sample, reducing the potential sources of samgliages (Onasch et al., 2015). The two main appicatof the CAPS
PMssainstrument, apart from the direct measurement aftaxing and extinction coefficients, are the irdirmeasurement
of the aerosol absorption coefficient and the mesment of the single-scattering albedo. A few récessitu application
studies of the CAPS PM instrument are already availableéan et al., 201 Corbin et al., 2018Han-et-al—2061)/ The
present optical closure study intends to quantifgantainties in the measurement of the primary swroptical properties
and the resulting SSA by the CAPS RMor several types of laboratory aerosol by apmyanfull set of established
instrumentation for measuring the extinction (CAP®e,), absorption (PSAP), and scattering (Integratirepielometer
TSI Model 3563) coefficients at multiple wavelengjth

2 Instruments and Methods
2.1 Instrumental Set-up

The laboratory study was conceived to evaluateogherational principle of the CAPS RMand its performance and

accuracy when compared to proven technologiesifi@trimental set-up used is shown in Figure 1.
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In this study, similar to previous work (Massoli a&t, 2010;Petzold et al., 2013); two collision-type aerosol
generators (TSI Model 3076) were used; one comgimi solution of deionized water and purely scetteraerosol,
Ammonium Sulphate (AS), and a second containingralirsy aerosol, water-soluble colloidal graphitejg¢ddag — AD —
from Agar Scientific) or Black Carbon (REGAL 400Rgment Black — BC — from Cabot Corporation). TheASS the
dispersed aerosol ranged from approximately 0.4e(pD or BC) to 1.0 (pure AS), with the modal valofethe particle
size distribution being below 100 nm in all casésdrying tube filled with silica gel was positionedter each particle
generator in order to reduce the relative humitiyow 30%. Once the samples were passed througldrjtes, they
entered a mixing chamber where effective enseménticfe SSA values of 0.4 < SSA < 1.0 could be posdl by mixing
aerosol flows containing both absorbing and sdatjesierosols. The aerosol generation set-up spatidhs are shown in
Table 1, whereas Table 2 compiles the informatiooua the applied instrument and correction scheffies.SSA of the
mixture containing AS and AD, was controlled by tirdine measured SSA measured by the CAPSPM

Three mass flow controllers (MFC), one at each gipes head and a third after the mixing chambapplied
particle-free compressed air to the sample to betith the desired humidity and particle number eotration and to
make-up the flow required by the instruments. Tagigle number concentration was measured by aerwaldion particle
counter (CPC).

Table 1. Type of generated aerosol, targeted SSA3®nm), and targeted max. aerosol extinction values

Estimated
Run 1 Run 2 Run 3 Run 4 Run 5
Aerosol type [EXPECle®SA - o Mmt 150Mm 100 MMt 5OMm 25 M L Formetted Toble
Aquadag (AD) 0.4 X X X X X
Black Carbon (BC) 0.4 X X X X
Mixture (AS+AD) 0.6 X X X
Ammonium Sulphate (AS) 1.0 X X X X
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Figure 1. Instrumental set-up applied in the opticiclosure study

Particle Soot Absorption Photometer:
Tqp: 3-A (467, 530, 660 nm)

Table 2. List and specifications of optical instrunentation and applied correction algorithms

Instrumen Manufacture Propert A (nm) Aeroso _ Correction Algorithn
CAPS PMsa  Aerodyne Gsp Oep 630 AS, AD, Mie Amigo (Aerodyne) folsptruncation
Research In BC, MIX correction(Onasch et al., 201
CAPS PM  Aerodyne Cep 630 AS, AD, No correction required
Research In BC, MIX
NEPH TSI Inc. Osp 450, 550, AS Miller-et-al.(2009), Anderson-and
700 Ogren(1998)
AD, BC, Miller et al. (2009), Anderson et al.
MIX 1998)
Massolietal009
PSAP Radiance Gap 467,530, AS, AD, i 0)Ogren
Research In 66( BC, MIX (2010 andVirkkula (2010

The samples were produced at up to five nominateomation levels, as shown in Table 1, definedhieyaerosol

extinction. This was achieved by holding the aergsmeration system constant (MEG#and MFC#4) and regulating
the make-up air MFCs (MFG#, MFC#42 and MFC#5). Extinction coefficient levels were iedrfrom ~10 up to 200 Mm

L. For each level, a sampling time of at least 5utéia was sustained.

To ensure an isoaxial, isokinetic sampling by mdtiuments, special sampling tips made of stairdessl were

designed such that the sample air extraction tgrgwach concentrically placed along the centeedirthe sample tube of

1 inch inner diameter. The inlet nozzles diametees dimensioned such that the flow velocities ia $ample tube and

inside extraction tip nozzles match. Distances betwthe extraction points for the different instemnts were 20 cm.

___ — { Field Code Changed
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105 All-seattering-instruments-wereThe nephelometer ealibrated using CO(high span gas) and particle-free air
(low span gas), before starting the experimentesThe calibrationprocedure includes also, as recommended by the
manufacturers, the calibration of scattering chaohéhe CAPS PM, against the extinction channel of the instrument.
For the filter-based absorption instruments, nécation is necessary since they both operate avithank filter in parallel

as reference (see description in the subsectidns/pe

|110 The optical instruments were placed downstreanhefgeneration systermeasuring simultaneouslgs shown,
and will be described in more detail in the follagrisubsections.

2.1.1 Integrating Nephelometer

In this optical closure study, an integrating ndphmeter (NEPH) of the type TSI Model 3563 was usEde NEPH

collects scattering measurements both in the fahaad backscatter directions at three wavelendifs 850, and 700 nm
115  (Heintzenberg et al., 2006).

The NEPH data was corrected for truncation andiecef using the approach proposed by Massoli €2@D9y - - ‘[Formatted: New paragraph

for strongly light-absorbingaerosel-andaerosols (equations 3 and 4 Eatide 3). For predominantly light-scattering
aerosolsthe approaches proposed by Anderson et al. (1@86)iHeretak{(2009)Muller et al. (2009)+prederminantly
light-seattering-aerosels.were used (equation STaiude4).

120 C = MAX{1.0,v, + vy exp(v, * (3.25 — &)) + C(n)} (3)

where & is the Angstrom exponent (equatiorC 7) is an optional correction for submicron distribus.C(n) is equal to
0 for 8>2.8, and to

Lo (4)

Cm) = vs(28—a) * ((n—l) 048

andwv,, v, v, and v are given in Tab and n is the real part of theative indices.

125

Table 3. Coefficient values forvy, v4, v, and v;_for equations 3 and 4 (Massoli et al., 2009).

Vo 2 v, V3
698 nm sub-pmr 0.8627 0.1423 0.1816 0.0306
554 nm sub-pnr 0.8511 0.1589 0.2153 0.0439
453 nm sub-pn 0.8863 0.1327 0.2758 0.0610

698 nm all 0.9869 0.0182 0.7980
554 nm all 0.9948 0.0152 0.8951
453 nm all 1.0072 0.0118 1.0036

C=a+b=*a (5)

130 Table 4. Values for a and b for equation 5 for Anderson ad Ogren (1998) and Muiller et al. (2011).

Blue (450 nm) Green (550 nm) Red (700 nm)
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Angstrom exponent &(B/G) A(BIR) A(GIR)
a b a b a b
Nocut 1.365 -0.156 1.337 -0.138 1.297 -0.113
Anderson et al. (1998,
Sub-um 1.165 -0.046 1.152 -0.044 1.120 -0.035
Miller et al. (2011) Nocut 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

2.1.2 Particle-Soot Absorption Photometer

The PSAP is a filter-based three wavelength (48D, 60 nm) instrument, manufactured by Radiancee&eh, that
provides continuous measurement of the light alisorgoefficient. The instrument uses two spotsaaauartz fibre filter;
one receives the particle containing sample, apdsétond clean air. The instrument meastiresthe difference in the
transmission of Ilght between a loaded and a bfdéiek spot{Bend-et-al-1999)(Bond et al., 1999pserption-coefficient
0).Two absorption coefficient data octios were used
and evaluated: Ogren (2010) and Virkkula (2010k Bbst fitting corrections is the one shown in eashilt subsection.
In_his approach, Ogren (2010) furthers the coroestifrom Bond et al. (1999), considering the fileea

correction and wavelength adjustment, as showiguraton 6, for the complete absorption coefficie@asurement.

Oap = 0.85 (M) (Ame“) ISP _Ks o[ (6)

Qmeas/ \Apsap Kz Kz

wheregy, is the absorption coefficient of the desired wamgth, @sapis the flow recorded by the instrumentydis the

measured flow, Aeasis the real area of the filter,pAapis the manufacturer supplied area of the fillegapis the measured

absorption coefficient at a certain wavelendth Ki and K are constants given (0.620.02 and 1.22 0.20, respectively)

andas is the scattering coefficient measured at the saawelength aspsap

Virkkula (2010) derives a new correction from a&ldi campaign, including as a function factor thegk

scattering albedo, as shown in equation 7.
6ap = (Ko + &y (hg + hy00)In(Tr))cPSAP[A] —

SOp[A] (7)

wheregy, is the absorption coefficient of the desired waweth, I, ki, ho, hy and s are constants given (TabJew,is the

single scattering albedo, Tr is the measured trégssom, opsapis the value measured by the PSAP agds the scattering

coefficient measured at the same wavelengthebgse.

Table 5. Constant values given by Virkkula (2010) for equiion 7

Constant 467 nm 530 nm 660 nm
ko 0.377+0.013 0.358 + 0.011 0.352 +0.013
ki -0.640 + 0.007 -0.640 + 0.007 -0.674 + 0.006
ho 1.16 £ 0.05 1.17+£0.03 1.14+0.11
hi -0.63 + 0.09 -0.71 +0.05 -0.72 +0.16

0.015(0.009, 0.020)

0.017(0.012, 0.023)

0.022(0.016,0.028)

“ ‘[Formatted: New paragraph, Right
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2.1.3 The CAPS PMx

The CAPS PN system, described in detail and assessed in $estaddes, such as Massoli et al. (2010), Petzoldl.e
(2013) andPerim-deFaria-et-al{2017)Perim de Faria et28117) measures light extinction by determining the cleaimg
signal phase shift caused by the introduction atiglas into an optical cavity. The use of highleefivity mirrors
(reflectivity approx. 99.99%) in the optical cavityeates the long measurement path of approx. Bekjuired to measure

very low values of light extinction (LOD of 1-2 M#in 1 second sample period).

Bandpass Filter Vacuum

Sample
Pump Photodiode

%

Figure 2. Overview of the main components and operation pniciple of the CAPS PMx instrument (Massoli et al., 2010)

2.1.4 The CAPS PMsa
The CAPS PMsa(Onasch et al., 2015), uses the same principeeasure light extinction as the CAPS &Nbut

it also contains, located at the centre of the mmeasent cell, a 10 cm diameter integrating sphepable of measuring
light scattering on the same aerosol sample, asrshio Figure-—2.Figure3. The integrating sphere acts as an integrating

nephelometer, which measures the scattering of bghparticles at all angles, only excluding th@mé and near 180°

angleg sincetthese-directiofthe opening of the extinction chamber is locatethese directionsallowing the sample and_ - [ Formatted: English (United States)

light beam to pass through. The sphere shows 98498%ibertian reflectance efficiency due to its higfiectivity coating ‘[ Formatted: English (United States)

(Avian D from Avian Technologies). The usage ofiategrating sphere increases the collection oftecad light at the

photomultiplier compared to a traditional cosinereoted detector arrangement.

|

Bandpass Integrating Sphere

Filter

LED

Sample Flow In

Sample Flow Out
Lers Purge Flow

Figure 3. CAPS PMssacomponents and set-up (Onasch etal., 2015). e f Field Code Changed

“ie { Formatted: New paragraph

The scattering channel is calibrated against thiecion channel usingithersmall particles (<250 nm) that have

SSA=1.0 or CQO (as dondn thiscase-ammonium-sulphate,study, shown in Figureslope, offset and®Ralculated using

the 1-second resolution data; the scatter plot shilve average and standard deviatianyl set equal to the extinction

measurement. Thus, the monitor should be thoughsgdroviding separate extinction and SSA valuék thie scattering

channel a derived measurement. This calibratiorqaiore also allows the user to prove monitor liingaver a wide
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range of optical extinctions without the limitatiaf using individual gases with sometimes not pattrly well-known
Rayleigh scattering coefficients.

| Before Calibration
“+FAfter Calibration

Before Calibration
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E. te;‘ S M(vtesa pl&ﬂ@,,
Figure 4. Scatterplot of the correlation of the extinctionand scattering channel of the CAPS PMa before and after the
calibration using CO?%

The sample flow in the instrumers set to 0.85 Ipm and is controlled by a criticaifice. The measurement

sample enters the chamber in one end and exitaghran opening located in the other end flowingulgh a glass tube
inside the integrating spherBigure-2)—TFhe-mirrors-are-kept-particle-free-byeatinuously-flowing-purgeflow

min®)-Figure 3). The mirrors are kept particle-free by a contimslg flowing purge flow (25 cfhmin?). Petzold at al.

(2013) showed that this purge flow shortens thesueanent path and dilutes the sample and requicesrection factor.

As done for the CAPS P} a new correction factor was developed, by usiomadisperse polystyrene spheres (PSL) of

know size, for the CAPS PM Due to the cell geometry, the new correctiondaetas slightly larger than the one found

for the extinction monitor, 1.37 and 1.27, respestii (Onasch et al., 2015). The noise of the ims&mnt, trunction angle

and instrument uncertainty have also been studie@riasch et al. (2015). The values found wereedts 1 Mm* for the

noise levels (@, 1s) for all wavelengths. For the case of thigipalar instrument (630 nm), the truncation con@ttiwas

determined below 4% for typical ambient conditionBe uncertainty was estimated at +0.03 for SSAaktpl (PSL and

ammonium sulphate) and decreases to +0.01 as @& down.

Sample Flow Out Sample Flow In
Lers Purge Flow

Eignrn 2 _CAPS DAL

dq

P sfnstheelalSHs _— { Field code ch

“e ‘[ Formatted: New paragraph

The baseline determination system is identicalh® dne used in the CAPS BMin which filtered and thus
particle-free sample air fills the measurement diemand is used to quantify contributions of gademdes to the
instrument response by Rayleigh scattering andngiateabsorption of light, and to determine inteefeces of system
components. Both the CAPS BMind CAPS PMaused in this study operate at a wavelength of §80and thus show
minimal interference from absorption by ambientegas species like NGnd HO.
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2.2 Data Treatment

All multi-wavelength instruments were adjusted toatom the other instruments’ wavelengths for the
intercomparison by using the Angstrém exponentegqg; see Equatios) and ¢9),

Ox
, g
d=-— x (39
log 3

Oy =0y X (W/y)*i (49

where & is the Angstrém exponestis the optical property measured (extinction, tecatg or absorption coefficient), x
and y are the operating wavelengths of the instnijrend w refers to the wavelength, to which thepprty should be
adjusted. For a better understanding of the wagétheadjustment, the complete description is giverFigure 3 from
Petzold et al. (2013).

All instruments provide 1 second resolution datateDwvas collected over 5 minutes for each experah@oint to
remove any effect of differences in response tiraed fluctuations in the aerosol generation syst€he data was
averaged for each extinction/scattering/absorgéwal, and the standard deviation was calculateah fihe mean.

Standard linear regression analysis was perforredhe mean values of each level. For the casds thi
standard deviation of the intercept value beingnéighan the value itself, the regression moderagption was forced to

zero intercept, since the intercept value showsigrificant difference to zero.

2.3 Measurement uncertainties

This paper does not address in any explicit waywas it designed to address, the question ofltelate uncertainties of

the different measurement technigues. It was desido address the question of how well they cateelThus, the results

are given in correlation coefficients (slope anioept) and their statistical uncertainties.

For this reason, this section compiles the repateblute errors by the relevant instrument papers.

Table 6 Measurement uncertainties for the different instruments as reported by the relevant instrument papers

Instrument Sep S séep SSA Referene Comment

CAPS PMssd 5% 8%  13% (SSA=0.5) 3% (Onasch et al., 2015) Estimates for polydispers

NEPH <10% (Anderson et al., 1996)& for sub micrometer particles

CLAP 8% (Ogren et al., 2017) -
PSAP 8% (Muller et al., 2014)
NEPH+PSAH 7% (Petzold et al., 2013) (3-sigam) obtained for the test aerogol

and aerosol. Absorption uncertainty
5%(SSA=1.0) is dependent upon the SSA
value

(Massoli et al., 2010)

inversion of NEPH+PSAP data

3 Results and Discussion

In this section, we present the results and relediscussion of findings for the optical closuredst. All the measurements

presented here were corrected to the CAPSiderational wavelength of 630 nm.
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3.1 Extinction Coefficient

The extinction coefficient measured by the CAPSsRMas analysed in comparison with proven technotog@n the
direct measurement afe,, we compared the two CAPS systems for AS and ABtz(i#d et al., 2013). The direct
measurement ofe, from the CAPS PM,was also compared with the indirect measuremergngby the sum of the
absorption coefficient measured by the PSAP withdbattering coefficient measured by the NEPH for BD, and MIX
(as defined in Table}) — shown as PSAP+NEPHFor AS with the measured SSA value of 1.0, exibmctoefficients
provided by the CAPS extinction channels and seagecoefficients provided by the CAPS scatteritgunel and the

NEPH instrument are used for the evaluation ofligiet scattering measurements in the next subseclibe time series

for the extinction channels are shown in Figuren8 the averages and standard deviations for eatlpaet are shown in
Table Al in the supplemental information. The highariability observed in the last plot of the figuis due to particle
load fluctuations from generation system when dj@gaat very high loads.
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Figure 5. Time series of the measurements by the extinctisshannel.

Figure-4. Time series of the parallel measured exittion coefficients by the different instruments. hstruments used : CAPS
PMex, CAPS PMssaand the sum of absorption- and scattering coeffients measured by PSAP and NEPH as noted in the legk
for the individual subplots. The test aerosolsusedre noted in the caption of the y-axis of the indidual subplots.

Figure6 shows the scatter plot of the measured extinaa®fficient for the two CAPS systems for AD and AS
and the comparison with the sum of the NEPH andRPf®A AD and BC. The best results for the AD and \B&e found
when applying the Massoli et al. (2009) correctigth the assumption, that no particle size cutliwen used for the inlet
system (no-cut approach) to the NEPH data, \érekuta{2610)Virkkula (2010¥or strongly light-absorbing aerosols AD

and BC to the PSAP data. For the mixture, the agptiorrections weréndersen-et-ak—{1996)-for-the-NEPH-data and
Ogren—{(2010)for-the PSAP-data.Anderson et al. §198r the NEPH data and Ogren (2010) for the PSiaR. The

extinction channels from the two CAPS and the sunthe NEPH and PSAP (PSAP-NEPH) signals show a good
agreement for all aerosol types, with linear regimrsslopes (m) between 0.94 and 1.02 and comelabefficients above
0.99 (all regression analysis data for the averagdukes of each level is presented in Table 7 tegewith their standard
deviation). For the linear regression analysishef full data set including all types of aerosote slope found was 0.96

11
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(R?=0.99) for the comparison of the CAPS RMxtinction data with the sum of NEPH and PSAP datal 0.97 (R=1.00)
for the comparison of the CAPS RiMand CAPS PM extinction data. The slopes of the regressionyaislnd their
standard deviation are shownRmure-5Figure as a function of the sampled aerosol single-sdag albedo. As it can be

seen there is no systematic difference in the slaffeincrease or decrease of the aerosol SSA.

Table 7 Linear regression parameters includingthe slope (M), standard deviation of the mean,slope (Std _m),ntercept_(B
standard deviation of intercept;_(std b), and linear regression coefficient R?) for the comparison of the CAPS PNsa extinction
channel with proven technologies

Aerosol Reference Instrument  Estimated M Stdm B Std b R
SSA
AD PSAR+NEPH 0.4 0.94 0.01 0.00 <0.01 1.00
BC PSAR+NEPH 0.4 1.00 0.01 0.00 <0.01 1.00
MIX PSAR+NEPH 0.6 1.02 0.00 0.00 <0.01 1.00
ALL PSAR+NEPH NA 0.9695 0.01 0.00 <0.01 0.99
AD CAPS PMx 0.4 0.95 0.00 0.00 <0.01 1.00
AS CAPS PMx 1.0 1.00 0.00 0.00 <0.01 1.00
ALL CAPS PMx NA 0.97 0.00 0.00 <0.01 1.00

It is worth noting that for the particular instrunis used in our study, the standard deviation Herextinction
data of the CAPS PMis larger than for the extinction data providedthg CAPS PM (horizontal error bars). This
finding is shown in the histogram of the extinctidmnnel from one measurement level (in this daseised dataset refers
to the 25 Mt target-level for AD aerosol) for both equipmehtgire-6).Figure8). Thus, the precision of this particular
CAPS PMsais lower than the precision of the CAPS EMRegarding the precision of the CAPS £Nh comparison with
proven technologies, the standard deviation fowmntthis study for both cases are comparable. Theigioa in the CAPS
PMex and PSAP+NEPH extinction measurements found in this study\ary similar to the one found by Petzold et al.

(2013}, in which an excellent correlation (slope of Q.9¢as found for the laboratory comparison betwd®n same

instruments using highly absorbing aerosol, exetiscattering aerosol and mixtures of both.

12
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290 3.2  Scattering Coefficient

The scattering channel of the CAPS RMas evaluated in comparison to the NEPH measuresnienAD, BC,
AS, and MIX (Table 1). The time series of scattgrovefficient data for the various aerosol runshewn in Figure 9.
Supplemental Table A2 shows the average aadtkndard deviation obtained for the targeted egag coefficient levels.
Fhere-is-roWithin the error bars of the two instams we could not observesgstematierrorfound-neitherdeviation of
295  Dboth eitherin the averageororin the standard deviation of the measured vallles.precision of both instruments for the

measurement of scattering coefficient is very simil

14
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Figure 9. Time series of theneasurements-by-thescattering ehannel.coefficients parallel measured by the diffent instruments:
CAPS PMssaand NEPH for the different aerosol types (BC (top-rAS(middle-) and Mix (bottom-figure).

Figure-&igure10 shows the scatter plot of the 1-second averagestmdiard deviation of the CAPS RWagainst

NEPH. As it can be seen frofgure &igure 10 and the data compiled ifeble frable 8, the agreement with the NEPH

measurements is excellent, with less than 8% diffez in the slope, offset smaller than 2.00 ‘Mand correlation

coefficient of 1.00 for all aerosol types. The slomlue and standard deviation as a function of 8%hown inFigue-9
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case both théwnderson-et-al(1996)-and-Milleretal—{(2009)Aisda et al. (1998) and Muller et al. (20Mgre applied

and the results given were practically the samss, tean 2% in the slope and less than 1.00'Mifference in the offset.

For the overall measurement linear regression madeliding all types of aerosols, the slope fouvas 1.01 (R=1.00)

for the comparison of the CAPS Riwith the NEPH. ) - { Formatted: English (United States)

Table 8. Linear regression parameters includinghe_slope (M), standard deviation of the mean,slope (Std m),intercept;_(B)
standard deviation of intercept;_(std b), and linear regression coefficient R?) for the comparison of the CAPS PNsa scattering
channel with NEPH

Aerosol Reference Instrument SSA m Std m b Std b 2 R
AS NEPH 1.00 1.02 0.00 -0.72 0.14 1.00
AD NEPH 0.40 0.98 0.00 1.48 0.18 1.00
BC NEPH 0.40 0.94 0.01 1.22 0.28 1.00
MIX NEPH 0.60 1.07 0.01 -0.55 0.50 1.00
ALL NEPH NA 1.01 0.01 0.00 0.00 1.00
140 15

- -+
g 120 -
< 2.
§§100 . g))125
% 60 + %»—vb 5
3 40 AS g0.75
Fa . s
8 - Mix

0 0.5

0 20 40 60 80 100 120 140 0.2 0.4 0.6 0.8 1 1.2

Scat. Coef. NEPH (Mm") SSA

the- CAPS PMwith-the-measurements—from-the NEPH eof—expected—aerosol-SSA—{or—CARS—PM—and—NERH:

symbols; see Table 4.
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320  different aerosol types @ashed line is the identity line (i.e., 1:1 lipe)
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Figure 11 Slope values of the linear regression as a funeii of expected aerosol SSA for CAPS PMand NEPH; uncertainty of

the slopes is below the resolution of the symbolseeTable 8

3.3 Absorption Coefficient

325 In spite of the fact that the CAPS Bdis not capable of directly measuring the absorptioefficient, the values can be
derived as the difference of the extinction andgbattering coefficients; see Equation (1). Fromdffference of the two

CAPS PMsachannels the calculated absorption coefficientseveempared to the direct measurement by the PBARIs

17



analysis, when operating with a mixture of AS and, Ahe PSAP data were treated using the corredtmm Ogren
{20106).0Ogren (2010)The time series for the measurement of the diffeeerosols are shown in Figure 12 whereas

330 Supplemental Table A3 shows the average awmdsfandard deviation obtained for the targeted gtisor coefficient
levels.
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Figure 12. Time series(in_seconds)of the parallel measurementsbyof the absorption ehannel.coefficient for the different test
aerosols (TOP (Aguadag AD, Middle BC, Butttom (Mix)by the PSAP and the CAPS Pksa (as a result of the substraction of the
scattering coefficient from the extinction coefficént).
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350

355

The scatter plot for the average measured valwes froth methods for all levels is shown in FiguBe Whereas
the results of the linear regression analysis arapiled in Table 9. The agreement between the rdetli® good, with
deviations below 11% in the slope, and offsets teas 2.0 M. The correlation coefficient is above 0.98 for adkes.
For the full data set of CAPS RMand PSAP absorption coefficient data includinghyaes of aerosols, the slope is 0.91
with a correlation coefficient of ®0.98. Figure 13 demonstrates that for higher attimor coefficients, the two methods
deviate more strongly than for lower absorptionficients. This is mainly caused by the correctagorithm applied to
the PSAP data (also seen on Figure 12); filteritapdorrections are significantly larger for higredysorption coefficient
levels than for lower absorption coefficient levdfsthe three data points for higher absorptioefficient data ¢ap > 70
Mm-Y) are removed from the regression analysis, theesi@lue increases to 1.00%R.97), although with an offset of -

3.64.The increase in the absorption coefficient obsemeeigure 12for the higher levels of AD and BC, is relatedlie

transmission decay of the filter in the PSAP_arel ¢brrection algorithm chosen for this stud@is finding proves that,

although the CAPS PMicannot directly measure aerosol light absorpiitoprovides a rather reliable measurement of the
absorption coefficient of the sampled aerosoleast for the small particle sizes and intermed&8A values sampled in
this study. The accuracy of absorption measurenigntee two channels of the CAPS RMnay be significantly reduced

for weakly absorbing but large-sized and irregylatiaped mineral dust particles.

Table 9. Linear regression parameters includinghe slope (M), standard deviation of the mean,slope (Std m)intercept;_(B
standard deviation of intercept;_(std b), and linear regression coefficient R?) for the comparison of the CAPS PMsaand the
PSAP instruments.

Aerosol Reference Instrument m Std m b Std b 2 R
AD PSAP 0.89 0.01 0.00 0.00 1.00
BC PSAP 0.90 0.00 0.00 0.00 0.99
MIX PSAP 1.02 0.04 2.02 1.16 0.99
ALL PSAP 0.91 0.02 0.00 0.00 0.98
ALL (0ap< 70 Mm?) PSAP 1.00 0.07 -3.64 2.33 0.97
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Figure 13. Comparison result of the absorption indiect measurement by the CAPS PMawith the measurements from the PSAP
for AD, BC and Mixture -_(dashed line is the identity line (i.e., 1:1 ling.

3.4  Single Scattering Albedo Measurement

The ultimate property targeted by the CAPSsRM the aerosol single-scattering albedo. FigursHalvs the average and
standard deviation of the SSA measured by the CRRIS,and the applied proven technologies for each aétgpe
containing a light-absorbing fraction, at the diéfiet extinction coefficient levels. The values feach level are also
compiled in Supplemental Table A4.
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Figure 14. Average and standard deviation of the n@sured Single Scattering Albedo as a function of &rction coefficient level
for the different aerosols and technologies.

For the absorbing aerosols, we found maximum deviatbetween the different SSA values of 0.09,8%1with
the deviations being randomly distributed arountbz&or a single aerosol type, the SSA providedhgy CAPS PMa
shows less scatter around the average value codhtmatee values derived from PSAP and NEPH date.mbasurements
by the CAPS PMaare more robust in terms of stability in compamisaith the values measured by the PSANEPH
combination, with an average of the standard dievidor the different aerosol types of 0.01 for BAPS PMsaand 0.02
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for the PSAP-NEPH combination. It is worth notitat even though there are differences found imthasurements, all
380 measured SSA values fall within the range of valergsected for each aerosol tyges measured and detailed in section
3.2 -Table 8.

385

390 4  Summary and Outlook

An optical closure study has been performed usiffgrent types of aerosols (pure scattering, sthprapsorbing, and
mixture) to evaluate the performance and accurdcyhe recently launched Cavity Attenuated PhasétSBingle
Scattering Albedo Monitor.

The results from the instrument intercomparisorhwitoven technologies (CAPS RMNEPH, and PSAP) show

395 a very good agreement for all aerosol types, wittLieacy of 96% and 99% for the extinction coeffitiand scattering
coefficient channels, respectively, for all aeroggles. The small deviation of 4% observed in tkenetion channel
between the CAPS PMand PSAP-NEPH combination originates from the iapptorrection algorithm to the PSAP data,
since it is a logarithmic function of the filterattsmission leading to deviations in the dataset.tf® evaluation of the
performance for each aerosol individually, the motiobn channel shows accuracy between 94% and 38%;the

400  scattering channel, between 94% and 98%. Theseware very similar to those found by Petzold e{2013) for the
CAPS PMy.

Regarding the application of the CAPS &Mor the measurement of the absorption coefficiemtl single-
scattering albedo, the instrument has shown goofrpeance on both sides. The accuracy of the alisorpoefficient
measurement by the CAPS RMn comparison with the PSAP was 91%, as obtainedhe linear regression analysis for

405 all investigated aerosol types and aerosol loadifipe large difference observed here comes frontdineection scheme
applied to the PSAP data at high loadings, asds&ddier. It is possible to observe that the higleviations occur at high
absorption coefficient, also where the transmissibthe filter has a steeper decrease. Once tlearliregression analysis

excludes the points where the average absorptiefficient was higher than 70 Mt the slope approaches 100%
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415

420

425

430

435

440

agreement between the two technologies. For thesumement of SSA, the CAPS RMshowed a very good stability for
all measurede, levels, better than the PSAP-NEPH combination. fleasured values are within what is expected fr th
different types of aerosols (0.4 for strongly ab#sog aerosols and 1.0 for purely scattering aesjsol

The results reported from our study demonstratettteaCAPS PMais a very robust and reliable instrument for
the direct measurement of the scattering and eidimccoefficient, as well as for the indirect measunent of the

absorption coefficient and single scattering albedo
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9  Appendix A

SUPPLEMENTAL INFORMATION

535 Table Al. Extinction coefficient mean andd standard deviation of the mean measured by theSCAP
PMssaextinction channel and proven technologies

Run 1 Run 2 Run 3 Run 4 Run 5
Av 54.62 127.43 311.65 198.31 NA
CAPS PMsa
” Std 0.29 0.66 1.04 1.50 NA
< Av 53.39 124.78 306.40 195.94 NA
CAPS PN
Std 0.21 0.41 0.68 1.01 NA
Av 221.04 105.98 66.16 26.25 8.84
CAPS PMsa
o Std 1.34 0.23 0.22 0.20 0.08
< Av 210.15 100.22 63.08 24.93 8.66
CAPS PN
Std 1.53 0.22 0.16 0.14 0.05
Av 198.00 150.09 104.15 56.88 28.85
CAPS PMsa
o Std 0.20 0.17 0.39 0.53 0.37
< Av 187.37 135.55 102.30 51.34 26.78
PSAR+NEPH
Std 0.33 0.23 0.36 0.61 0.34
Av 136.77 76.16 50.99 27.73 NA
CAPS PMsa
o Std 0.26 0.20 0.22 0.13 NA
o Av 134.98 81.59 48.51 26.28 NA
PSAR+NEPH
Std 0.22 0.18 0.16 0.29 NA
Av 23.05 63.14 100.94 NA NA
CAPS PMsa
g Std 0.17 0.25 0.20 NA NA
s Av 21.28 58.47 90.83 NA NA
| PSAR+NEPH
Std 0.19 0.23 0.18 NA NA
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540 Table A2. Scattering coefficient mean andsIstandard deviation of the mean measured by theSCAP
PMssaand NEPH

Run 1 Run 2 Run 3 Run 4 Run 5
Av 131.79 92.57 54.29 12.31 NA
CAPS PMsa
0 Std 0.11 0.16 0.08 0.06 NA
< Av 133.22 93.22 54.18 11.77 NA
NEPH
Std 0.11 0.10 0.08 0.04 NA
Av ¢ : 10.32
CAPS PMa 78.2¢ 59.47 41.1¢ 21.9¢
a Std 0.11 0.1C 0.1€ 0.2z 0.1%
< -
Av :
NEPH 78.5( 59.8¢ 41.7( 22.9% 11.81
Std 0.1Z 0.1Z 0.17 0.2Z 0.17
Av 54.33 30.54 20.58 10.66 NA
CAPS PMsa
1) Std 0.14 0.11 0.11 0.08 NA
@ Av 52.71 29.81 20.91 11.31 NA
NEPH
Std 0.14 0.11 0.12 0.08 NA
Av 11.66 32.52 51.09 NA NA
CAPS PMsa
x std 0.11 0.14 0.14 NA NA
= Av 11.32 34.05 54.43 NA NA
NEPH
Std 0.11 0.14 0.12 NA NA

Table A3. Absorption coefficient mean andclstandard deviation of the mean measured by theSCAP
545 PMssa(extinction minus scattering) and PSAP

Run 1 Run 2 Run 3 Run 4 Run 5
Av 78.69 43.78 29.73 16.57 NA
o CAPS PMsa Std 0.18 0.13 0.14 0.09 NA
o Av 70.13 44.27 23.85 12.74 NA
PSAP Std 0.19 0.16 0.12 0.09 NA
Av 119.75 90.76 62.02 25.40 18.53
a CAPS PMsa Std 0.14 0.13 0.24 0.32 0.23
< Av 108.92 75.97 60.09 20.16 14.92
PSAP Std 0.31 0.19 0.23 0.40 0.20
Av 10.09 26.09 42.44 NA NA
< CAPS PMsa Std 0.10 0.16 0.11 NA NA
= Av 11.95 29.42 45.03 NA NA
PSAP Std 0.18 0.17 0.14 NA NA
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Table A4. Single Scattering Albedo average value and standieviation for CAPS PMaand proven
550 technologies

Scat/Ext Run 1 Run 2 Run 3 Run 4 Run 5
Av 0.99 0.99 1.01 1.09 NA
9] CAPS PMsa
< Std 0.02 0.02 0.03 0.11 NA
Av 0.40 0.40 0.40 0.39 0.36
CAPS PMsa
o Std 0.01 0.01 0.01 0.02 0.05
< Av 0.42 0.44 0.41 0.45 0.44
PSAR+NEPH
Std 0.02 0.02 0.02 0.04 0.07
Av 0.40 0.40 0.40 0.38 NA
CAPS PMsa
o Std 0.01 0.02 0.02 0.04 NA
o Av 0.39 0.37 0.43 0.43 NA
PSAR+NEPH
Std 0.02 0.02 0.03 0.05 NA
Av 0.51 0.52 0.51 NA NA
CAPS PMsa
g Std 0.06 0.03 0.02 NA NA
)= Av 0.53 0.58 0.60 NA NA
PSAR+NEPH
Std 0.13 0.05 0.04 NA NA
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