Dear Dr. Laskin,

Below we provide a point-by-point response to the reviewers’ comments and a track-changes version of
our revised manuscript. We have made extensive revisions, with a particular eye towards properly
expressing uncertainties, that we believe have fully addressed the reviewers comments. Please let us
know if you have any questions.

Regards,

Chris Cappa (UC Davis) and Dean Atkinson (Portland State University)



We thank the reviewers for their careful reading of the manuscript and their comments
and suggestions. We have addressed each of their queries and believe that the paper is
strengthened. Our point-by-point responses to the Reviewers' comments and
suggestions follow below.

The reviewer comments are in black and our responses in . New text added to the
manuscript is italicized.

Reviewer #2

Summary and General Comments

The work presented by Atkinson et al. applies a spectral deconvolution algorithm (SDA)
and fine mode curvature (FMC) algorithm for retrieving fine mode fraction (FMF) and
effective fine mode radius (Reff,f), respectively, from in situ optical measurements on
aerosol particles. Although these algorithms have been applied previously to remote
sensing measurements, the work reported here represents the first application to in situ
optical measurements, allowing an assessment of the accuracy of the retrievals of FMF
and Reff,f through comparisons with other in situ measurements that measure FMF and
Reff,f in a more direct manner. The in situ techniques for measuring aerosol optical
properties include cavity ring-down spectroscopy (extinction coefficient), nephelometry
(scattering coefficient) and particle soot absorption photometry (PSAP, absorption
coefficient), with measurements made at a variety of wavelengths spanning the visible
and near infrared, and for aerosol ensembles using a variety of impactor cut sizes (1
pMm, 2.5 um and 10 um). Moreover, fine mode particle size distributions are measured
directly using a scanning mobility particle sizer. The reported assessments of FMF and
Reff,f retrieval accuracies are important to those in the remote sensing community and
also those seeking to characterise aerosol size distribution properties from in situ optical
measurements. To this end, the work represents a substantial contribution and is
suitable for publication in Atmospheric Chemistry and Physics. | recommend publication
after the following comments have been addressed.

Specific comments

Line 160: It would be good if the authors could be more specific as to how biomass
burning confounds the expectation of an anthopogenic-associated fine mode and a
coarse mode associated with natural emissions. In particular, the authors reference
Hamill et al. 2016, but it would be useful for the authors to be more specific about what
this study reported that is relevant to the current argument.


https://editor.copernicus.org/index.php?_mdl=msover_md&_jrl=10&_lcm=oc108lcm109w&_acm=get_comm_sup_file&_ms=62063&c=132770&salt=20413363051058163942

Line 204: Please could the authors explain what is meant by ‘polar angle representation
of af’ vs af’. In particular, it would be useful if this representation could be plotted using
some of the extinction data later reported for the reader to visualise. Moreover, the van
de Hulst parameter and how it is calculated from optical data using the polar plots
referred to should be explained more clearly to provide the reader with greater clarity
and tools for understanding the results later in the text. In my view, this is one change
that would greatly improve understanding readability and understanding, and simply
referring the reader to O'Neil et al. 2005 to get all the necessary theoretical details is not
helpful. Perhaps, if such a discussion is too long for the main text, a discussion on the
polar representation and example plots could be provided in the supplementary
information.

We have extensively revised the text near line 204 to attempt to clarify the statement
about the polar representation and to provide further details regarding interpretation. We
considered adding a figure similar to that shown in O'Neill et al. (2005), shown below.
The figure itself is exceptionally complex, and thus we have decided to not include a
new figure (either in the main text or supplemental).
The extinction and its first and second derivatives are determined from the fit at a reference
wavelength of 500 nm, a common reference wavelength along with 550 nm in optical studies.
The first derivative (i.e. slope) is denoted a in analogy to the Angstrom exponent, but in this
non-linear, second order approach it is a function of wavelength. The second derivative o’ (i.e.
spectral curvature) may, in principle, be wavelength dependent over the observed range, but
using a second order polynomial fit yields a constant value. Values of a and o associated with
the fine mode and the coarse mode are indicated using subscript f or ¢, respectively. In this
work, only a second order fit is possible because only three measurements are used to define
the wavelength dependence. In the SDA-FMC approach, the observed spectral derivative (o) is
used along with the SDA-derived fine mode spectral derivative (o¢) to produce the fine mode

fraction of extinction (FMF), given as:

a—ac

FMF = (1)

art ac

Ultimately, the fine mode slope and curvature are both used in the FMC algorithm to determine

the fine mode effective radius (discussed in the next section).

The algorithm prescribes constant values of the spectral slope and curvature for all coarse mode
aerosols (ac and o’c) at the reference wavelength of 500 nm. Specifically, ac =-0.15+0.15 and
a’c = 0.0+0.15, with the uncertainties as per O'Neill et al. (2003). O'Neill et al. (2001) showed

that an assumption of an aerosol size distribution with two distinct modes yields a series of three



equations that express the relationships between the observed parameters (AOD or extinction
coefficient, a, a') and their fine and coarse mode analogues. Specifically, the equations can be
inverted to yield the fine mode spectral derivative, the fine mode curvature (o) and the fine
and coarse mode AOD or bex: values. It should be noted that the fitting of a 2™ order polynomial
to input AOD or b spectra is only and approximation relative to a higher order polynomial. The
use of a 2™ order polynomial represents a compromise between higher order spectral
polynomials being better representations of theoretical Mie spectra and the beneficial damping
effects of lower order polynomials in the presence of noisy spectra (O’Neill et al., 2001). The
observationally determined total and fine mode spectral derivative and proscribed coarse mode
spectral derivative are then used to calculate the fine mode fraction of extinction at the

reference wavelength (here 500 nm) using Eqn. 2.

Estimation of the Fine Mode Effective Radius — the Fine Mode Curvature (FMC) approach

Using the SDA-derived, fine mode spectral derivatives (af’ and o), an estimate of the fine mode
effective radius is obtained. The basis for this approach is a fundamental parameterization
involving the effective van de Hulst phase shift parameter for fine mode aerosols and its
representation in o’ versus ay space. Full details are provided in O'Neill et al. (2005) and O'Neill
et al. (2008), and only a summary of the parameterization is provided here. The van de Hulst

parameter for the fine mode, peff.f, is given by:

2 TR
perrs =2x— L m -1 (2)

where A is the reference wavelength and m is the complex refractive index at that wavelength
(O'Neill et al., 2005). An estimate of this purely optical parameter is based on a 3™ order
polynomial derived from numerical Mie simulations that relate pess and the polar angle ()
coordinate of any point in as’ vs. o space (O’Neill et al., 2005). The value of y for any given
retrieval is simply the arctangent of ay’ divided by ay (minus small prescribed offsets of aso” over
aso respectively). Individual simulated contour curves of o’ versus oy correspond to particle size
distributions of differing Regrs for constant values of refractive index and were illustrated in
Figure 1 of O’Neill et al. (2005). The three different “lines of constant peg” in that figure
correspond to three different values of w (where both pes f and wincrease in the

counterclockwise direction from the horizontal). The R value are then computed from the



retrieved value of pests, by inverting equation (3), if the refractive index of the particles is known.
Since the refractive index is generally unknown for the situations we consider here, the
information provided by this approach is actually a combination of size and composition. In
many cases, an average, constant value for the real portion of the refractive index can be
assumed and the imaginary part neglected to provide an estimate of the effective radius; this is,
in part, because the imaginary component is typically much smaller than the real component of
the refractive index, and thus the Ref,f value is relatively insensitive to variations in the
imaginary component. This treatment is questionable if strong changes in the average
composition that lead to changes in m are suspected. For example if the composition shifted
from pure sulfate aerosol (m = 1.53 + 0i) to a brown carbon organic (m = 1.4 + 0.03i) this would
introduce a 33% shift in the derived radius with no change in actual size; the majority of this

shift in the derived radius results from the change in the real component of the refractive index.

The FMC method represented by the inversion of equation (3) has been less rigorously validated
than the SDA portion and is expected to be more susceptible to problems related to
measurement errors and a decreasing sensitivity with decreasing fine mode fraction of
extinction. The FMC validation is largely confined to comparisons with the more comprehensive
AERONET inversions of Dubovik and King (2000), referred to henceforth as the D&G inversions.
These inversions, which require the combination of AOD and sky radiance data, are of a
significantly lower frequency than simple AOD measurements. The sky radiance data are
collected nominally once per hour while AOD measurements are made once every 3 minutes.
Comparisons between the FMIC method and the D&G inversions show averaged FMC versus
AERONET differences of 10% #+30% (mean #standard deviation of (pestfrmvc - Peferpsx) / Pefrfpax)
for large FMFF values > 0.5, at least for the limited data set of O'Neill et al. (2005) and confirmed

by more recently unpublished AERONET-wide comparisons between the FMC and D&G methods.
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Fig. 1 from O'Neill et al. (2005).

Lines 322 — 326: The best-fit slope is 0.87. I'm surprised that the agreement is not better
and be closer to a 1:1 relationship. Is the high noise, associated with the poorer
precision in the PSU measurements, responsible for this deviation? Please could the
authors describe why the PSU CRDS is less precise and state is clear terms that the
data from the PSU instrument is neglected in further analysis here because of this
poorer precision. Also, for the aforementioned reasons (poor slope of 0.87 and poor
precision in PSU 532-nm CRDS data), | do not agree with the phrase ‘...the two
instruments were measuring the same aerosol with comparable measurement
quality...".

The reviewer raises an important point about comparability between the two
instruments. First, we have deleted the phrase mentioned by the reviewer (“...the two
instruments...”). Second, more importantly, we note that the original fit was performed
using a standard linear regression. However, because there is uncertainty in both the x
and y it is more appropriate to use an orthogonal distance regression (ODR) fit. The
slope from an ODR fit (performed in Igor Pro using the ODR=2 command) yielded an
improved slope of 0.96 and an intercept of -0.2 + 0.25, i.e. indistinguishable from zero.
(We note that this revised slope is consistent with that obtained if a ratio is taken
between the measurements two instruments, and then a Gaussian curve is fit to a
histogram of the ratios. This indicates the appropriateness of the ODR fit.) This slope is
within the measurement uncertainty of the two instruments. The figure and discussion in
the text have been updated accordingly.



The difference in precision between the instruments most likely results from differences
in instrument design, electronics, alignment and mirror quality. While precision is
certainly a concern, for our analysis the accuracy, as assessed by the comparability
between the UCD and PSU instruments, is more important. Poorer precision in the PSU
measurements will translate to lower precision in the derived FMF and fine mode
effective radius. However, the overall trends and the average behavior would be
unaffected by the poorer precision, so long as the two instruments agree on average
(which they do). We have revised the text as follows, and updated Fig. S1.

To obtain three-wavelength bext measurements for use in the SDA-FMC analysis,
we combined the measurements from the two CRD instruments (the 1064 nm
measurements from the PSU instrument were used with the 532 nm and 405 nm
UCD data after all had been averaged to one-hour). To assess whether this was a
reasonable approach, the 532 nm time series data from the two instruments were
overlaid and examined for differences. There is a high degree of temporal
correspondence between the measurements from the two instruments, although
there was a clear difference in precision, with the UCD CRD having approximately 3
times better precision than the PSU instrument at comparable integration times.
This difference in precision results from differences in instrumental design and
(likely) mirror quality. A scatterplot (Figure S1) of bext,PSU versus bext,UCD also
showed good correlation, with a best fit line from an orthogonal distance regression
fit having a slope = 0.96 and an intercept that was statistically indistinguishable from
zero. This is within the uncertainties of the instruments. The good agreement at 532
nm between the PSU and UCD instruments suggests that combining the 1064 nm
measurements from PSU with the 405 nm and 532 nm measurements from UCD is
reasonable. If the very slight low bias in the 532 nm bext from PSU relative to the
UCD measurements applies to the 1064 nm measurements then the derived FMF
values might be slightly overestimated.
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Line 334: What is the basis for an inverse wavelength dependence? A reference
showing that inverse wavelength dependence is a reasonable approximation would also
be useful here.

We have modified this to say “The absorption coefficients were interpolated to the
nephelometer wavelengths assuming the inverse wavelength dependence characteristic
of uncoated black carbon as appropriate for this region (Cappa et al., 2016).”

Lines 401 — 403: The authors discuss errors in Reff,f (later in the text) that arise in part
from 5% errors in cavity ring-down extinction measurements. However, no consideration
is given to the uncertainties that arise in FMF or Reff,f from errors in the summation
(scattering + absorption) data. Given the very large uncertainties and biases that exist in
filter-based measurements of absorption, such as from a PSAP, can the authors
comment on the corresponding uncertainties in their FMF and Reff,f retrievals when
using the summation method. Have the authors considered the influence of absorption
correction schemes for filter-based absorption measurements?

As the reviewer notes, absorption measurements from PSAP instruments can be
biased, typically high (Cappa et al., 2008;Lack et al., 2008). The campaign average
SSA at 532 nm for TO was 0.87, as measured by the UCD CRD and photoacoustic
instrument (Cappa et al., 2016). This is actually very similar to that obtained from the
PSAP + Neph (0.89). The literature cited above suggests biases up to perhaps a factor
of two are possible, although based on the conditions during CARES lower values
would be expected. Assuming a factor of two positive bias in the PSAP absorption, the
extinction would change (decrease) by 5%. However, important to the current study, the
potential bias in the PSAP is not thought to be especially wavelength dependent. The
method used here relies on spectral curvature and not on the absolute extinction. Thus,
if all of the extinction measurements were 5% lower then the curvature would be
unaffected. Put another way, if there is a systematic, wavelength-independent bias in
the measurements then the impact on the derived FMF and Reft would be small. If the
bias were strongly wavelength dependent, then the resulting FMF and Res s would be
impacted.

Technical comments:

Line 19: To reinforce that the ground based measurements are in situ opposed to
ground based remote sensing, it would be effect to use the phrase ‘Multi-wavelength in
situ...” in the opening sentence.

Done

Line 24,'Application to in situ measurements allows for comparison...”: This is a bit
ambiguous. Please can the authors specify what is being applied to the in situ
measurements (the SDA and FMC algorithms). Also, please specify the quantities being
compared when stating ‘...for comparison...’.

Done



Line 78: Brackets are not required. In any case, full stop should be after end bracket
rather than before.

Line 79: There is some ambiguity here. Please specify what is meant by ‘former' and
'latter'. In part, this ambiguity is magnified by the inclusion of the preceding statement
concerning the list of symbols and acronyms.

Line 99: The phrase is brackets is unclear. What does the eta symbol represent? It
doesn’t appear in the rest of the text. What is ‘ibid’? Also, full stop after the end brackets
rather than before.

Line 99 — 101: This sentence is confusing on first read as it suggests that the fine mode
spectral derivatives can be used with equation 1 to calculate Reff f. In actual fact, the
authors are saying that the spectral derivatives can be used to calculate Reff,f using a
fine mode curvature algorithm, although a strict definition of Reff,f in terms of the
number size distribution is provided by equation 1. Perhaps, a suitable rewording would
be ‘The fine mode spectral derivatives can then be used to obtain the effective radius
for the fine mode through a fine mode curvature algorithm. Alternatively, the fine mode
effective radius can be calculated from direct measurements of size distribution (e.qg.
from scanning mobility particle sizer) using equation 1 (Hansen and Travis (1974)):".

Line 108: There is some ambiguity here. Please specify that it is particle size
information from SMPS data that is included in the integration.

Line 114: Please specify that the methods are ‘Numerical methods’. Also, please amend
text to state that these 'numerical methods' are not for remote sensing measurement,
rather are applied to remote sensing data.

Line 138: For readability, the authors might want to move the sentence on lines 143 —
144 to after line 138 *...complementary in situ measurements.’ to describe the direct
measurements of Reff,f that the authors perform. Also, mention here that optical
measurements of impactor-selected portions of the aerosol ensemble were performed
to measure FMF directly.

Lines 141 — 143: Brackets not required.



Line 180 — 183: Could the authors make it clearer that a is the spectral derivative for the
whole aerosol sample, while af is that measured when an impactor is used to remove
coarse mode contributions.

This is a slight misunderstanding. Both come from the optical data — the fine version is a
result of the SDA part of the procedure. We have clarified this as follows: “In the SDA-
FMC approach, the observed spectral derivative (o) is combined with the SDA-derived
fine mode spectral derivative (af) to produce the fine mode fraction of extinction. The
fine mode slope and curvature are both used in determining the fine mode effective
radius.”

Line 181, *...is combined with...”: This is ambiguous. How are o and af combined? This
is unclear to the reader at this early stage in the text. An equation to define FMF in
terms of o and af would be useful here. Indeed, this equation is equation (2) later in the
text. Could the authors move equation 2 to this point and define FMF here.

We have moved Eqn. 2 up to this point, and clarified the text (see response above).
Line 189: What is meant by ‘modality’? Please could the authors clarify the text here.

Referring to the two modes. We have modified to “An assumption of an aerosol size
distribution with two distinct modes vyields...

Line 189: What ‘measurements’ are the authors referring to? Size distribution
measurements, perhaps.

Yes. We have modified the text to make this clearer.

Line 190: Could the authors give these three equations? What are the dependent
variables?

We have expanded the discussion slightly here, as discussed above in relation to
understanding the curvature.

Line 188 — 191: This whole sentence is vague, difficult to read and needs clarifying.
What is meant by 'approximation level relative to a theoretical Mie representation' and
‘limited to second order’?

We have clarified this as: “Specifically, the equations can be inverted to yield the fine
mode spectral derivative, the fine mode curvature (af') and the fine and coarse mode
AOD or bext values. It should be noted that the fitting of a 2nd order polynomial to input
AOD or bext spectra is only and approximation relative to a higher order polynomial.
The use of a 2nd order polynomial represents a compromise between higher order
spectral polynomials being better representations of theoretical Mie spectra and the



beneficial damping effects of lower order polynomials in the presence of noisy spectra
(O'Neill et al., 2001).”

Line 193: Is the set of three equations referred to here the same as the ‘three succinct
equations’ referred to on line 1907 If so, please clarify in the text.

Please see response to previous comment.

Line 196: Please specify reference wavelength. | believe this is 500 nm, but please
specify to remove any doubt.

done

Line 209: What is ‘ibid’?

We have removed all references to ibid.

Line 210: The is ambiguity here. What is meant by ‘this’ in ‘estimate of this purely optical
parameter...’. Presumably, ‘this’ is referring to the van de Hulst parameter, but the
authors should be more specific here to remove doubt.

This has been clarified.

Lines 225 — 226: Ambiguity; it is not clear what is meant by 'polar-coordinate system
relationship’. Moreover, the phrase 'near monotonic fit' is also ambiguous; a near
monotonic fit of what function?

We have extensively revised the text near line 204 to attempt to clarify the statement
about the polar representation and to provide further details regarding interpretation. We
provide above the detailed changes to this section.

Line 228: Brackets around reference not needed.

We have reworded and removed the brackets.

Line 230: Ambiguity; please specify what is being compared in ‘The comparisons...".

We have reworded to clarify. The modified text reads:

The sky radiance data are collected nominally once per hour while AOD measurements are
made once every 3 minutes. Comparisons between the FMC method and the D&G
inversions show averaged FMC versus AERONET differences of 10% +30% (mean
+standard deviation of (peffrmc - Pefrrosk) / Pefifpzax) for large FMF values > 0.5, at least
for the limited data set of O'Neill et al. (2005) and confirmed by more recently unpublished
AERONET-wide comparisons between the FMC and D&G methods.



Line 246: What is meant by ‘expensive’? Computationally expensive, or expensive in
monetary terms?

The latter. As we are discussing physical equipment at this point, we believe the use is
sufficiently clear.

Line 296: Remove brackets around reference.

Done.

Line 340: Lower case ‘N’ in nephelometer.

Done

Line 425: Do the authors mean extinction, instead of scattering? For the cases of
aerosols sampled here, it probably does not matter. But, with the authors preferring
extinction throughout the manuscript, it would be good to be consistent.

We have modified this to read: “Nonetheless, since the major sources of fine and
coarse mode particles are likely to be reasonably distinct in many environments, the
FMFext,CRD can provide a characterization of the variability in the contributions of such
sources to the total extinction and, in environments where the extinction is dominated by

scattering (i.e. when the SSA is large), to the total scattering as well.”

Line 538: Full stop (period) required after ‘fine mode distribution’.

Done



Reviewer #1

General comments

The manuscript presented by Atkinson et al. describes the retrieval of particle size
related information from multi-wavelength aerosol extinction, scattering and absorption
filed measurements using spectral deconvolution method that is typically used in remote
sensing applications. The authors aim to compare the retrieved values with values that
are calculated directly from size distribution measurements in order to validate the
retrieval approach and to discuss its limitations. This work contains substantial
contribution to further verification of remote sensing measurements using in-situ
instruments. | recommend publication after the following comments have been
addressed. Most importantly, as the main goal of this work is to evaluate the spectral
deconvolution algorithm by comparison to size distribution measurements an additional
effort should be made by the authors to describe and present the error propagation or
uncertainty calculation inherent to each calculation from the uncertainties in each
measured parameter.

We thank the reviewer for the comment about error propagation and uncertainty. We
have worked to clarify and add to this aspect of our work.

Specific and technical comments

1) Line 232: “...averaged AERONET-SDA differences of 10% +- 30% for large FMF
values > 0.5". It is not clear if the authors mean a difference of -20% to +40% or from
0% to +40%"7?

This has been clarified as:

“Comparisons between the FMC method and the D&K [Dubovik and King] inversions show
averaged FMC versus AERONET differences of 10% + 30% (mean =+ standard deviation of
(pefr,irmc - peffoak) / Pefispak) for large FMF values > 0.5, at least for the limited data set of
O'Neill et al. (2005) and confirmed by more recently unpublished AERONET-wide
comparisons between the FMC and D&G methods.”

2) Line 254: since measurement of aerosols light extinction are by definition only apply
to the forward direction it is unclear what the authors mean by truncation errors in CRD?

We have modified this to:

“Cavity ring-down measurements directly quantify total extinction within the cavity,
which is contributed from both gases and patrticles (Smith and Atkinson, 2001;

Brown, 2003). To determine extinction by aerosols only, the entering air stream is
periodically directed through a filter such that a gas-only reference is determined.
Extinction by aerosol particles is determined relative to this gas zero. The aerosol
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extinction is further corrected to account for the practical aspect that the complete
mirror-to-mirror distance of the optical cavity is typically not filled with aerosols (to
keep the mirrors clean) (Langridge et al., 2011).”

3) Line 313: data in table 1 regarding the PSU-CRD does not correspond to the text.

We have clarified the capabilities of the PSU-CRD so that the text and table are
consistent. The table now indicates that the PSU-CRD measures also at 532 nm.
However, it should be noted that for our analysis for the TO site, the 532 nm data from
the UCD CRD-PAS instrument was used, not the PSU-CRD 532 nm data.

4) Line 323: a slope of 0.87 in the correlation between two CRD instruments at the
same wavelength is significant. What is the uncertainty on this value? How was this
13% error mitigated in the data analysis? Was any correction applied? And how sure
are the authors that the same “error” would apply to the 1064nm or the 405 nm CRD’s?
The authors are sure that with this 13% difference between the instruments “the two
instruments were measuring the same aerosol with comparable measurement quality”. |
do not agree with this statement.

A similar concern was raised by the previous reviewer. We repeat our response here,
and note that we have removed the statement about “measurement quality.” Regarding
the comparability between 532 nm and 1064 nm, the measurements were made for
particles sampled through the same inlet, and thus we expect any differences observed
for one channel of this instrument to be similar for the others, given that the main reason
for differences between the UCD and PSU CRD instruments is particle losses.

From above: The reviewer raises an important point about comparability between the
two instruments. First, we have deleted the phrase mentioned by the reviewer (“...the
two instruments...”). Second, more importantly, we note that the original fit was
performed using a standard linear regression. However, because there is uncertainty in
both the x and y it is more appropriate to use an orthogonal distance regression (ODR)
fit. The slope from an ODR fit (performed in Igor Pro using the ODR=2 command)
yielded an improved slope of 0.96 and an intercept of -0.2 £ 0.25, i.e. indistinguishable
from zero. (We note that this revised slope is consistent with that obtained if a ratio is
taken between the measurements two instruments, and then a Gaussian curve is fit to a
histogram of the ratios. This indicates the appropriateness of the ODR fit.) This slope is
within the measurement uncertainty of the two instruments. The figure and discussion in
the text have been updated accordingly.

5) Line 343-350: SMPS scans typically take several minutes. A car passing by or a wind
gust will cause significant changes to the aerosols population in time scales of seconds.
This can be verified by looking at total aerosols concentration data taken with a CPC
with a 1 sec resolution. To overcome mid-scan dramatic changes some dead volume is
typically applied to allow for mixing of the aerosols and to smooth rapid changes. What
measures were taken to insure that each individual SMPS scan is not interrupted by
such events?



First, there is a substantial amount of volume in the sampling masts and the internal
plumbing in the trailers, which helps to smooth out fast fluctuations. In looking at the e.g.
CPC data (or the extinction observations at their native time resolution of 2 seconds) we
find that there are very few periods where plumes, such as that from a car, were
sampled. Thus, when the SMPS observations are averaged over an hour, as we have
done here, issues related to a single scan will average out. Certainly if we were using
each individual SMPS scan, rather than an hour average, plumes would be a larger
concern. Further, we note that in Atkinson et al. (2015) we explicitly compared the
absolute extinction measurements from to the extinction calculated from the size
distribution measurements. Overall, strong linear correlations were observed for the dry
extinction with little evidence of outliers that might have resulted from SMPS issues.

6) All figures should have some indication of the uncertainty of the presented values in
order for the reader to appreciate the variation in the data within/between data series
and temporal variation such as the diurnal cycle.

We have updated the figures to have indications of uncertainty. Further discussion
about uncertainties is provided in response to Reviewer #3.

7) Lines 398-399: the authors claim that the difference between FMFCRD and FMFsum
is due to significant contribution by large particle. Wouldn't it be possible to fine some
support for this claim in the SMPS data?

The SMPS measurements only go up to ~ 800 nm, limiting the ability of the SMPS to
provide information on large-particle contributions. However, we note that Kassianov et
al. (2012) and Cappa et al. (2016) both discuss at length the large contribution from
coarse mode particles to the extinction during CARES. Thus there is very good reason
to think that large particles contribute to the difference.

8) Lines 419-423: | am afraid | don’t understand how the differences between the two
sites (and not the difference between CRD and SUM in site TO) “highlights the fact that
there is not a precise definition of “fine” and “coarse” in terms of a specific size cut in the
optical method.” Additionally it is not clear what do the aouthors mean by the shape of
the size distribution. Is it the width and/or amplitude ?

What we mean is that when a property such as “fine mode fraction” is retrieved from
remote sensing measurements in different locations or even at different times, the
meaning of “fine mode” may change somewhat. The characteristic particle size that
distinguishes between those in the “fine” and those in the “coarse” mode is not a
constant and will vary based on the particular mix of sources and the nature (e.g.
shape, number of actual modes) of the overall size distribution. Also, by “shape” we
mean width, position and number of actual modes. We have worked to clarify the
discussion as follows:

“However, the results demonstrate that the optical method does not allow for a
precise definition of “fine” and “coarse” in terms of a specific, effective size cut that



distinguishes between the two regimes. While the SMF has an explicitly defined
size cut (PM1), the effective size cut for the FMF can vary. The effective size cut
is dependent on the shapes (i.e. widths, positions and number of actual modes) of
the size distributions in the “fine” and “coarse” size regimes and the extent of
overlap between them, which is dependent on the size range of particles sampled
(e.g. PM2.5 versus PM10). For remote sensing measurements, the particular size
that distinguishes between the fine and coarse mode therefore likely varies
between locations and seasons.”

9) In figure 4 errors are needed to establish if the temporal variability is real or within
uncertainty. This is important for conclusions presented in lines 461-463 and 477-478.

We have added error bands to Fig. 4. The uncertainties were determined using a Monte
Carlo-type approach in which each input to the calculations was varied randomly and
independently about its mean, and with a weighting determined from the uncertainty in
the input variable.

10) Figure 5: why is the discrepancy mostly clear in the first half of the day then the
second half of the day in site TO?

This likely reflects a shift in the effective size cut associated with the FMF. Below we
show the diurnal profile of the surface-area weighted size distribution. There is clearly a
notable mode right around 1 micron in the early morning/late night periods. When this
contributes substantially, the optically-derived Reff,f is impacted (and shifted towards
larger values) while the size-distribution derived Reff,f is affected to a lesser extent. At
T1 this larger mode is much less evident and thus contributes less to the optically-
derived Reff,f. Overall, the difference has to do with the extent to which the “coarse”
mode penetrates into the “fine” mode. We have added the figure below to the
supplemental material. For these distributions, we have combined the SMPS data with
the APS data. Because of limited data available for the APS at the TO site (due to an
instrument malfunction) the size distributions are for only a subset of the total period
examined in this manuscript (6/16-6/22). We have added discussion to the main text,
where we already had included discussion related to the nucleation mode that is
observed during the daytime and that also influences the diurnal behavior.

“In addition, for TO there is a notable mode in the surface-area weighted distribution
at ~1 micron that is most evident in the early morning (Figure S3). This mode has
little influence on the Reff,f values determined from the size distributions, but
contributes to the higher optically determined Reff,f values in the early morning for
TO. This mode is much less prevalent at the T1 site, and thus there is better
correspondence between the size-distribution and optical methods.”
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Figure S3. Observed diurnal variation for (left) the TO site and (right) the T1 site for the surface-
area weighted size distribution. Distributions have been normalized to the maximum surface

area concentration for each hour of the day. The black box shown for TO highlights the
presence of a mode near 1 micron.



Reviewer #3

This manuscript describes a spectral deconvolution and fine mode curvature method
that can retrieve particle size and determine relative contribution of the fine mode
particles to the total particle extinction from Multi wavelength aerosol extinction,
absorption and scattering measurements. Typically this method is used in remote
sensing applications but authors extended the application of this method to in-situ
measurements to retrieve particle size. The authors used extinction data from cavity
ring down measurements, scattering data from nephelometer and absorption data from
particle soot absorption photometer measurements. Overall, the manuscript is clearly
written, some suggested clarifications are listed below. | understand this is more of a
technique based manuscript but little bit more discussion about the science would be
useful. | recommend this paper for publication. However, prior to acceptance, the
authors should address the following questions/ suggestions and modify the manuscript
accordingly.

My main concern here is about the error analysis in the retrieved size and contribution
of the fine mode particles to the total particle extinction. What are the errors on the
estimates? A range of relative uncertainties are stated towards the end of the
manuscript but it is not clear to me if the authors consider propagation of errors from the
measurements.

We thank the reviewer for pushing us to consider our uncertainties to a greater extent.
In response, we have added the following text as a new section and updated the
figures.

The uncertainty in the SMF has been estimated from standard error propagation of the
uncertainties in the PM; and PM 1y extinction measurements. The assumed uncertainties in
bext.pmz and bextpmzo are +1 Mm™. This uncertainty estimate accounts only for random errors, not

systematic errors.

Uncertainties in the FMF have been estimated based on the uncertainties in the inputs to the
SDA-FMC procedure, namely the b.x: values. The assumed uncertainties in the input bex were
instrument specific: <1 Mm™ for the UCD CRD, 1 Mm for the nephelometer plus PSAP and PSU
CRD at TO, and 3 Mm™ for the PSU CRD at T1. The input uncertainties are propagated through
the various mathematical relationships using standard methods. The FMF error estimate
includes some of the factors that contribute systematic uncertainty in the method. As noted in
the Theoretical Approach section, FMF values from the SDA-FMC procedure have been shown to
agree well with those determined from the more comprehensive inversion method of Dubovik
and King (2000).

Uncertainties in the derived Ress are also estimated from the uncertainties in the input values.
The size-distribution derived R values depend on the SMPS measurements. The SMPS

instruments were calibrated (using 200 nm polystyrene latex spheres) prior to the campaign and
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a drier was used to keep the aerosol RH < 30% throughout the entire campaign. Periodic checks
throughout the campaign indicate consistent sizing performance to within 5%. The size
distribution data used here were corrected for DMA transfer function, the bipolar charge
distribution, the CPC efficiency and internal diffusion losses. Under these conditions the
estimated uncertainties for D, are around 10% for the size range between 20 and 200 nm
(Wiedensohler et al., 2012). Although larger uncertainties could exist for smaller and larger
particle sizes, the derived Ress values fell primarily in this range. The estimated SMPS uncertainty
(Wiedensohler et al., 2012) was estimated based on intercomparisons between different SMPS
instruments and thus probably represents both determinate and indeterminate errors. The
relative uncertainty in the Regs from the size distribution measurement is thus estimated to be
10%. This estimate mainly reflects uncertainties in the absolute size, since there is expected to be
significant cancellation in the errors produced by the particle counter (the same data are used in
the numerator and denominator of Eq. 1).

Estimating the uncertainty in the Regs from the SDA-FMC is more challenging because the
uncertainties cannot be simply propagated through the equations. Therefore, an approach was
taken wherein a large number of R s values were calculated from input bey: that were
independently, randomly varied within one standard deviation of the measured value, assuming
a normal distribution of errors. Potential uncertainty or variability in the real refractive index was
accounted for based on the compositional variation (Atkinson et al., 2015) and assuming volume
mixing applies. The standard deviation (1s) was 0.015. This is likely a lower estimate of the
uncertainty in the Rl, as it does not account for absolute uncertainty in the estimate. The
standard deviation of the derived Ry is taken as the uncertainty. This Monte Carlo-style
approach does not incorporate systematic error sources. The relative uncertainty in the derived
Reftf is found to range from a few percent up to 40%, depending on the particular instrument
suite considered and measurement period. In general, the uncertainties were larger for the PSAP
and nephelometer, presumably because the wavelengths used are more closely spaced.

In the abstract the authors should briefly mention the major limitations of the technique
instead of just stating “..some limitations are also identified”. Some of the limitations are
mentioned in the text at different places but | suggest providing a list of all the limitations
in details at the end so that it would be easier for readers to follow.

We have updated the abstract as follows:

“Overall, the retrieved fine mode fraction and effective radius compare well with
other in situ measurements, including size distribution measurements and
scattering and absorption measurements made separately for PM1 and PM10,
although there were some periods during which the different methods yielded
different results. One key reason identified as contributing to differences between
methods is the imprecise definition of “fine” and “coarse” mode from the optical
methods, relative to instruments that use a physically defined cut-point.”



Line 177: please provide detail about the polynomial fit that yields a wavelength
invariant version.

We have made substantial revisions to this section, as documented in our response to
Reviewer #2 above.

Line 220: | think authors should expand the discussion regarding the uncertainty in
refractive index. How the estimated size will affect if some of the plumes contain more
absorbing particles such as soot? Authors used an average value of real part from
previous study. Here authors can propagate the error.

We are using 1h averages, so very short plumes with highly absorbing material will
have little influence on the results. If we look at a histogram of SSA values (see below),
we see that there is a reasonably narrow distribution with the vast majority of points
between 0.8 and 0.95. Using Mie theory as a guide, we find that the imaginary part of
the refractive index need only vary from ~0.004 to 0.02 to produce SSA values in this
range. Such variations have a very small impact on the extinction wavelength
dependence; it is much more dependent on the real component. That the results are
more sensitive to variations in the real part was stated in the manuscript previously: “For
example if the composition shifted from pure sulfate aerosol (m = 1.53 + 0i) to a brown
carbon organic (m = 1.4 + 0.03i) this would introduce a 33% shift in the derived radius
with no change in actual size; the majority of this shift in the derived radius results from
the change in the real component of the refractive index.”
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Line 249: Authors mention here about the truncation angel error but it is not clear to me
if they incorporated the corrections to the nephelometer data.

We now state: “The scattering coefficients were corrected for truncation error (Anderson
and Ogren, 1998) and the absorption coefficients for filter effects (Ogren, 2010).”

Line 253: This part somehow misleading to me “Cavity ring down measurements do not
(in principle) need to be calibrated”



We have modified this to: “Cavity ring-down measurements directly quantify total
extinction within the cavity, which is contributed from both gases and particles (Smith
and Atkinson, 2001; Brown, 2003). To determine extinction by aerosols only, the
entering air stream is periodically directed through a filter such that a gas-only reference
is determined. Extinction by aerosol particles is determined relative to this gas zero. The
aerosol extinction is further corrected to account for the practical aspect that the
complete mirror-to-mirror distance of the optical cavity is typically not filled with aerosols
(to keep the mirrors clean) (Langridge et al., 2011).”

Line 254: “have very small truncation errors”- please provide a number here.

This has been revised. See response to previous query.

Line 310: Authors mentioned about low relative humidly during measurements used
here. Was it low also at T1 site? Scattering measurements can be substantially
impacted at high RH.

Yes, the RH was low at both sites throughout the campaign, as shown in Zaveri et al.
(2012). Something to this effect was mentioned on Line 359: “As with the TO PSU
instrument, the total aerosol system attempts to measure particle extinction at nearly
ambient conditions, resulting in low RH (25 — 40 %) throughout most of the campaign,
as measured by an integrated RH/T sensor (Vaisala HMP70).”

Line 333: “The absorption coefficients were adjusted to the nephelomete wavelengths
using an inverse wavelength dependence”- please elaborate.

We have clarified that the absorption coefficients were interpolated, rather than
adjusted.

Error bars should be provided in all the figs.

We have updated the figures to include uncertainty estimates.

Line 409: “are very similar in absolute magnitude”-please provide the numbers
Values are now provided in Table 2.

Fig.3- FMF-CRD shows higher fine mode fraction during 06/19 to 06/20. Is it because
of the no size cut for the CRD measurements?

During this period the absolute extinction was particularly low, making it challenging to
assess. The reviewer’s suggestion is certainly possible. However, we note that with the
uncertainties added to the figure it is now apparent that the measurements are the
same within the estimated uncertainties.



Please consider to change the scale of the y-axis in Fig. 4. Shorter range would help to
visualize the variations.

While we understand the reviewer’s suggestion to change the range, we have chosen to
maintain the y-axes scales they were, namely varying over the same range for both
panels. We have done this to facilitate comparison between the sites.

Fig. 5. Once authors do the error propagation, error bars should be included in the
figure.

Error bands have been added (see below).
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Figure 5 — The diurnal dependence of Res ¢ for the period shown in Fig. 4 for the (top) TO and
(bottom) T1 sites. The box and whisker plot (bottom and top of box are 5% and 95% of data
range, bar is mean, and whiskers extend to full range) shows the results from the direct size
distribution measurement (Retsize). The thick lines show the mean diurnal dependence of the
optically derived Refi s, using the CRD (black) and nephelometer + PSAP (red) measurements. The



light colored bands show the 1o standard deviation based on the measurement variability over
the averaging period.

Is it 1-hr average for the retrieved radius? What would be the minimum integration time
for the optically derived radius to achieve a reasonable estimate? In other words, if
there is a spike in the data for shorter time, can it be captured?

Yes, it is possible to retrieve estimates of the Reff,f at higher time resolution and capture
spikes. The results at one hour averaging were selected after verifying that the results
were not qualitatively different from those with shorter time-scales. We have chosen to
focus on the longer term averages, given that remote sensing observations are often
used to develop longer-term climatologies for regions and occur in remote regions
where short-term spikes are less common. However, in principle shorter time scales can
be accessed.
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Abstract

Multi-wavelength_in situ aerosol extinction, absorption and scattering measurements made at two
ground sites during the 2010 Carbonaceous Aerosols and Radiative Effects Study (CARES) are analyzed
using a spectral deconvolution method that allows extraction of particle size-related information,
including the fraction of extinction produced by the fine mode particles and the effective radius of the
fine mode. The spectral deconvolution method is typically applied to analysis of remote sensing

measurements. _Here, its application to in situ measurements allows for comparison with more direct
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measurement methods and validation of the retrieval approach. Overall, the retrieved fine mode
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fraction and effective radius,compare well with other in situ measurements, including size distribution
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measurements and scattering and absorption measurements made separately for PM1 and PM1g,

although there were some periods during which the different methods yielded different results. One key
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contributor to differences between the results obtained is the alternative, spectrally based definition of

“fine” and “coarse” mode from the optical methods, relative to instruments that use a physically

defined cut-point. These results indicate that for campaigns where size, composition, and multi-
wavelength optical property measurements are made, comparison of the results can result in closure or

can identify unusual circumstances. The comparison here also demonstrates that in situ multi-




38  wavelength optical property measurements can be used to determine information about particle size

39 distributions in situations where direct size distribution measurements are not available.
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Introduction

Aerosols remain a substantial source of uncertainty in climate models, despite considerable progress in
scientific understanding of their chemical, physical and optical properties in the last few decades (IPCC,
2013). As greater understanding has developed in each of these areas, new complexity is also uncovered
and the interconnectedness of the various properties becomes even more evident. Light scattering by
atmospheric particles has a net cooling effect on climate that is one major offset to greenhouse gas
induced climate warming (Charlson et al., 2005; Bond et al., 2011). The efficiency with which the
atmospheric aerosol interacts with electromagnetic radiation (e.g. sunlight) is dependent upon the size,
composition, shape and morphology of the particles. These properties are not static in time, instead
evolving as particles are transported through the atmosphere as a result of chemical processing,
scavenging and changes in the environmental conditions (e.g. relative humidity and temperature)

(Doran et al., 2007; George and Abbatt, 2010; Lack and Cappa, 2010).

Characterization of the spatial distribution of aerosol particle concentrations and properties is important
to assessing their impact on the atmospheric radiation budget through direct aerosol-radiation and
indirect aerosol-cloud interactions. Aerosol optical properties can be measured directly in the laboratory
and in the field using both in situ methods (Andrews et al., 2004; Moosmuller et al., 2009; Coen et al.,
2013) and remote sensing instruments/platforms, such as sunphotometers and satellites (Holben et al.,
1998; Anderson et al., 2005). Alternatively, aerosol optical properties can be inferred from
measurements of particle composition, abundance and size distributions (Atkinson et al., 2015). One
particular advantage of the remote sensing instruments is that they allow for characterization of
column-average atmospheric particle burdens and properties over a large spatial scale and are free from
sampling biases as the particles are characterized as they exist in the atmosphere. However, they can
only reliably retrieve aerosol properties under cloud-free conditions, and determination of properties
beyond the aerosol optical depth (such as the single scatter albedo or the aerosol size distribution)
typically requires a data ‘inversion’ process that relies on an assessment of the wavelength-dependent
light attenuation and scattering (Dubovik and King, 2000). /n situ methods can allow for more detailed
characterization of aerosols, including the relationships between size, composition and optical
properties, but typically at the expense of reduced spatial coverage and with long-term measurements
typically restricted to the surface (Andrews et al., 2004). Given the wide-spread use of aerosol remote
sensing and the extensive availability of the data (in particular from ground-based sunphotometer

networks such as AERONET and AEROCAN (Holben et al., 1998; Bokoye et al., 2001)), continued



72
73

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9%
97
98
99

100

101

assessment and validation of the inversion methods by comparison with measurements by in situ

methods is important.

Multi-wavelength optical measurements can yield information about the aerosol size distribution, a
principle that dates back to Angstrém’s observation that the wavelength-dependence of light
attenuation by particles was weaker for larger particles (diameters of hundreds of nanometers to
micrometers) than for smaller particles (Angstrom, 1929). One of the simplest ways of characterizing the
wavelength-dependence of optical measurements (whether extinction, scattering or absorption) is
through the Angstrom exponent. For a pair of optical measurements at different wavelengths, &

= -log(bx1/bx2)/l0g(A1/)2), where by is the optical coefficient at one of the wavelengths A; for
scattering and extinction & typically increases as particle size decreases. The dependence of by on
wavelength can alternatively be obtained from a log(bx,) vs. log(A) plot using two or more wavelengths;
if the dependence is linear, a regression would obtain the same value as the pair-wise treatment, but

non-linearity can be accommodated by using the continuous derivative a = -dIn(by,) / dIn(A) at a

specified wavelength. A list of the symbols and acronyms used in this work is provided in Appendix A, /{ Deleted: (
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wavelength variant as the spectral derivative. Particle size classification schemes have been proposed {
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(Clarke and Kapustin, 2010) and supported/validated (Eck et al., 2008; Massoli et al., 2009; Cappa et al.,
2016) based on the Angstrém exponent of extinction or scattering. When observations are made at
more than two wavelengths (ideally, widely spaced), further information regarding the nature of the
particle size distribution can be extracted. For example, an additional level of refinement of wavelength-
dependent measurements of aerosol optical depth (path integrated extinction) was introduced by
O'Neill et al. (2005) to aid in the interpretation of the data obtained by the ground-based
sunphotometer networks AERONET and AEROCAN. Specifically, O’Neill et al. (2003; 2005) showed that
the fine mode fraction (FMF) of extinction and the fine mode effective radius, Ress could be extracted
directly from the multi-wavelength optical depth or extinction measurements available from remote
sensing. The FMF provides for an approximate discrimination between what are typically naturally
produced coarse mode particles (dust or sea spray) and what are often anthropogenically associated
fine mode particles. Thus, parameters such as the FMF can provide a nominal indication of the relative
contributions of natural versus anthropogenic particles to the atmospheric AOD. Variations in Re¢

provide information on the sources of the fine mode particles - as different sources yield fine mode



106  particles with different size distributions - or the extent to which particles have undergone atmospheric

107 processing, which can change the size distribution (and chemical composition) in systematic ways.

108 In the spectral curvature approach of O'Neill et al. (2003), the fine mode spectral derivatives (o = first

109  derivative and as’ = second) and the FMF are first extracted from multi-wavelength extinction data using

110 a process described as Spectral Deconvolution, The fine mode spectral derivatives can then be used to | Deleted: (n was used for FMF in ibid.) The fine mode
. . . . . i . spectral derivatives are then used to obtain the effective
111 obtain the fine mode effective radius from a fine mode spectral curvature algorithm. Alternatively, the radius for the fine mode, defined by Hansen and Travis
(1974) as:

112 fine mode effective radius can be calculated from direct measurements of size distribution (e.g. from

113 scanning mobility particle sizer) using equation 1 (Hansen and Travis, 1974):

2 Rer? 2N qimRr Deleted: (1)
114 Reppp = ol — 1
eff.f f:o nRz—d‘frI:’RdlnR )

115  where Riis the particle geometrical radius and dN/dInR is a number weighted size distribution for which
116 Ry is the first moment (average radius) of the surface-area weighted size distribution. Refis is an
117  effective radius that characterizes, approximately, the average size of particles in the fine mode that

118  scatter solar radiation. In this work, we compare the optically obtained Ry retrievals to those

119 calculated by numerically evaluating the integrals of Equation 1 using the observed size distributions //[ Deleted: from
120  produced by scanning mobility particle sizers, A single log-translatable particle size distribution (i.e., a ///[ Deleted: (
121 PSD that can be translated along the log-transformed particle size axis without changing the form of the Deleted: ) by numerically evaluating the integrals of

Equation 1 to produce comparator values

122 distribution function) is, in many cases, a reasonable representation of the size distribution of observed
123 aerosol fine modes (O'Neill et al., 2005). In these cases, the fine mode can be characterized by the single
124 parameter Reg;y facilitating comparisons and examination of trends in sources and/or atmospheric

125 processing.

126 Numerical methods such as those developed by O'Neill et al. (2003) were originally applied to remote //[ Deleted: Methods
127 sensing measurements, but can also be applied to in situ extinction measurements. Beyond adding to \( Deleted: for

128  the utility of the in situ optical measurements, this provides an opportunity to test the methods against
129 other, complementary measures of particle size and size-dependent scattering and extinction. For

130  example, Atkinson et al. (2010) used the approach of O'Neill et al. (2003) to analyze in situ, three-

131  wavelength aerosol extinction measurements made during the 2006 TexAQS Il campaign near Houston,
132 TX. More recently, Kaku et al. (2014) showed, for a range of marine atmospheres, that the application of
133 this spectral approach to obtain FMF from three-wavelength scattering coefficient measurements was
134  largely coherent with the sub-micron fraction of scattering (SMF), obtained from scattering coefficient

135 measurements of the fine and coarse mode components using impactor-based separation of the

5



147
148
149
150
151

152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

169

170

171
172

173
174
175
176

aerosol. These studies, and others, provide a useful basis for understanding the accuracy and
applicability of the parameters retrieved from remote sensing data. However, further assessment in a
wide range of environments is necessary given that networks employing such spectral remote sensing
algorithms (AERONET and some surface based sites) represent locations impacted by particles from

diverse sources.

In this work, measurements of aerosol optical properties (extinction, scattering and absorption
coefficients) made at multiple wavelengths during the 2010 Carbonaceous Aerosols and Radiative
Effects Study (Fast et al., 2012; Zaveri et al., 2012) are reported and analyzed using the O'Neill et al.
(2003) and the O'Neill et al. (2008b) methods. The measurements were made at two locations near
Sacramento: a more urban site in Granite Bay, CA (T0) and a more rural site in Cool, CA (T1) that were
often linked by direct atmospheric transport. The multi-wavelength measurements were made using
three types of optical instruments (specifically seven separate instruments at the two locations). The
multi-wavelength measurements of the extinction coefficients (either measured directly or produced
from the sum of scattering and absorption coefficients) are used to retrieve the fine mode fraction of
extinction and fine mode effective radius. These results from the retrieval, described in more detail in
the next section, are compared to other, complementary in situ measurements. Scattering and
absorption coefficients were measured after aerodynamic separation into the PM; and PMy fractions,
which allowed the sub-micron fraction (SMF) of extinction to be directly determined. The in situ SMF can

be compared with the FMF from the spectral retrieval method. Jn this work, sub-micron particles are

those with nominal aerodynamic diameters (dp,.) smaller than 1 um, likely resulting in geometric

diameters below 800 nm, Also, size distribution measurements allowed for determination of the fine-

mode effective radii (via Eqn. 1), which are compared with those obtained from the spectral retrieval.

Theoretical Approach
The Spectral Deconvolution Algorithm with Fine Mode Curvature (SDA-FMC) Approach

This section provides a qualitative description of the fine and coarse mode AOD (or extinction) retrieval

algorithm (SDA, or spectral deconvolution algorithm) and fine mode optical sizing (FMC or fine mode

y

curvature) method developed by O’Neill. The details of the derivation and application of the SDA are

provided in previous publications (O'Neill et al., 2003; Atkinson et al., 2010; Kaku et al., 2014). The

MATLAB code that implements the approach is available from O'Neill upon request. Application of both

approaches requires a robust set of measurements of aerosol optical extinction or scattering (or optical
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depth) at a minimum of three wavelengths that should be widely spread across the optical region of the

spectrum (near UV through the visible to the near IR; see, for example, O'Neill et al. (2008a)).

The fundamental assumption of the SDA approach is that most ambient aerosol size distributions are
composed of two optically-relevant modes: a fine mode having an effective radius (and to a lesser
extent, geometric standard deviation) that is a function of atmospheric processing, and a separate
coarse mode, largely in the supermicron (dpa > 1 um) size range. A common assumption is that the fine
mode is more closely associated with anthropogenic activities and the coarse mode with natural
sources, although this can be somewhat confounded by smoke from biomass burning (Hamill et al.,

2016). In particular, it can be difficult to distinguish biomass burning particles from particles derived

from urban sources, as both primarily fall within the fine mode and are somewhat absorbing. The FMC

(Fine Mode Curvature) algorithm employs the fine mode optical parameters retrieved using the SDA to
estimate both a fundamental indicator of optical particle size (the fine mode van de Hulst parameter)
and from this, an indicator of microphysical particle size (the fine mode effective radius); these are both

defined below.

Spectral deconvolution of the fine and coarse mode extinction and derivation of the fine mode

spectral derivatives (SDA)

The spectral deconvolution algorithm begins by isolating the fraction of total extinction due to particles
in the fine mode, based on the stronger dependence of the extinction (scattering)® on wavelength for
smaller particles. Current applications of the method start by fitting In(bext) (or In(bscat) or In(AOD))
versus In(A) to a second order polynomial, where b is the measured wavelength-dependent extinction
coefficient (see Atkinson et al. (2010) and Kaku et al. (2014) for scattering and extinction coefficient
applications, Saha et al. (2010) for a sunphotometry AOD application and Baibakov et al. (2015) for a
starphotometry AOD application). The extinction and its first and second derivatives are determined

from the fit at a reference wavelength of 500 nm, a common reference wavelength along with 550 nm

in optical studies. The first derivative (i.e. slope) is denoted a in analogy to the Angstrém exponent, but
in this non-linear, second order approach it is a function of wavelength. The second derivative o’ (i.e.
spectral curvature) may, in principle, be wavelength dependent over the observed range, but using a

second order polynomial fit yields a constant value. Values of o and o’ associated with the fine mode

/[ Deleted: are determined from the fit

/{ Deleted: wavelength-invariant version.

1 We will stop inserting “(scattering)” at this point although all references below should be understood to apply to
both scattering and extinction.
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and the coarse mode are indicated using subscript f or c, respectively. In this work, only a second order
fit is possible because only three measurements are used to define the wavelength dependence. In the

SDA-FMC approach, the observed spectral derivative (o) is used along with the SDA-derived fine mode

spectral derivative (o) to produce the fine mode fraction of extinction {FMF), given as:

/{ Deleted: combined

/{ Deleted: of the fine modes

used in determining the fine mode effective radius.

a-ac

FMF = (2)

ap+ac

Deleted: while the fine mode slope and curvature are both }
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Ultimately, the fine mode slope and curvature are both used in the FMC algorithm to determine the fine

mode effective radius (discussed in the next section).

The algorithm proscribes constant values of the spectral slope and curvature for all coarse mode

aerosols (ac and a’c) at the reference wavelength of 500 nm. Specifically, ac =-0.15+0.15 and o’c =

0.0£0.15, with the uncertainties as per O'Neill et al. (2003), O'Neill et al. (2001) showed that an

Deleted: One reason for choosing a mid-visible reference
wavelength of 500 nm for assessing curvature and slopes is
that the variation of the extinction for coarse mode aerosols
is minimal in this spectral region (O'Neill et al., 2001). The
algorithm assumes constant values of the spectral slope and
curvature for all coarse mode aerosols at this wavelength
(500 nm), specifically ac =-0.15 and o’c = 0.0 (with an
assumed uncertainty, as per

"_—[ Formatted: Left J

/{ Deleted: , of +0.15 and 0.15 respectively). An

assumption of an aerosol size distribution with two distinct modes yields a series of three equations that

express the relationships between the observed parameters (AOD or extinction coefficient, a, a') and

their fine and coarse mode analogues, Specifically, the equations can be jnverted to yield the fine mode

Deleted: aerosol bimodality (at least as far as
measurements in the visible and near-IR are concerned)

Deleted: succinct
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spectral derivative, the fine mode curvature (of') and the fine and coarse mode AOD or b values. It

should be noted that the fitting of a 224 order polynomial to input AOD or be« Spectra is only an

approximation relative to a higher order polynomial. The use of a 2 order polynomial represents a

compromise between higher order spectral polynomials being better representations of theoretical Mie

spectra and the beneficial damping effects of lower order polynomials in the presence of noisy spectra

(O’Neill et al., 2001). The observationally determined total and fine mode spectral derivative and
proscribed coarse mode spectral derivative are then used to calculate the fine mode fraction of

extinction at the reference wavelength (here 500 nm) using Eqgn. 2.

Deleted: if the approximation level relative to a theoretical
Mie representation (O’Neill et al., 2001) is limited to second
order in In X space. These three equations

Deleted: (O'Neill et al., 2001). A set of three
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Estimation of the Fine Mode Effective Radius — the Fine Mode Curvature (FMC) approach

Using the SDA-derived, fine mode spectral derivatives (o’ and ar), an estimate of the fine mode

/{ Deleted: as:q J

effective radius is obtained. The basis for this approach is a fundamental parameterization involving the

effective van de Hulst phase shift parameter for fine mode aerosols and its representation in o versus

Deleted: Using the spectral derivatives for the fine mode
obtained from the SDA portion of the approach, an estimate
of the fine mode effective radius is obtained. The basis for
this approach is a parameterization of a strong relationship
between the effective van de Hulst phase shift parameter
for fine mode aerosols and a polar angle representation of
af vs. as (O'Neill et al., 2005). The fundamental van de Hulst
parameter for the fine mode, peri, is given by:q
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as space. Full details are provided in O'Neill et al. (2005) and O'Neill et al. (2008b), and only a summary

of the parameterization is provided here. The van de Hulst parameter for the fine mode, peff.f, is given

by:

27R
Defrp = 2% —;ff'f Im —1]

Deleted: (3)

where A is the reference wavelength and m is the complex refractive index at that wavelength (O'Neill et

al., 2005). An estimate of this purely optical parameter is based on a 3™ order polynomial derived from

numerical Mie simulations that relate p.ss and the polar angle (w) coordinate of any point in a¢’ vs. o

space (O’Neill et al., 2005). The value of y for any given retrieval is simply the arctangent of a¢” divided

by as_(minus small prescribed offsets of aso’ over aso respectively). Individual simulated contour curves

of a¢’” versus as correspond to particle size distributions of differing Refs for constant values of refractive
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where A is the reference wavelength and m is the complex
refractive index at that wavelength (ibid.) An estimate of
this purely optical parameter derived from the o vs. af
polar relationship allows extraction of an effective radius for
the fine mode from the SDA-obtained slope and curvature,
if the refractive index of the particles is known.

index and were illustrated in Figure 1 of O’Neill et al. (2005). The three different “lines of constant pes”

in that figure correspond to three different values of y (where both pef, s and y increase in the

counterclockwise direction from the horizontal). The R.sf value are then computed from the retrieved

value of pests, by inverting equation (3), if the refractive index of the particles is known. Since the
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refractive index is generally unknown for the situations we consider here, the information provided by
this approach is actually a combination of size and composition. In many cases, an average, constant
value for the real portion of the refractive index can be assumed and the imaginary part neglected to
provide an estimate of the effective radius; this is, in part, because the imaginary component is typically

much smaller than the real component of the refractive index, and thus the Rer,fvalue is relatively

Formatted: Default Paragraph Font, Font: Calibri, Font
color: Auto, Subscript, Pattern: Clear

Formatted: Default Paragraph Font, Font: Calibri, Font
color: Auto, Pattern: Clear

Deleted: , for

Formatted: Default Paragraph Font, Font: Calibri, Font
color: Auto, Pattern: Clear

Deleted: would result

insensitive to variations in the imaginary component. This treatment is questionable if strong changes in

the average composition that lead to changes in m are suspected, For.example if the composition
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shifted from pure sulfate aerosol (m = 1.53 + 0i) to a brown carbon organic (m = 1.4 + 0.03i) this would
introduce a 33% shift in the derived radius with no change in actual size; the majority of this shift in the

derived radius yesults from the change in the real component of the refractive index.

The FMC method represented by the inversion of equation (3) has been less rigorously validated than

the SDA portion and is expected to be more susceptible to problems related to measurement errors and

a decreasing sensitivity with decreasing fine mode fraction of extinction. The FMC validation is largely

confined to comparisons with the more comprehensive AERONET inversions of Dubovik and King (2000),

referred to henceforth as the D&K inversions. These inversions, which require the combination of AOD

and sky radiance data, are of a significantly lower frequency than simple AOD measurements. The sky

9

Deleted: The FMC method has been less rigorously
validated than the SDA portion and is expected to be more
susceptible to problems related to measurement errors and
a decreasing sensitivity with decreasing fine mode fraction
of extinction. The polar-coordinate system relationship is a
strong, near monotonic fit based on Mie simulations over a
variety of aerosol types and sizes (O'Neill et al., 2005; O'Neill
et al., 2008a); its validation is largely confined to
comparisons with the more comprehensive AERONET
inversions of (Dubovik and King, 2000). These inversions,
which require the combination of AOD and sky radiance
data, are of a significantly lower frequency than simple AOD
measurements (nominally once per hour versus once every
3 minutes respectively). The comparisons (for the limited
data set of O'Neill et al. (2005) and confirmed by more
recently unpublished AERONET-wide comparisons) show
averaged AERONET-SDA differences of 10% + 30% for large
FMF values > 0.5.9




331 radiance data are collected nominally once per hour while AOD measurements are made once every 3

332 minutes. Comparisons between the FMC method and the D&K inversions show averaged FMC versus

333 AERONET differences of 10% + 30% (mean + standard deviation of (pefifemc - Defif.pak) / Defrpak) for

334 large FMF values > 0.5, at least for the limited data set of O'Neill et al. (2005) and confirmed by more

335 recently unpublished AERONET-wide comparisons between the FMC and D&K methods.

336  Application of the SDA-FMC method to in situ extinction measurements
337  This paper seeks to address the following two key questions pertaining to the use of the SDA-FMC

338  algorithm with extinction measurements, especially those produced by the cavity ring-down

339 instruments, to extract information about aerosol size, both the partitioning of the extinction between

340  the fine and coarse modes and the extraction of a single parameter size characterization of the fine

341 mode.

342 1.) Can the approach be used reliably to extract the fine and coarse mode fractions of the

343 extinction in situations where only a single optical instrument is used?

344 and,

345 2.) In situations where complementary measurements (mobility-based sizers, parallel or switching
346 nephelometers, etc.) are available, what information can be determined from the comparison of
347 the products of the SDA-FMC approach to comparable information obtained in other ways?

348 It has been suggested that a single multi-wavelength optical measurement of the fine mode fraction
349  could be less expensive than derivation of the sub-micron fraction of scattering using parallel

350 nephelometers (Kaku et al., 2014). The use of two size-selected inlets (e.g., 1 and 10 um cyclones) and
351 parallel nephelometers is not prohibitively expensive, but the typical concerns regarding calibration
352 maintenance and careful and consistent application of correction factors for truncation angle and non-
353 Lambertian illumination can be magnified when measurements are combined (either as differences or

354  ratios) since systematic errors may not undergo partial cancellation like random errors.

have very small truncation errors

356 errors with parallel nephelometers. Cavity ring-down measurements directly quantify total extinction Deleted: In practice, two types of “calibrations” are applied
357 within the cavity, which is contributed from both gases and particles (Smith and Atkinson, 2001; Brown, to CRD measurements: a zeroing procedure
igh
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355 In principle, the use of two parallel CRD extinction measurements could mitigate some of the possible /{ Deleted: do not (in principle) need to be calibrated and

358 2003). JTo determine extinction by aerosols only, the entering air stream is periodically directed throu

Deleted: measurement of filtered air for

359  afilter such that a gas-only reference is determined. Extinction by aerosol particles is determined
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relative to this gas zero. The aerosol extinction is further corrected to account for the practical aspect

that the complete mirror-to-mirror distance of the optical cavity is typically not filled with aerosols (to
keep the mirrors clean) (Langridge et al., 2011). The former (zeroing) limits instrument precision and
sometimes accuracy while the latter (path length) limits instrument accuracy. In general these
procedures are identical for the two parallel instruments and are very stable in time, so they would only
be expected to produce a small and consistent bias. To our knowledge, currently no single-package,
multi-wavelength direct extinction (cavity-enhanced) instruments are commercially available. Multiple
single-wavelength instruments operating at different wavelengths could be deployed, but might be

prohibitively expensive.

For detailed knowledge of the fine mode size distribution, the use of scanning mobility analyzer-based
sizing instruments is preferable since the full mobility size distribution is obtained, as opposed to only
the effective radius provided by the FMC procedure. However, scanning mobility sizer instruments
typically have maximum diameters of only 700 to 800 nm, and both scanning and multi-channel variants
are of comparable expense and complexity as CRD instruments. In order to obtain additional
information about the coarse mode size distribution and contribution to the optical effects, an aerosol

particle spectrometer (APS) is generally added to the measurement suite.

The purely spectrally-based mode separation inherent in the SDA obviates the need for a physical cut
point selection, such as that required to measure the PM; scattering product used in this work. This can
be advantageous, since selection and maintenance of a size cut-point is a possible source of differences
between some measurements (and variability of all measurements using physical separation) of the sub-
micron fraction (SMF) of scattering, absorption or extinction. The SMF is fundamentally different from
the FMF, although both provide an indication of the fractional optical contribution of smaller particles.
In fact, there are fundamental differences between many of the SMF or FMF data products that are
currently available. For example, the Dubovik and King (2000) SMF data product tries to locate the
separation radius (called the inflection point) at a minimum of the particle size distribution obtained
from the inversion procedure. This results in a variable cut point that can be interpreted as assigning a
portion of the coarse mode to the fine mode (O'Neill et al., 2003). The aerodynamic diameter selected
for the physical separation used in the SMF presented in this work might result in some mis-assignment
of fine mode extinction to the coarse mode, since (i) the aerodynamic separation results in a cut point
that is less than 1 um geometric diameter and (ii) the cut point might not correspond to a local

minimum of the size distribution. These definitional differences should be kept in mind when comparing
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fine mode apportionments (SMF or FMF) from different measurements/data treatments. And all of
these data products will usually differ significantly from the optical properties of the PM, s fraction used
to define the fine mode for air quality regulations and to exclude larger particles in the CRD instruments
at TO. The latter allowed a significant fraction, but not all of the optically coarse particles into the
instruments, as shown in the Results section. For the comparisons presented in this work, in cases
where there is significant penetration of one of the modes into the size regime defined by the physical
cut-point as the other mode (or significant overlap of two or more size modes) there are noticeable

differences between the physically-defined SMF and the FMF produced by the SDA.

Experimental
The instrument suites used, sampling conditions and methodology and goals of the CARES study have

been summarized by Zaveri et a|, (2012). A summary of the instrumentation used to make the light

/[ Deleted: (

extinction, scattering and absorption measurements is provided in Table 1. Extinction was measured
either directly (using cavity ringdown spectroscopy) or as the sum of scattering and absorption. A brief

description of the key instruments used in the current analyses is given below.

Table 1: Summary of optical instruments used at the TO and T1 sites

Property Instrument Wavelength Size Cut”
T0
Extinction UCD CRD 405,532 nm 2.5 um
PSU CRD 532, 1064 nm 2.5 um
Scattering  PNNL Nephelometer 450, 550, 700 nm 1 um, 10 um
Absorption  PNNL PSAP 470, 522, 660 nm 1um, 10 um
T1
Extinction PSU CRD 355,532, 1064 nm None applied
Scattering  PNNL Nephelometer 450, 550, 700 nm 1pum, 10 um
Absorption  PNNL PSAP 470, 522, 660 nm 1pm, 10 pm

*For the entries with two size cuts listed, the sampling system switched
between the two on a 6 minute cycle

Instruments used at the TO site (American River College, Granite Bay, CA USA)

Cavity Ring-down Extinction: The bex measurements at 405 nm and 532 nm were made using the UC

Davis two-wavelength Cavity Ring Down-Photoacoustic Spectrometer (CRD-PAS) instrument (Langridge
et al., 2011; Lack et al., 2012). Full details of these measurements are available in Cappa et al. (2016) and

Atkinson et al. (2015). These measurements were only made for a subset of the CARES campaign, from
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20:00 PDT on 16 June through 09:00 PDT on 29 June. At 532 nm, bex Was measured at low (~25%), mid
(~75%) and high (~85%) relatively humidity. At 405 nm only low RH measurements were made, and so
only the low RH 532 nm measurements are used in this study. The CRD-PAS sampled behind a PM; 5
(aerodynamic diameter <2.5 um) URG Teflon-coated aluminum cyclone. A separate CRD instrument
deployed by the PSU group at TO used a single optical cavity to measure the sub-2.5 um (sampled
through a similar URG cyclone) aerosol extinction coefficient at 532 and 1064 nm simultaneously
(Radney et al., 2009). This instrument did not incorporate intentional RH control, but efforts were made
to maintain nearly ambient conditions, resulting in low RH (25 - 40 %) throughout most of the campaign,

as measured by an integrated RH/T sensor (Vaisala HMP70). Daytime ambient RH was similar to the low

RH value during the CARES campaign (Fast et al., 2012). Formatted: Font: +Body (Calibr)

Formatted: Font: +Body (Calibri)

To obtain three-wavelength by, measurements for use in the SDA-FMC analysis, we combined the
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were used with the 532 nm and 405 nm UCD data after all had been averaged to one-hour). To assess
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whether this was a reasonable approach, the 532 nm time series data from the two instruments were Formatted: Font: +Body (Calibri)
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measurements from the two instruments, although there was a clear difference in precision, with the \[ Formatted: Font: +Body (Calibri)

Deleted: data was demonstrated (except for

UCD CRD having approximately 3 times better precision than the PSU instrument at comparable
Formatted: Font: +Body (Calibri)

integration times, This difference in precision results from differences in instrumental design and (likely)

Formatted: Font: +Body (Calibri)

mirror quality, A scatterplot (Figure S1) of bex,psu versus bew,uco_also, showed good correlation, with a Deleted: ).

best fit line from an orthogonal distance regression fit having a slope = 0,96, and an intercept that was Formatted: Font: +Body (Calibri)
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coefficients were alternatingly measured for PM 19 and PM1 aerodynamic size selected aerosol using the

PNNL Aerosol Monitoring System, a clone of NOAA/CMDL’s Aerosol Monitoring System (detailed
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wavelength nephelometer, TSI 3563). The scattering coefficients were corrected for truncation error

Deleted: The absorption coefficients were adjusted to the

(Anderson and Ogren, 1998) and the absorption coefficients for filter effects (Ogren, 2010). The

absorption coefficients were interpolated to the nephelometer wavelengths assuming the inverse

wavelength dependence characteristic of uncoated black carbon, as appropriate for this region (Cappa

et al., 2016). The absorption and scattering coefficients for PM1 or PMyo are then summed after
averaging to one-hour intervals and using the mean of the 450 and 550 nm values to obtain bey (500
nm). The extinction fraction of the PM; (herein, the SMF) at the visible wavelength (500 nm) is then

calculated from their ratio

nephelometer wavelengths using an inverse wavelength
dependence.

SMFpy; = Dextpui (4) Deleted: (4)
bext,PMw

Particle size control was effected by 2 impactors (1 um and 10 um) upstream of the PSAP and

nephelometer. The 10- um impactor was always present in the sampling line, and the flow was switched

to run through the 1- pm impactor on 6-min intervals, yielding alternating 6-min measurements of

submicron and coarse (< 10 um) particle modes.

Fine particle size distribution: The submicron dry particle mobility diameter (d,,m) size distribution (12

nm to 737 nm) was measured using a scanning mobility particle sizer (SMPS) comprised of a charge
neutralizer, differential mobility analyzer and condensation particle counter (TSI 3081 DMA column and
model 3775 CPC). The SMPS data were corrected for multiply-charged particles and diffusional losses.
These size distribution measurements are used to calculate R values from Eqgn. 1, which will be
referred to as Restisize. It Should be noted that a mobility diameter of 737 nm corresponds to an
aerodynamic diameter of 919 nm (assuming a density of 1.5 g cm?, a reasonable value for the campaign

based on the observed particle composition (Atkinson et al., 2015)).

Instruments used at the T1 site (Evergreen School, Cool, CA USA)

Cavity Ring-down Extinction: The PSU group deployed a custom CRD instrument that used separate

optical cavities to measure bex at 355 nm, 532 nm, and 1064 nm simultaneously in each of four separate
flow systems that were intended to measure total and submicron aerosol and submicron aerosol that
had been conditioned to have elevated and suppressed RH. Only the total aerosol flow results are used
here as this prototype system suffered from signal to noise problems and RH/temperature control

issues. As with the TO PSU instrument, the total aerosol system attempts to measure particle extinction
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at nearly ambient conditions, resulting in low RH (25 — 40 %) throughout most of the campaign, as
measured by an integrated RH/T sensor (Vaisala HMP70). No intentional size cut was applied to these

measurements, although the system was not optimized for transmission of coarse mode particles.

Size-selected absorption and scattering (Nephelometer and PSAP): An identical instrument suite to that

used at TO was deployed and the same data analysis was conducted.

Fine particle size distribution: The SMPS used at T1 is a similar design described in (Setyan et al., 2012)

and it measured low RH particle sizes from 10 nm to 858 nm. The SMPS data were corrected to take into

account the DMA transfer function, the bipolar charge distribution, the CPC efficiency and the internal

diffusion losses,(Setyan et al., 2014). /{ Deleted: .

Uncertainties in the derived and measured values

The uncertainty in the SMF has been estimated from standard error propagation of the uncertainties in

the PM1 and PMo_extinction measurements. The assumed uncertainties in bexipm1_and bexipmio are +1

Mm?=. This uncertainty estimate accounts only for random errors, not systematic errors.

Uncertainties in the FMF have been estimated based on the uncertainties in the inputs to the SDA-FMC

procedure, namely the beyx values. The assumed uncertainties in the input bex Were instrument specific:

<1 Mm- for the UCD CRD, 1 Mm for the nephelometer plus PSAP and PSU CRD at T0, and 3 Mm= for

the PSU CRD at T1. The input uncertainties are propagated through the various mathematical

relationships using standard methods. The FMF error estimate includes some of the factors that

contribute systematic uncertainty in the method. As noted in the Theoretical Approach section, FMF

values from the SDA-FMC procedure have been shown to agree well with those determined from the

more comprehensive inversion method of Dubovik and King (2000).

Uncertainties in the derived Refi s are also estimated from the uncertainties in the input values. The size-

distribution derived Res¢ values depend on the SMPS measurements. The SMPS instruments were

calibrated (using 200 nm polystyrene latex spheres) prior to the campaign and a drier was used to keep

the aerosol RH < 30% throughout the entire campaign. Periodic checks throughout the campaign

indicate consistent sizing performance to within 5%. The size distribution data used here were corrected

for DMA transfer function, the bipolar charge distribution, the CPC efficiency and internal diffusion

losses. Under these conditions the estimated uncertainties for D, are around 10% for the size range

between 20 and 200 nm (Wiedensohler et al., 2012). Although larger uncertainties could exist for

smaller and larger particle sizes, the derived Res values fell primarily in this range. The estimated SMPS
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532 uncertainty (Wiedensohler et al., 2012) was estimated based on intercomparisons between different

533 SMPS instruments and thus probably represents both determinate and indeterminate errors. The

534 relative uncertainty in the R.¢s from the size distribution measurement is thus estimated to be 10%.

535 This estimate mainly reflects uncertainties in the absolute size, since there is expected to be significant

536 cancellation in the errors produced by the particle counter (the same data are used in the numerator

537 and denominator of Eq. 1).

538 Estimating the uncertainty in the Ress from the SDA-FMC is more challenging because the uncertainties

539 cannot be simply propagated through the equations. Therefore, an approach was taken wherein a large

540 number of R values were calculated from input bex that were independently, randomly varied within

541 one standard deviation of the measured value, assuming a normal distribution of errors. Potential

542 uncertainty or variability in the real refractive index was accounted for based on the compositional

543 variation (Atkinson et al., 2015) and assuming volume mixing applies. The standard deviation (1s) was

544 0.015. This is likely a lower estimate of the uncertainty in the Rl, as it does not account for absolute

545 uncertainty in the estimate. The standard deviation of the derived R is taken as the uncertainty. This

546 Monte Carlo-style approach does not incorporate systematic error sources. The relative uncertainty in

547 the derived Ref is found to range from a few percent up to 40%, depending on the particular

548 instrument suite considered and measurement period. In general, the uncertainties were larger for the

549 PSAP and nephelometer, presumably because the wavelengths used are more closely spaced.

550 "4[ Formatted: Line spacing: Multiple 1.08 li

551  Results and Discussion

552  Fine mode fraction of extinction

553  The CRD-based extinction measurements were used to derive the FMF¢y using the SDA. This will be
554  referred to as the FMFex,cro. For the TO site, the FMF e, cro is for PM2s while at T1 no physical cut point
555  was introduced, so PMyo is a reasonable expectation. The time series of the CRD-based bex values and of

556  the derived FMFexcrp at the TO site are shown in Figure 1 (all times in PDT — local time during the study).

557  The FMFex,cro Varies from 0,54 t00.97, with a mean of 079 # 0.1 (1 ) as summarized in Table 2. /{ Deleted: 55
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Figure 1 — Time series of CRD extinction coefficient observations (left axis) and the derived FMF e cro
(right axis) at TO during the time period analyzed in this work. The blue, green and red traces are the
405 nm, 532 nm and 1064 nm by (respectively) and the black points show the 1 h average FMF ex,cro

from the SDA analysis. A PM,s size cut was applied during the sampling.

The fine mode fraction of extinction at TO was alternatively determined from the PM1g bext

N4

measurements from the nephelometer and PSAP, referred to as FMFext,sum. The SDA-derived FMF et cro

and FMF e um Values are compared with the sub-micron fraction of extinction determined from the

combined PM; and PM1o nephelometer and PSAP measurements (from the latter part of the campaign)

at TO (Fig. 2). The FMFext,cro, FMFextsum and SMFext sum all exhibit the same general temporal dependence.

In general, the FMFex,cro > FMFext,sum ~ SMFext,sum although the specific relationships vary with time. For

example, there are periods when the FMF eyt sum and SMF e sum are nearly identical (e.g. 20 June — 23

June) and periods when the SMFex,sum is somewhat lower than the FMFex sum (€.8. 24 June — 25 June).
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Figure 2 — Time series of the fine mode fractions and sub-micron fraction of extinction at TO. The
red trace is the SMFexsum determined from the bex(PM1) / bext(PM1o) ratio. The black and blue
traces are the FMF ¢ from the SDA analysis of the CRD extinction (black) and nephelometer +
PSAP extinction (blue). The FMF e cro Values are the same as those of Fig. 1 for the latter half of
the campaign._ Uncertainty ranges are shown as light colored bands. The uncertainty of SMF is
only slightly wider than the heavy line that was chosen to represent it.
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The FMFex,cro Was determined for PM2s while the FMF ext.sum Was determined for PMo. If a substantial
fraction of the scattering was contributed by particles with diameters >2.5 um, then the FMF ext,cro
should be larger than the FMF e, sum, as was observed. Kassianov et al. (2012) used measured particle
size distributions from CARES to show that supermicron particles contributed significantly to the total
scattering, consistent with the observation that FMFex,cro > FMFextsum. Variability in the difference
between the FMFext,cro and FMF e sum likely reflects variability in the contribution of these larger

particles to the total scattering.

The FMFex,crp, FMFext,sum @and SMF eyt sum Were similarly determined from the measurements at the T1 site
(Figure 3). For T1, the CRD measurements were made for particles without any intentional size cut
applied, as opposed to the PM, s size cut used for the TO measurements. At this downwind site the

SMF ext.sum , FMFext.crp and FMF ext sum Were all very similar, both in terms of the absolute magnitude and

the temporal variability. The FMFext,cro ranged from 022 to 0,89, with a mean of 0,58 + 0,16. That the /[ Deleted: 3

FMPFext,cro and FMF eyt sum are very similar in absolute magnitude for T1 but differ at TO (while still Deleted: 85
Deleted: 66

exhibiting similar temporal variability) is likely related to the application of an intentional size cut for the clete
Deleted: 19

(/Y N

CRD measurements at TO but not at T1. The observations suggest that the T1 CRD without the size cut
samples coarse-mode particles with a similar efficiency as the nephelometer and PSAP having the PM1o

size cut.

Overall, these results indicate that the use of the spectral deconvolution algorithm on optical data can
robustly provide information on the fine mode fraction of extinction. Moreover, since the FMF e results
at T1 are similar for the two types of extinction measurements, it seems that the narrower wavelength
range of the nephelometer (450, 550, 700 nm) and PSAP (470, 522, 660 nm) compared to the CRD

instruments used here is still adequate to define the spectral dependence of extinction for extraction of

the slope and curvature parameters. However, the yesults demonstrate that the optical method does /{ Deleted: differences observed at both sites highlight the
fact

not allow for a precise definition of “fine” and “coarse” in terms of a specific, effective size cut that
Deleted: there is not

distinguishes between the two regimes. While the SMF has an explicitly defined size cut (PM;), the \[ Deleted: in

effective size cut for the FMF can vary. The effective size cut is dependent on the shapes_(i.e. widths \[ Deleted: optical method.

o

positions and number of actual modes) of the size distributions in the “fine” and “coarse” size regimes

and the extent of overlap between them, which is dependent on the size range of particles sampled (e.g.

PM; s versus PMyo). For remote sensing measurements, the particular size that distinguishes between

the fine and coarse mode therefore likely varies between locations and seasons. Nonetheless, since the

major sources of fine and coarse mode particles are likely to be reasonably distinct in many
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environments, the FMFex,cro provides a reasonable characterization of the variability in the

contributions of such sources to the total extinction and, in environments where the extinction is

dominated by scattering (i.e. when the SSA is large), to the total scattering as well.
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Figure 3 — the fine mode fraction of extinction (SMF and FMF) for the latter half of the
campaign at T1. Here, the FMFex cro is determined for particles sampled without a size cut
applied._ Uncertainty ranges are shown as light colored bands.

Effective fine mode radius product of SDA-FMC
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T
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The SDA-FMC analysis also allows for derivation of the fine mode effective radius, Resy, via Eq. 3.
Determination of Refrf requires knowledge of the real and imaginary parts of the refractive index. Here,

an average value of m, = 1,5 is used, based on Atkinson et al. (2015), and absorption is assumed to be

/{ Formatted: Font: Italic

/{ Deleted: 55

negligible. The latter is a reasonable assumption given the relatively high single scatter albedo values at
the two sites (Cappa et al., 2016), and because assuming the particles to be slightly absorbing has

minimal influence on the results. Temporal variability in m, due to variability in particle composition will

contribute to uncertainty in the retrieved Refs. As discussed above, a change in m, of 0.13 corresponds

approximately to a shift in Ress by 30%. The actual variability in m, is not known for the particles here,

but we expect a shift of 0.13 in m, to be a reasonable upper limit on physical grounds.

Values of Refif are determined using both the CRD-measured bex and the PMyg bex: from the
nephelometer + PSAP measurements for both TO and T1 (Figure 4). Resi s values are also determined
from the PM1 nephelometer + PSAP measurements at both sites. Comparison of the Res ¢ values
between the PM1o and PM; measurements provides a test of the robustness of the overall retrieval
method. The Res s from the CRD measurements will be referred to as Resscro and from the
nephelometer + PSAP as Restfsum. Comparator values of Refs were also calculated from the observed

mobility size distributions using Eqn. 1, and are referred to as Reft#size-
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Figure 4 — Time series of the effective fine mode radii, Ref s, produced by the SDA-FMC analysis of the
CRD data (black) and the nephelometer + PSAP data (blue) from TO (top) and T1 (bottom). For the
nephelometer + PSAP observations, separate results are shown using either the PM1o (dark blue) or
PM; (light blue) observations. The Rest¢ values determined from the size distribution measurements
(i.e. from Egn. 1) are shown in red. Uncertainty ranges are shown as light colored bands for each
method; for the SDA-FMC the uncertainty range is only shown for PM o to avoid clutter, but the
uncertainty range is similar for PM;.

The SDA-FMC-derived Reft¢ values from the CRD and from the nephelometer + PSAP exhibit reasonably
good agreement in terms of the absolute values and the temporal variability at both the TO and T1 sites
(Table 2, Fig. 4). Notably, there is good agreement between the Reftfsum Values obtained from the PM 1
and PM; measurements. This provides an important validation of the SDA-FMC procedure, since the
coarse mode contribution to the PMy, extinction is substantial and highly variable (Figure 2 and Figure

3).

At TO, the derived Rei ¢ values range from approximately 70 nm to 140 nm (Table 2), with a few short-
duration periods when R is outside this range, reflecting short-duration variability in the particle
sources. At T1 the derived R are generally less variable, ranging from approximately 65 nm to 110 nm,
with fewer particularly low or high periods. The mean Resr s values between the two sites are similar
(Table 2). At TO, there is a fair degree of temporal coherence of the SDA-FMC results and those obtained
from integration of the size distributions. The generally good temporal agreement between the

optically- and size-derived R values are even observed during periods where the changes in radius
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happened rapidly, for example near midnight between June 21-22. On that night there is some evidence
that paving operations near the TO site produced a strong local source of asphalt particles in the coarse
mode with a long tail into the sub-micron regime (Zaveri et al., 2012; Cappa et al., 2016). This short-
duration source of large particles pushed the Ress temporarily towards larger values. (The Ress changes
from the nephelometer + PSAP at this time were smaller than from the CRD or size distribution
observations. Most likely this reflects the alternating 6-min sampling of the nephelometer and the very

short duration of the event leading to discrepancies in the 1 h average.)

Despite the generally good correspondence between Resssize and the optically derived values, the
Refifsize Values were often (but not always) smaller (Table 2). This is most clearly seen when comparing
the average diurnal profiles of the Ret values from the different methods, as shown in Figure 5. All
three Refif estimates exhibit similar diurnal behavior at TO, even though the Ref¢ from the SDA-FMC
method are larger than Refifsize. The diurnal variability in the Rt is more pronounced at TO than at T1.
The diurnal trend in the effective radius of the fine mode at TO from all methods exhibits a minimum at
around mid-day and then an increase to a maximum right near daybreak. Particle number and sizes at
both sites were influenced by frequent regional new particle formation and growth events during CARES
(see Figure S2). The events tended to start in the morning with a sharp increase of 10 - 20 nm particles
followed by growth of these particles to 50 — 100 nm in the afternoon as discussed in Setyan et al.
(2014). The next day the cycle repeats (on average) with the introduction of the new small particles
which has the effect of decreasing the average particle radius (Setyan et al., 2014). Although observed at
both sites, the new particle formation events had a greater impact on the size distributions at TO,
especially in terms of surface area-weighted size distributions (Figure S3) that determine Refs. In part,
this is likely because of continued growth of the new particle mode as it transits from TO to T1. In

addition, for TO there is a notable mode in the surface-area weighted distribution at ~1 micron that is

most evident in the early morning (Figure S3). This mode has little influence on the Ress values

determined from the size distributions, but contributes to the higher optically determined Ref s values in

the early morning for TO. This mode is much less prevalent at the T1 site, and thus there is better

correspondence between the size-distribution and optical methods.
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Figure 5 — The diurnal dependence of Res for the period shown in Fig. 4 for the (fop) TO and

(bottom) T1 sites. The box and whisker plot (bottom and top of box are 5% and 95% of data

range, bar is mean, and whiskers extend to full range) shows the results from the direct size
distribution measurement (Refsize). The thick lines show the mean diurnal dependence of the
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optically derived Resif, using the CRD (black) and nephelometer + PSAP (red) measurements. The

light colored bands show the +1c standard deviation based on the measurement variability over
the averaging period.

One possible explanation for the differences between the optically and size-derived Rests, in particular at
TO, may be inaccurate specification of the refractive index. Temporal variations in or an overall offset of
the real refractive index used here from the true value would lead to errors in the optically derived Reffy.
The refractive index is used to convert the derived van de Hulst parameter to Res¢ (EQn. 3). Given the
form of the relationship, an absolute error in the real Rl of 0.1—likely an upper limit—corresponds to an
error in the derived Refif of 20%, with larger values of the real Rl leading to smaller derived Refir. The
imaginary component was assumed zero. The effective imaginary Rl is likely < 0.01, given the range of

single scatter albedo values observed (Cappa et al., 2016). Thus, the assumption of zero for the
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determined from near-coincident measurement of extinction by PM; and PM1g, provides insights into
the effective FMFey: split size. For one of the sites considered here the split point size is around 1 um
while for the other it is somewhat larger than 1 pm and perhaps more variable. In many environments,
variability in aerosol properties on short (<10 min) timescales is relatively minimal. In such cases, a single
instrument can be used to sequentially sample PM1 and PMyo, allowing for in situ measurement of both
the FMFex and SMFe:. However, remote sensing measurements characterize only the FMFex:, (or at
best, an optically influenced size cut as is done in the AERONET retrievals of Dubovik & King, 2000).
Thus, further consideration of in situ measurement results, such as those investigated in this study, can
provide insights into the interpretation of the FMF: determined from remote sensing in different

environments.

The SDA-FMC approach also allows for determination of the effective fine mode radius. The Res¢
characterizes the surface-area weighted size of the particles within the fine mode distribution. The
similarity of the results in Figure 4 for application of the SDA-FMC to both size-selected and non-size-
selected aerosol as well as the comparison with results derived from the PSD measurements verify that
“whole air” measurements (i.e., no imposed size-selection) can provide reliable fine mode radii at least

for large FMF values.
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Appendix A — Glossary of Symbols and Acronyms used

a

o

o
ofora’s

AOD
bext, bscatp babs

Angstrém exponent (from wavelength pair)

Spectral derivative of optical property

Curvature (second derivative of optical property in log-log space)
Fine mode version of properties (also coarse mode properties a.)
Aerosol optical depth

Optical coefficient for extinction, scattering, absorption (inverse length units)

CRD Cavity ring down

Reff,s Effective radius for fine mode

FMF (aka n) Fine mode fraction of an optical property, usually extinction

SMF Sub-micron fraction (particle mode with radius or diameter smaller than 1 um)

Dot Effective fine mode van de Hulst parameter (product of refractive index and
effective radius)

SDA Spectral Deconvolution Algorithm

FMC Fine Mode Curvature approach

PM; Particulate matter with diameter (or radius) smaller than 1 um (also PM,s, PM1q)

PSAP Particle soot absorption photometer instrument
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Figure S1. Scatterplot of the visible (532 nm) extinction measurements from the two
CRD instruments used at TO. The solid line in the figure is the 1:1 line while the dashed is
the result of an orthogonal distance regression that produced a slope of 0,96 and a
statistically insignificant intercept. Units on both axes are Mm™.
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Figure S2. Observed diurnal variability in the number-weighted mobility size distribution
(dN/dlogDy) for (a,b) TO and (c,d) T1. The color corresponds to particle concentration. (a,c) The
unnormalized data, with the red indicating the period with the highest concentration. (b,d) The
size distribution where each hour average is normalized to the maximum concentration during
that hour. The appearance of a mode associated with new particle formation and growth
starting at 8 am at TO and at 11 am at T1 is evident. Data were averaged for June 21-29, 2010.
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Figure S3. Observed diurnal variation for (left) the TO site and (right) the T1 site for the surface-
area weighted size distribution. Distributions have been normalized to the maximum surface
area concentration for each hour of the day. The black box shown for TO highlights the
presence of a mode near 1 micron.
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