September 24, 2015

Dear Dr. Stier;

Please find point-by-point responses to all of the reviewers for manuscript acp-2015-234 , as
well as a marked-up version of the manuscript. Major changes to the manuscript include:

e Addition of a new Section 2, which

1. Describes details of the AERONET retrieval products,

2. Cautions against interpreting the data in ways that are not consistent with the
AERONET retrieval model,

3. Provides an explanation of why the AERONET retrieval products have never
been satisfactorily validated with in situ measurements.

A clarified description of our aerosol composition retrieval in Section 3 and Figures 3

& 4.

e An explanation of why 1% free iron was chosen for Branch D of Fig 6 (at the end of
Section 3).

e A new discussion of free iron climatology when Branch D of Fig 6 is not included in
the analysis.

e Inclusion of AERONET refractive index uncertainty in the sensitivity study (Section
5).

e A discussion of the uncertainty associated with sC retrievals when sC is 100% externally
mixed (Section 5.2).

e The old Section 5 (critique of Bond report) has been removed as a section, and that
material has been largely incorporated into the new Section 2.

Additional changes and improvements are outlined in the detailed responses to the reviewers
(attached).

Thank-you very much.

Greg Schuster
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Response to Reviewer 1.

This manuscript uses AERONET direct sun and sky scan retrievals to infer differences
in absorbing aerosol species. The emphasis is on distinguishing soot, brown carbon,
and hematite. Figure 2 shows that there are distinguishing features. However, it is
difficult to assess how quantitative the separation between soot, brown carbon, and
hematite is. It could be right, but there is just not enough error analysis presented, and
not clearly enough, to convince a reviewer who is familiar with the retrievals but not a
full-time radiative transfer modeler. | have five comments:

Thank-you for the many very useful comments. We have now included the AERONET refractive
index uncertainty and mixing state uncertainty with the other uncertainties in the revised
analysis. The error analysis for size and complex refractive index was provided in Dubovik et al
2000. The error analysis for component refractive index uncertainty is provided in Figures 11
and 12. Hopefully you will find this satisfactory.

We have made extensive changes to the document, mostly in red text. Long sections of red text
are difficult to read, though, so we just indicated that they are “new” where necessary. The
typeset ACPD .tex document does not include line numbers, so we refer to line numbers in the
original draft where this is applicable.

1) Coated aerosols: The retrievals assume internally mixed aerosol except for the fine

— coarse mode distinction. But their method of sensing the difference between soot and
hematite relies heavily on the difference between red and blue optical properties.

This difference is quite sensitive to the degree of internal mixing of soot. One can show
with a coated sphere model, for example, that the Angstrom exponent of absorption of
soot is sensitive to the coating thickness even if there is no brown carbon, and that the
Angstrom exponent of BC is sensitive to coating thickness (Lack and Cappa, 2010).

Thank-you for your comment. Presumably you are talking about Branch A of the fine mode in
Figure 6, regarding the soot/hematite distinction. This branch of the code is only used in 12-14%
of the retrievals at the dust sites, and is never called at the biomass burning sites (p13, lines
7-10 of the original manuscript). Thus, we don’t rely heavily on red/blue optical properties to
separate hematite from sC. This separation is done mainly through particle size (i.e., we mainly
locate carbonaceous aerosols in the fine mode, and free iron in the coarse mode). However,
your argument could also apply to the sC/BrC separation in Branch B of the code (see Fig 6),
which is called ~87% of the time at the dust sites, and 100% of the time at the biomass burning
sites.

The retrieval of BrC does rely heavily on the red/blue differences in refractive index, but the
retrieval of sC does not. The sC mixing ratio is determined by the 670-1020 nm wavelengths,
where BrC does not absorb at all. Since the sC mixing ratio is determined only by the red and
nir wavelengths, the red/blue optical properties do not affect the retrieval of this component. The
ambiguity of available BrC refractive indices and their spectral dependence does have a strong
impact the BrC retrieval; this is recognized in the top panel of Figure 12.

We recognize the ambiguity of AAE with respect to component mixing ratios, and address this
issue extensively in Part 2 of this paper (which was not available until recently). The reason that
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AAE changes wrt coating thickness is because MAC changes wrt coating thickness, and it
changes differently at the different UV-VIS-NIR wavelengths. In Figures 2 and 3 of Part 2 of this
paper, we show contour plots of AAE for mixtures with a spectrally flat absorber (like sC) in a
non-absorbing host (using the Maxwell-Garnett effective medium approximation and Mie
theory). We note that AAE increases as the sC mixing ratio decreases (for mixed particle sizes
< ~0.1 um), which is consistent with Lack and Cappa (2010), Gyawali (2009), and Bond (2001).

We emphasize that we don’t use AAE for our retrievals, though -- we use refractive index.
Although the AAE changes when sC is mixed with a non-absorbing host, the spectral
dependence of the refractive index of the mixture remains spectrally flat. This is also discussed
in our companion ACPD paper.

Please keep in mind that sC mixing ratio is somewhat related to coating thickness (except one
applies to homogenous particles and the other applies to heterogeneous particles; one applies
to the sC fraction, the other applies to the host fraction). Thus, we are accounting for variable
coating thicknesses and variable mass absorption cross sections (MACs) with variable sC
mixing ratios.

2) Nitrogen dioxide. For a manuscript that relies heavily on blue/red differences, | am
left wondering what the impact of NO2 would be, since it has an absorption spectrum
that can mimic brown carbon or hematite. Absorption by NO2 in the blue can be
significant compared to aerosols.

As explained above, we are not relying on blue/red differences for the sC retrieval. NO2 could
affect BrC and fine mode hematite, though. AERONET uses climatological values to correct for
NO2 in their products, so NO2 concentrations that are significantly different than the
climatological values could affect their products. This would most likely occur in urban regions,
where NO2 concentrations are high and BrC concentrations are expected to be small. Thus,
we’ve added the following sentence to Section 5.3:

Biases in the BrC retrieval could also occur whenever NO2 optical depths differ significantly
from climatological values, but we do not attempt to quantify that here.

3) Error propagation, especially systematic errors in direct and scattered measurements.
I’'ve gone back and reread the 1998 Dubovik paper on AERONET retrievals

of smoke and | still do not understand how systematic errors affect the retrievals of
absorption. It seems to me that the only way to tell if absorbing aerosol is present

is if there is light taken out of the direct beam that does not reappear elsewhere in

the sky. Absorption cannot be determined from just a phase function because pretty
much any phase function can always be fit with a multimodal size distribution.

If the absorption depends on comparing the direct and scattered measurements, then
their relative calibration is important. But for AERONET they are calibrated separately. In
addition, common-mode scale errors could lead to incorrect albedos. A photometer
sensitivity change that reduced the amplitude of both the direct and sky signals would
look like absorption — the sun would be darker and the light would not reappear in the
sky. Maybe there is some internal air-mass consistency check that is not explained?
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It is great that you dug into the old literature. Presumably you are talking about:

Dubovik, O., B. N. Holben, Y. J. Kaufman, M. Yamasoe, A. Smimov, D. Tanre, and I. Slutsker (1998), Single-
scattering albedo of smoke retrieved from the sky radiance and solar transmittance measured from ground, J.
Geophys. Res., 103(D24), 31,903-31,923.

That paper is different than the present-day AERONET retrievals, though. See also

Dubovik, O., and M. King (2000), A flexible inversion algorithm for retrieval of aerosol optical properties from sun
and sky radiance measurements, J. Geophys. Res., 105(D16), 20,673—-20,696.

Dubovik, O., A. Smirnov, B. Holben, M. King, Y. Kaufman, T. Eck, and I. Slutsker (2000), Accuracy assessments of
aerosol optical properties retrieved from Aerosol Robotic Network (AERONET) sun and sky radiance measurements,
J. Geophys. Res., 105(D8), 9791-9806.

We have added a rather long section that describes the AERONET product (see Section 2 of
the revised manuscript). We have also added the AERONET refractive index uncertainty to our
sensitivity study, and added an additional component to the uncertainty in case of 100%
external mixing (see new text in Section 5.2). Hopefully that helps.

Yes, the older AERONET Cimels have separate detectors for the sun and sky measurements,
and the sensors are calibrated separately. However, there is a consistency check during all
almucantar scans at the 6 degree azimuth angle, where both detectors provide measurements.
If the consistency check fails, the retrieval is thrown out. This is discussed on page 7 (middle
paragraph) of the new draft.

Per your example, the instrument could malfunction and cause both the sun and the sky to “go
dark” in such a way that the consistency check passes; in this case, the Level 1.5 processing
would probably provide a poor retrieval. However, the Level 2.0 processing includes post-field
calibrations that detect and account for significant changes in instrument sensitivity. The post-
field processing is described in

Holben, B., et al. (1998), AERONET — A federated instrument network and data archive for aerosol
characterization, Remote Sens. Environ., 66, 1-16.

Additionally, Langley sequences are attempted daily; this provides the opportunity to pinpoint
discontinuities in the TOA 1_0 values when post processing.

4) Similarly, there is no discussion about how assumptions in the size distributions
propagate into the results. | know some of this has been discussed in previous
publications, but this analysis represents a new level of detail for which new effects
might become important. According to Dubovik et al., (JGR, 1998), “: : : good agreement
between the measured and the fitted radiances probably results in reliable estimates of
single-scattering albedo and phase function even if the microphysical aerosol model is
not perfect”. Is the black carbon volume fraction similarly insensitive to the
microphysical model?
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The black carbon volume fractions are constrained by the AERONET imaginary indices at the
red and near-infrared wavelengths. Thus, the AERONET-fitted radiances can be reproduced
with the volume fractions that we deduce and the AERONET microphysical models. If all sC is
internally mixed (as in the AERONET model), then the sC volume fractions are probably
reliable. We address the AERONET refractive index uncertainty and external mixing in the last
few paragraphs of Section 5.2, which we reproduce here:

Other biases are more difficult to assess. For instance, we stated earlier that the AERONET retrieval
model assumes internal homogenous mixing for all aerosol particles, this could produce a bias in our sC
retrievals if all sC particles are externally mixed, which we discuss here. Consider two systems of
particles with a given amount of sC — the sC is 100% externally mixed in one system of particles, and
100% internally mixed in the other system. Since externally-mixed sC has lower mass absorption cross
sections (MAC) than internally-mixed sC, AERONET will infer a lower imaginary refractive index (and
AAOD) for the external mixture than for the internal mixture. The resulting lower imaginary index
produces lower sC mixing ratios in our retrievals, which also increases the MAC. Thus, the sC mixing
ratio will have a low bias and MAC will have a high bias when all sC is externally mixed. Since
externally-mixed MAC is approximately 2/3 of internally-mixed MAC (Bond and Bergstrom, 2006), we
estimate that our sC retrievals will have a low bias of 33% when all sC is externally mixed.

We are now in a position to estimate the uncertainty associated with retrieving sC mass from the
AERONET products. Recall that the estimated uncertainty for the imaginary refractive index in the Level
2 AERONET products is 50% (Dubovik et al., 2000). The measured sC densities are well known (1.8 g cm

-3 + 6 %, per Bond and Bergstrom, 2006). Thus, the RMS error in retrieving sC mass that is associated
with the AERONET refractive indices, sC density, mixing state, and the component refractive indices of

sC, hematite, and BrC is (50° +62 +332 +14.22)75 =62%.

Of course, other errors are possible, some of which are not quantifiable. For instance, the scientific
community does not have a method for modeling collections of particles with irregular and rough shapes,
S0 we can not compute the effect of using spheres and spheroids to approximate real particle shapes.

5) | cannot comment fully on the strong statements about the Bond et al. interpretation.

| do think that Figure 13 in the discussion manuscript is misleading. The uncertainty in a
parameter does not depend on where it appears in the computer code. The uncertainty is
the result of error propagation. Just because the AAOD is computed after (or before) the
refractive index does not make it more or less certain. Indeed, the SSA, which

is listed in the top line, could as easily be computed from the size distribution and
refractive index and moved to the bottom line. Another way of putting this might be to
consider my previous comments. Would a change in relative calibration of the direct
and sky measurements affect the refractive index or the AAOD more? What about a
change in assumptions about size distributions? Is the refractive index or AAOD more
sensitive? What about coating thickness on soot?

We agree that the uncertainty in a parameter does not depend upon where it is located in the
computer code -- that was the main point of the discussion. Apparently our presentation was
poor, though, because all of the reviewers missed our point. We were not claiming that
refractive index is better than SSA or AAOD -- we were pointing out that it is not worse.

At any rate, we have moved most of the statements about the Bond interpretation to Section 2
(at the request of Reviewer #2). We have improved the wording, so that we are now discussing
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how AERONET works in general terms, and provide additional discussion about the AERONET
model assumptions. We also include the uncertainty associated with 100% external mixing in
the discussion (Section 5.2). The main point that is often missed in the literature is that all
particles are always internally mixed in the AERONET retrieval, and this affects how we can
interpret the data.
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Response to Reviewer 2.

1 Overview

This paper discusses the interpretation of remote sensing data, especially AERONET,

to extract concentrations and relative fractions of absorbing species. Improved
separation within this widely used data set will benefit the community by providing
observational data for understanding atmospheric concentrations of aerosols and for
evaluating models of black carbon, brown carbon and dust. To date this separation
endeavor has been done as part of modeling studies, often relegated to appendices, and
not carefully evaluated. This type of work is a welcome addition to the literature. The
logic behind the general approach is sound. The paper is well written and the
assumptions are clearly stated. | have some questions which were not fully answered by
the paper’s first version. | recommend publication if these can be addressed.

Thank-you for the thoughtful review. We have made extensive changes to the document, mostly
in red text. Long sections of red text are difficult to read, though, so we just indicated that they
are “new” where necessary. The typeset ACPD .tex document does not include line numbers, so
we refer to line numbers in the original draft where this is applicable.

2 General comment on the field

Given the wide use of AERONET retrieved data, it is really surprising that so much

effort has been put into its theoretical interpretation, and so little effort into confirmation
with optical and chemical measurements. | realize that this is not easy, because
AERONET senses the column, which is difficult to compare with in-situ measurements.
This isn’t authors’ fault and not a reason to criticize the paper, but perhaps authors
could make some comment on this state of affairs.

The new Section 2 discusses the difficulty of measuring aerosol properties at ambient relative
humidity, and in conditions suitable for Level 2 processing. It also provides some new citations.

3 Major questions

3.1 Consistency with radiance field

| start with the end: where authors critique the procedures in other papers. They state:
“Reformulating the model assumptions in a manner that is not consistent with the
original retrieval can produce results that are inconsistent with the radiance
measurements.” - page 13629, line 8. This is an important point and should probably
appear earlier in the paper. Any proposed size and refractive index, should be consistent
with the entire radiance field. So a dust coarse mode plus BC fine mode (as assumed in
Bond paper) could not reproduce the radiance from which the size distribution is
derived, and there could be a similar problem with Bahadur and Chung assumptions. In
contrast to representations that violate the retrieval assumption, authors propose to
keep the single refractive index and adjust the components to match it separately in
coarse and fine mode. ( "Single" here means "across the two modes"- of course each
wavelength is different.) | discuss the problem in context of the two-mode model because
it is easier, but the assumption by Bahadur or Chung would have something similar.)
This assumption is now consistent with the one in the retrieval and thus the proposed
aerosol would produce the radiance field observed. In case the dust cannot match the
refractive index in the coarse mode, some sC or BrC is added to this mode. Regardless
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of whether this assumption is consistent with retrieval, the most important question is
whether the single refractive index is physically reasonable. Would one expect identical
refractive index in the two modes? It seems quite plausible that they would differ. Nature
does not conveniently add sC to the coarse mode in order to match the refractive index
of the fine polluted mode. | respect the consistency argument, but physical accuracy
would be more important. Authors say this is “consistent with what is found in

nature” (Page 13613. Line 10) Indeed a small amount of dust is found in the fine mode,
and sC, BrC in coarse mode, but there is no reason that this cross-over must create
equal refractive index in the two modes. This raises the following questions:

1. The assumption of single refractive index is imposed by the retrieval designer. Is it
possible to confirm whether it is accurate or is there simply not enough information in
the radiances?

Indeed, the AERONET Cimel does not provide enough information for automated retrievals of
two or more external mixtures. We'’ve added the following paragraph to Section 2:

The AERONET algorithm also assumes that all particles in the atmosphere have the same
complex refractive index (regardless of size), which is equivalent to assuming that all particles
have identical composition (and all aerosol species are internally mixed). This assumption is
necessary to achieve a unique solution, and forces the absorption to be spread over all retrieved
particle sizes, even if the absorption really occurs in only the smallest particles. The
repercussions of this assumption are discussed in Schuster et al. (2015).

The citation is Part 2 of this paper, which is now online.

We also recognize that AERONET redistributes fine mode absorption to the coarse mode on
page 13619, line 22 of the original draft:

Although carbonaceous aerosols are sometimes observed attached to coarse mode dust
(Derimian et al., 2008, Hand et al., 2010), it is also likely that the AERONET product
redistributes some fine mode absorption to the coarse mode (Schuster et al., 2015).

The phrase “consistent with what is found in nature” is a parenthetical element, meant to convey
that it is not ridiculous to include dust in the fine mode or carbonaceous aerosols in the coarse
mode. We’ve changed the phrase to “(which is qualitatively consistent with what is found in
nature).”

2. The other works may have a problem of consistency with the radiance. How bad is
this inconsistency? It should be not very hard to calculate angular scattering with the
different assumptions. In order to create consistency the authors have worked out the
allocation scheme in Figure 6. It seems that any retrieval requires some treatment or
assumptions.

Well, the AAE approaches (Chung, Bahadur) can not be linked to aerosol microphysics, so
these computations can not be performed. That is, one can not deduce particle size distributions
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and refractive indices that correspond to the component AAODs in those papers; hence we can
not compute the corresponding radiances.

The Bond (2013) approach does provide a microphysical link between dust and dust AAOD.
However, the microphysical link to sC is unclear. That is, Bond (2013) fills up the coarse mode
with dust. Does that mean that all of the sC is in the fine mode? If so, the refractive index
provided by AERONET would have to be adjusted to account for this extra absorption. Since
Bond (2013) does not provide these refractive indices, we would have to effectively “retrieve”
the Bond (2013) fine mode refractive indices by iterating until we matched their AAODs. That
requires a significant coding effort that is beyond the scope of this paper. However, we feel that
it is important to emphasize that AERONET’s strength lies in the link to the radiation field, and
that authors should be cognizant of this when they analyze AERONET retrievals.

3.2 Exploration of refractive index space
Much of this analysis relies on AERONET reported refractive index (imaginary). What
is the uncertainty in that report? 0.004 seems like a rather small number.

Dubovik et al 2000 assessed imaginary refractive index uncertainty at +/- 50%; we have added
this to the uncertainty analysis. Yes, 0.0042 is small, but imaginary refractive index is never
large in the Level 2 AERONET product (none of the whiskers in Figure 5 extend beyond 0.04).
The climatological value for dust is 0.0012-0.0015.

| find Figure 3 very difficult to interpret and think the labeling needs to be improved.
This is important because it is needed to understand figure 4. | think the values that go
from lower left to upper right are volume fraction iron oxide. That should be explicitly
stated and perhaps even marked.

Yes, this is stated on page 13615, lines 24-26 of the original manuscript; it is also stated in the
caption. We slightly modified the caption in the revised text -- hopefully this helps.

| get the impression that the brown shaded area is possible without any BC and BrC, but
then the grey lines are introduced. Eventually after reading several times | think |
understand the meaning: a large range of refractive index is possible from dust, and
more than covers the refractive index space possible by varying BC and BrC. The BC,
BrC lines are included to make this point only. If so it should be stated. Whether | have
understood it or not, the figure is not easy to understand. The inclusion of the grey lines
suggests at first that the refractive index space includes the BC, BrC.

We are sorry that you had so much trouble with this section. Yes, the refractive index space of
dust and carbonaceous aerosols overlap. The point of figure 3 is that we can uniquely retrieve
the absorbing minerals (hematite and goethite) or the carbonaceous aerosol fractions if
carbonaceous and dust aerosols are not mixed together. When the two components are mixed,
we need additional constraints. We use figure 4 to define these constraints. We have combined
the old sections 2.1.1 and 2.1.2 and relabeled the combined section (now 3.1.1) as “Imaginary
refractive index space for dust and carbonaceous aerosols.” We have also added some new
introductory text to the subsequent section (new section 3.2). This will hopefully alert the reader
up front that we will be discussing several aerosol absorbers.
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Actually | suggest it would be better if all figures were labeled according to their
message, e.g. Fig 3 “Refractive index space for dust (brown) and BC-BrC mixtures (gray
lines)”, Fig 4 “Refractive indices observed for pure dust and biomass burning”

We have changed the first line of the caption to “Theoretical imaginary refractive index space
occupied by dust and carbonaceous aerosols.” Titles indicating “pure” dust and biomass
burning are included above each panel in Figure 4.

Now if my interpretation of Fig 3 is correct, it is difficult to see the possibility of any
retrieval at all. A large variation of BC, BrC volume fraction lies within a small variation
of dust volume fraction.

Yes, there is a large overlap for the theoretical computations of imaginary refractive index.
However, we also have fine/coarse mode separation, the k_rnir < 0.0042 constraint for dust,
and the BrC/sC < 15.2 constraint. This is discussed on page 13612+, lines 24+ in the original
draft, and in subsequent sections.

Fig 4 — pure dust observations are used to identify a dividing line between dust and
biomass burning. Despite my questions here, | find authors’ choice of this division
(k=0.0042) supportable.

Authors later assume relative fractions of hematite and goethite (0.4%, 0.6%) but don’t
discuss it. The implication from the observations should be discussed. Wouldn’t this
vary at other locations?

Very good point. We’ve added the following text to the end of Section 3.3:

Our choice of 1% free iron in Branch D of Figure 6 is based upon climatology for pure dust at the West
African and Middle East sites. We retrieve median hematite and goethite fractions of 0.39% and 0.62%
for pure dust in West Africa, 0.34% and 0.58% for pure dust in the Middle East, 0.38% and 0.62% when
both these regions are combined. This corresponds to k440/674/870/1020 = 0.0036/0.0014/0.0013/0.0013

for pure dust in the combined dataset, which is also consistent with Kim et al. (2011).

Section 2.3: Authors demonstrate cases when biomass burning and dust are mixed.
These are the most difficult cases and authors propose an algorithm (Figure 6). A
major assumption is the rightmost branch in the figure. The volume fraction of iron is
set to 1 One of the challenges is separating aerosol types when they are mixed. For a
certain level of absorption the authors fix the volume fraction of iron. Possibly, there is
not enough information in the retrieved data to do better than this. But this assumption
needs to be considered in the interpretation. Authors state “the coarse mode iron
oxide mixing ratios are still steady throughout the year (at 1.1-1.3 %).” (page 13621:
line 12) But they have also said that the fixed-dust branch of interpretation had to be
used for most of the biomass-burning sites in South Africa. Wouldn’t one expect to find
a constant iron oxide mixing ratio if that branch was often used?

Good point. We’ve added the following discussion to Section 4, and modified Figure 9
accordingly:
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The lower left panel of Fig. 9 indicates that the volume fraction of free iron remains relatively constant in
West Afrrica throughout the year (1.4—1.7 %, as shown by the solid maroon line). However, the signal is
somewhat stabilized because we use climatological mixing ratios for iron whenever the retrieval is
contaminated by carbonaceous aerosols, which constitutes 24% of the retrievals in West Africa (i.e.,
“branch D" of Figure 6). Hence, we also show the monthly averages that are obtained by omitting the
contaminated retrievals (dashed maroon line in the lower left panel). Note that both monthly averages
produce nearly identical free iron mixing ratios in the absence of biomass burning aerosols during the
summer months. Monthly-averaged free iron mixing ratios obtained during the winter biomass burning
season increases when we omit retrievals that require branch D of Figure 6, though, peaking at 2.3% in
December. This is because omitting retrievals that require branch D results in a heavier weighting of the
retrievals with kynjy greater than the median value of pure dust (i.e., kypir > 0.0013 and kypjr < 0.0042).
Thus, omitting the branch D retrievals causes the monthly iron volume fractions to increase during the
biomass burning season, and more closely mimic the monthly carbonaceous aerosol signals. Hence, it is
likely that some of the remaining retrievals are still contaminated with carbonaceous aerosols during the
biomass burning season. Finally, we note that branch D is called for 98% of the retrievals in southern
Africa, so the solid maroon line in the lower right panel indicates very little seasonality because it is
dominated by climatology.

I would rather see a discussion of what iron oxide mixing ratios vs sC/BrC are consistent
with the observations. If this answer is a large range, that is also good to know
because it implies that one cannot extract the separation from the data as given.

Indeed, we used the literature values for the component mixing ratios to guide our choices of
component refractive indices. Iron oxide mixing ratios found in the literature are discussed on
page 13624, lines 27+ of the original document. BrC/sC ratios are discussed on page 13621,
lines 19+ of the original document.

4 Other comments
Page 13621 — Discussion of BrC/sC ratio. The distinction between BrC and OC should
be brought in the beginning of the paper.

We did this on line 9 of page 13609 in the original draft.

It seems not-absorbing OC is part of the host.
Yes. Everything that is not BrC, sC, goethite, or hematite is part of the host.

Estimates of BrC/sC ratio, and comparison with expectation. Authors cite Chen and
Bond (2010) and not any other material for this expected ratio. | suggest review papers
such as Andreae and Merlet (2001), Reid et al (2005). In fact | did not find any
measurements of sC in Chen and Bond paper.

Thank-you for the citations. We used the Chen and Bond citation because the OC/sC ratio of
3-12 that they quote is commonly observed elsewhere in the literature. We've added the Reid
citation, but did not find any OC/sC ratios tabulated in Andreae and Merlet.

| appreciate the analysis of uncertainties. Fig 11 and 12, since we don’t know which of
these is right, | suggest we don’t call it “Relative bias” but perhaps “difference.” or
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“Ratio with baseline retrieval.” One should also be careful about representativeness of
the refractive indices used. Some are for biomass burning and some are for water-
soluble which is just a part of the aerosol. The latter would not be expected to represent
atmospheric aerosol.

Very good points. We’ve changed Figs 11 and 12. We included WSOC in those figures because
Chen and Bond (2010) concluded that “Water-soluble OC absorbs some light,” and a significant
portion of organic aerosols in the atmosphere are water soluble. However, we agree that WSOC
is not appropriate for representing BrC.

Section 5 — Other than my previous comment, | do not clearly see the message of this
section. | think authors mean that all quantities are retrieved using the refractive index,
which is part of the retrieval, so they all require the same assumptions. Both AAOD and
sC loading need the refractive index.

Yes, this is what we are trying to convey. This section was unclear to all of the reviewers, so we
have omitted it from the revised version. Portions of Section 5 are now incorporated into Section
2 and elsewhere.

The question not addressed here (or elsewhere)is the robustness of these different
quantities. In previous sections, authors show a variation in sC volume fraction with
differing refractive index but did not calculate sC AAOD. Can some comment be provided
on this?

We have added substantial new text to the error analysis (now Section 5), including the
uncertainty in the AERONET retrieval as well as uncertainty associated with externally mixed
sC.

Not sure that we understand the question about sC AAOD, though -- how would linking sC
volume fraction to AAOD make the retrieval more robust? Although sC AAOD is an important
parameter, it is not equivalent to the radiative effect (and it is certainly not easier to measure
than sC mass). Modelers still need the absorption forcing efficiency (AFE) in order to relate
AAQD to the direct effect, and the AFE varies by an order of magnitude in the models (Schulz,
Atmos Chem Phys, 2006, Table 4). Even if we throw out the two extreme modeled AFE in
Schulz 2006, there is still a factor of 2 difference in AFE amongst the models.

Additionally, internal mixing of absorbing aerosols with other aerosols alters the AAOD, so one
can not calculate component AAODs for mixtures that contain more than one absorbing
species. (One could calculate AAOD_effective = AAOD(with) - AAOD(without) for each aerosol
component in an internal mixture, but the sum of AAOD_effective for all of the components will
not add up to the total AAOD.) The AERONET retrieval assumes that all aerosols are internally
mixed, so we are stuck with this assumption if we want to maintain the link to the radiance field.

We don’t want to get into a discussion about which parameter(s) are the most important for
improving the community’s understanding of sC radiative forcing, but we feel that sC mass is
just as valid of a parameter as AAOD for constraining and improving global models. Ideally, it
would be preferable to have both parameters so that we could check the modeled mass
absorption cross-sections (MACs). We would also like to see more modelers track sC volume
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fractions of the total aerosols, as this parameter is likely more closely related to SSA than sC
mass.

5 Minor comments
Page 13610 Lines 1-3. Reasoning seems convoluted. Isn’t sC reduction proposed
because of its warming, not because it reduces aerosol cooling?

Our rationale for the wording that we chose is that sC is co-emitted with other aerosols. Since
sC is an aerosol, it is transported and removed via similar mechanisms as other aerosols. Thus,
it has a regional distribution that is similar to aerosols, and only warms the atmosphere in those
regions. There are co-emitters that cool the aerosols in the exact same regions, so overall the
radiative effect of sC plus co-emitters is generally cooling (except, perhaps, when the system of
aerosols is located over clouds or snow). Since sC only warms regions where aerosols are
cooling the atmosphere, the effect of sC is to reduce aerosol cooling. Aren’t “less cooling” and
“warming” somewhat equivalent, though?

Line 22 “link between emissions, concentrations, AAOD is not straightforward” — | think
the link between concentrations and AAOD is not too bad, but maybe the measurements
also play a role in the comparison?

Linking concentration to AAOD requires knowledge of the sC mixing state, which is usually
unknown. For internal mixtures, the relative proportion of sC in the particles is also required; that
is, the particle size and coating thickness must be known. Also, one needs to know the
proportion of internal and external mixtures to compute AAOD from concentrations. At the
present time, both the coating thickness and the proportion of coated particles are rarely
measured. This state of affairs will improve as more advanced analyses of SP2 data become
available.

Additionally, the community still can’t compute MAC = 7.5 m2/g for external sC mixtures with
reasonable particle radii and refractive indices, as noted by Bond and Bergstrom (2006). This
might be caused by the complexity and variety of shapes associated with the sC aggregates, or
something else.

Since we can not compute the AAOD from what we think we know about sC size, shape, and
refractive index, the link is not straightforward, and we can not adequately model AAOD.
Alternatively, a modeler can postulate that MAC is 7.5 m2/g for externally mixed sC, and
increase the value by 50% for internally mixed sC, but that is not a terribly robust link, and it only
works at one wavelength (550 nm). A different MAC is needed for the other shortwave
wavelengths, and the inverse wavelength “law” for absorption only works for externally mixed
particles (maybe... it probably doesn’t work for collapsed aggregates).

Page 13614 Line 1 “two absorbing inclusions” — Does this refer to one inclusion in the
fine mode and one in the coarse mode?

Two inclusions in each mode. The words “for each mode” have been added after Eq 1.
Hopefully this clarifies.
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Figure 10 — The caption should be descriptive of the content. “Colormap” is not
descriptive.

We rephrased the caption, which no longer contains the word colormap.
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Response to Reviewer 3.

This paper presents an approach to separate several types of absorbing aerosols from
AERONET products of size distribution and refractive index. The main advantage of

the proposed method is that its outcome is consistent with the size distribution and
refractive index from AERONET and thus also with the radiation fields measured by

the sun photometers. The paper is well written and the method is well explained. The
main issue is that the uncertainties of the complete procedure (AERONET + proposed
method) are not well discussed. | favor publication of this paper in ACP considering the
remarks below.

Thank-you for your thoughtful comments. We have added the AERONET refractive index
uncertainty to the analysis. We have also estimated the uncertainty associated with the
possibility of 100% externally mixed sC.

We have made extensive changes to the document, mostly in red text. Long sections of red text
are difficult to read, though, so we just indicated that they are “new” where necessary. The
typeset ACPD .tex document does not include line numbers, so we refer to line numbers in the
original draft where this is applicable.

1 General remarks

The proposed approach separates the different components such that the size
distributions and refractive indices are not changed compared to those given by
AERONET. This results in consistency with the AERONET model and the radiation field.
Though this approach is reasonable given the available AERONET products, questions
remain about the uncertainties of the results and how well AERONET retrievals themselfs
perform when complex aerosol mixtures with size-dependent refractive indices are
measured.

For example, what happens if there is a strongly absorbing fine mode and a very weakly-
absorbing coarse mode? One could expect that AERONET reports some "average"
refractive index, with the consequence that the absorption by the fine mode is
underestimated and the absorption by the coarse mode is overestimated (which however
might be (over-)compensated by branch D in Fig. 6 if there is a sufficiently large

fraction of fine mode absorption).

Yes, AERONET reports an intermediate refractive index when there is a strongly absorbing fine
mode and a weakly absorbing coarse mode (see Dubovik et al, 2000, Fig 10). So yes, fine
mode absorption is underestimated and coarse mode absorption is overestimated in these
cases.

Some authors uniformly use a climatological value (k_dust) to compute AAOD for coarse mode
dust of the AERONET retrievals. This results in too much dust AAOD whenever k_aeronet <
k_dust (i.e., the computed AAOD for the coarse mode is greater than the AERONET-retrieved
AAQD for the coarse mode), and therefore too little sC AAOD. If AERONET climatology is used
for k_dust, then the overcompensation will occur ~50% of the time.

However, this is not an issue with Branch D in Fig 6, because that branch is only called when
k_rnir > 0.0042 in the AERONET database. Since k_rnir ~ 0.0013 for the dust that we use in
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Branch D (and 0.0013 < 0.0042), we are able to add sC to all cases where Branch D is called.
Thus, we are able to remain true to the AERONET refractive indices.

To answer another way, one could say that AERONET “redistributes” absorption from the fine
mode to the coarse mode in the case that the reviewer describes. From an aerosol
microphysical standpoint, this generally means that sC is getting redistributed from the fine
mode to the coarse mode. Our algorithm acknowledges the redistribution of sC, but does not
“put the sC back” into the fine mode; rather, we allow the sC to remain in the coarse mode. This
likely means that the distribution of sC between the fine and coarse modes in our retrieval is
incorrect, but that the total sC that we retrieve has a link to the radiance field.

The reader is left alone with the task to estimate the uncertainties of the final results.
The sensitivity study in Section 4 is good, providing an estimate of the uncertainties
due to the assumptions on the component’s refractive index. Uncertainties due to
the decision tree (Fig. 6) are partly covered by the statistical analysis, but should be
discussed more quantitatively in the final paper. The following uncertainties are not
discussed or quantified:

(a) Uncertainties due to uncertainties of the AERONET-derived refractive index

(b) Uncertainties due to limitations of the model (here the size-independent refractive
index is most relevant)

To cover a), | suggest that the authors add a sensitivity study on the effect of the
uncertain AERONET refractive index on the type separation (by varying the
AERONETderived

refractive index within the expected uncertainty) to give an estimate of this

All very good points...

a) Dubovik et al (2000) estimates a 50% imaginary index uncertainty, and Bond and Bergstrom
(2009) estimate a 5.5 % uncertainty in sC density. We have now included the AERONET
refractive index and the sC density in the error propagation. We prefer this path, because the
component densities and component refractive indices are independent parameters, and they
are independent of the AERONET retrievals. Thus, we use RMS error propagation.

b) In the revised paper, we now refer the reader to the accuracy assessment presented in
Dubovik et al (2000), which covers this exact issue (see their Figure 10). This paper indicates
that the intermediate refractive indices inferred by the retrieval model produces the same
single-scatter albedo as the externally-mixed forward model (at least in those test cases).
That paper also covers other limitations of the AERONET retrieval model. We have also
added significant discussion about the AERONET retrievals to the new Section 2, including
discussion about particle shape.

c) Although not specifically requested by the reviewer, we’ve also added some discussion about
how the sC retrieval is altered if sC is 100% externally mixed (Section 5.2), and include this in
our error analysis.

2 About Section 5 (Critique on Bond report)

| agree with the authors of the discussion paper that their approach is more consistent
with the AERONET model and the measured radiance fields, and this has to be (and is
already) stressed in the paper. A consistent approach like the one proposed is preferable
to an inconsistent approach. However, I'm not sure about the importance of this
consistency, as already the AERONET model applies a very strong (often unrealistic)
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assumption on the size-independence of the refractive index.

Yes, this is a very strong assumption that is usually unrealistic. It is even unrealistic to assume
that all particles of any given size have the same refractive index. Other strong assumptions
include the limited particle shapes (spheres and spheroids) and the homogeneous atmosphere
used in the retrieval. Nonetheless, we argue that the AERONET model is the most realistic
aerosol retrieval product available at this time.

We would also argue that this makes it even more important to maintain the link to the radiation
field. That is, since the model is an oversimplified version of reality (like all models), it is very
important to make sure that the results are consistent with the radiance and extinction
measurements. Without that connection, the results don’t necessarily have a connection to
reality at all.

We have eliminated the old Section 5 and added a new Section 2 that provides additional
details about the AERONET retrievals. Hopefully this clarifies the importance of the link to the
radiance field.

My feeling is that "misconception" in the section title is too strong as the proposed
methodology makes some assumptions (e.g. the scheme in Figure 6) that might also be
called "misconceptions” from a strict physical point of view.

The “misconception” was meant to refer to the notion that somehow AAOD is a more reliable
parameter than the parameters from which it is derived.

As I’'m not really convinced that the Bond approach is so much worse at the end, | would
suggest to call this section "Discussion of AAOD approach in Bond report" (or similar).

This is true -- the Bond approach might not be much worse in the end. We didn’t mean to imply
that the Bond approach was invalid; rather, we were trying to point out that our approach does
not require more assumptions than the Bond approach (as stated in that report), and that there
are some additional assumptions with the Bond approach that were overlooked in that report.

At any rate, we have abandoned this topic as a section. We have taken some of the material
from this section, and incorporated it into Section 2 (Description of the AERONET retrievals).

3 Specific remarks

* p13610 13: 53% -> 50%

*p13612 114 and 119: 0.700 m -> 0.7 m

* p13612 119: insert absorption after hematite

* p13613 I1: it is unclear here which retrieval is meant, probably "our retrieval"

We’ve made these changes. Thank-you.

* p13613 125: "... which implies that all particles are internally mixed." is the wrong
conclusion, | think. | suggest "... have the same homogeneous refractive index. This
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implies that the refractive index from AERONET is some kind of effective refractive
index."

We changed that passage to:

The operational AERONET product assumes that all particles have the same homogeneous refractive
index, which implies that all particles are internally mixed (as in Figure 2b of Bond and Bergstrom,
2006).

We have also included the following paragraph in Section 2:

The AERONET algorithm also assumes that all particles in the atmosphere have the same
complex refractive index (regardless of size), which is equivalent to assuming that all particles
have identical composition (and all aerosol species are internally mixed). This assumption is
necessary to achieve a unique solution, and forces the absorption to be spread over all retrieved
particle sizes, even if the absorption really occurs in only the smallest particles. The
repercussions of this assumption are discussed in Schuster et al. (2015).

The citation here is our companion paper (Part 2), which is now available online. The important
point here is that the AERONET retrieval model is an internal mixture, and not an external
mixture. Sure, there are two types of internal mixing (homogeneous and heterogeneous), but
both forms of internal mixing result in enhanced absorption of the sC particles. Additionally, both
forms of internal mixing prevent the separation of sC AAOD from BrC AAOD with the AAE
approach.

* p13623 13: "of carbon..."

* p13628 115: If errors of size distribution and errors of refractive index compensate
each other, the errors of derived parameters (AAOD, AAE, or SSA) could be smaller

(I don’t know if this is actually the case here). If the authors can not exclude that size
and refractive index errors compensate each other or have further evidence, | suggest
to remove the sentence in brackets.

Interesting point. The text in question from the original manuscript reads:

“Once an optimal size distribution and refractive index are found, they are used to compute the
AAQOD, AAE, and other optical parameters reported in the AERONET database. (Thus, claims
that AAOD, AAE, or SSA are somehow more robust than the retrieved refractive index are false,
as all of these quantities are computed from the refractive index.)”

Perhaps we should have used the word “unsubstantiated” instead of “false,” which would have
been more accurate. We are unsure that changing a single word will clarify the sentence,
though, so we have replaced this passage and moved it to Section 2. It now reads:

Once an optimal size distribution and refractive index are found, they are used to compute the
AAOD, absorption Angstrom exponent (AAE), single-scatter albedo (ws), and other optical
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parameters reported in the AERONET database. Thus, all of the almucantar retrieval products
are mathematically linked by Mie Theory and T-matrix theory, and we can not claim that one of
these parameters is more robust than another. The AERONET product is a “package" in this
sense — taken together, all of the products provide a consistent set of parameters that produce the
measured radiance field.

The main point we are trying to emphasize is that AAOD, AAE, and SSA (and refractive index)
are retrievals, not direct measurements. This affects how we can interpret the AERONET
products, which we’ve discussed fairly extensively in the new Section 2 as well as Part 2 (now
online).
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Abstract

We describe a method of using the aerosol robotic network (AERONET) size distributions
and complex refractive indices to retrieve the relative proportion of carbonaceous aerosols
and free iron minerals (hematite and goethite). We assume that soot carbon has a spec-
trally flat refractive index, and that enhanced imaginary indices at the 440 nm wavelength
are caused by brown carbon or hematite. Carbonaceous aerosols can be separated from
dust in imaginary refractive index space because 95 % of biomass burning aerosols have
imaginary indices greater than 0.0042 at the 675—1020 nm wavelengths, and 95 % of dust
has imaginary refractive indices of less than 0.0042 at those wavelengths. However, mix-
tures of these two types of particles can not be unambiguously partitioned on the basis of
optical properties alone, so we also separate these particles by size. Regional and seasonal
results are consistent with expectations. Monthly climatologies of fine mode soot carbon are
less than 1.0 % by volume for West Africa and the Middle East, but the southern Africa and
South America biomass burning sites have peak values of 3.0 and 1.7 %. Monthly-averaged
fine mode brown carbon volume fractions have a peak value of 5.8 % for West Africa, 2.1 %
for the Middle East, 3.7 % for southern Africa, and 5.7 % for South America. Monthly clima-
tologies of free iron volume fractions show little seasonal variability, and range from about
1.1 to 1.7 % for coarse mode aerosols in all four study regions. Finally, our sensitivity study
indicates that the soot carbon retrieval is not sensitive to the component refractive indices
or densities assumed for carbonaceous and free iron aerosols, and differs by only 15.4 %
when these parameters are altered from our chosen baseline values. The total uncertainty
of retrieving soot carbon mass is 62% (when uncertainty in the AERONET product and
mixing state is included in the analysis).

1 Introduction

Soot carbon (sC) is a byproduct of combustion that is composed of aggregated graphite
spheres (Andreae and Gelencseér, 2006). It is often called light absorbing carbon (LAC),
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black carbon (BC), refractory black carbon (rBC), or elemental carbon (EC) in the scientific
literature (depending upon the measurement technique), but we prefer the carbonaceous
aerosol definitions nicely presented by/Andreae and Gelencsér|(2006). Thus, the term “soot
carbon” presented here is equivalent to “light absorbing carbon” in [Bond and Bergstrom|
and “black carbon” or “refractory black carbon” in [Bond et al.| (2013). We use the
term brown carbon (BrC) for absorbing organic matter to distinguish these particles from
organic matter that does not absorb significantly at visible wavelengths (Jacobson), (1999
[Kirchstetter et al., 2004} [Kanakidou et al., [2005; [Hoffer et all, 2006} [Schnaiter et al., 2006
'Sun et al., 2007} Dinar et all [2008; |Chen and Bond, [2010). We note, however, that both

BrC and organic carbon are composed of many organic species, and that the BrC detected
in the atmosphere also contains some non-absorbing organic particulates as well (i.e., the
scientific community has probably not isolated “pure” BrC).

Atmospheric warming caused by sC is highly uncertain. The most recent Intergovern-
mental Panel on Climate Change (IPCC; Boucher et al., [2013) estimate of the sC direct
radiative forcing for fossil fuel and biofuel sC is +0.4 W m~2 (with an uncertainty range
of +0.05 to +0.8W m’2); this estimate is based upon the Aerocom Phase Il model sim-
ulations of [Myhre et al.| (2013a) and the scaled absorption aerosol optical depth (AAOD)
findings of [Bond et al.| (2013). The direct effect does not capture all forcing mechanisms,
however, and [Bond et al| (2013) estimate that the industrial-era climate forcing associ-
ated with sC is RFgc = +1.1W m~2, with an uncertainty range of +-0.17 to +2.1 W m—2
when all forcing mechanisms are included. Soot carbon radiative forcing is 2nd only to CO»
radiative forcing as a contributor to global warming (Ramanathan and Carmichaell, 2008;
Bond et al.,[2013). Finally, although CO, radiative forcing is larger than sC radiative forcing
(RFco, = 1.84:0.19W m~2, perMyhre et al., 2013b), the range of uncertainty for sC forcing
is much larger than the range of uncertainty for CO forcing.

The cooling associated with all aerosols in the IPCC 5th assessment report is —0.35 +
0.5 W m~2; thus, soot carbon warming from the direct effect alone reduces aerosol cooling
by about 53 %. This has prompted suggestions that reducing sC could be a viable method
of mitigating global warming in the short term (Jacobson| [2010). Others have noted that
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non-absorbing aerosols that are co-emitted with sC make this difficult in practice (Bond
et al., 2013).

Soot carbon warming is uncertain because modeled sC concentrations and the asso-
ciated absorption are unconstrained by in situ measurements. The difficulty is the lack
of available sC data. The Interagency Monitoring of Protected Visual Environments (IM-
PROVE) network provides routine elemental carbon (EC) measurements at the surface in
the United States, but mainly in remote areas (Malm et al., [1994). Some surface measure-
ments are also available in other parts of the world (Koch et al., 2009), but global coverage
of sC concentration and absorption is not available from satellite data.

Modeled sC concentrations are too high by a factor of 1.6 on average over North Amer-
ica when compared to long term in situ measurements at the surface (Park et al., 2003;
Koch et al., [2009), and too high by a factor of 5 to 7.9 when compared to aircraft measure-
ments during field campaigns over the United States, Canada, and the Pacific Ocean (Koch
et al., 2009; |Schwarz et al., 2010). Modeled AAQOD, on the other hand, is lower than the
aerosol robotic network (AERONET) and ozone monitoring instrument (OMI) products by
a factor of 0.69 and 0.85 over North America (Koch et al., [2009), and a factor of 2—4 lower
than AERONET worldwide (Sato et al., 2003). Thus, the link between sC emissions, sC
concentrations, and AAOD is not straightforward, and the low bias in modeled AAOD over
North American source regions can not be simply associated with errors in the sC emission
inventories alone.

One problem is that sC is not the only absorbing aerosol in the atmosphere, as BrC
and free iron (hematite and goethite) in dust are significant absorbers at ultraviolet through
mid-visible wavelengths (Kerker et al., [1979; |Chen and Cahan, |1981}; [Hsu and Matijevic,
1985;; |Gillespie and Lindbergl, |1992; Bedidi and Cervelle, (1993, Kirchstetter et al., [2004;
Sun et al., 2007]; Derimian et al., 2008];|Chen and Bond), [2010). Separating the absorption
associated with sC from the absorption associated with these other aerosols is not trivial;
this is especially true for absorption at the 550 nm wavelength favored by many studies,
since all of these aerosol species absorb at that wavelength.
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Thus, there is a need for determining the relative proportions of sC, BrC, and free iron
in atmospheric aerosols. Knowledge of both sC mixing ratios and AAOD are important for
constraining how sC is transported, removed, and mixed with other aerosols in the global
models. AERONET provides aerosol size distributions and complex refractive index at four
wavelengths (440, 675, 870, and 1020 nm) at hundreds of surface sites throughout the
world (Holben et al., [1998| 2001}; |Dubovik and King, 2000j; Dubovik et al., 2000). This in-
formation can be used to retrieve the relative proportions of carbonaceous aerosols and
free iron minerals. |Schuster et al.| (2005) retrieved sC from the aerosol complex refractive
index provided in the AERONET database by assuming that all aerosol absorption is as-
sociated with sC.|Arola et al.| (2011) used the spectral variability of the imaginary refractive
index in the AERONET database to retrieve BrC. Similarly, [Li et al.| (2013) used AERONET
complex refractive indices to retrieve sC, BrC, and dust over Beijing. Wang et al.| (2013)
added single-scatter albedo (SSA) as an additional constraint to these refractive index ap-
proaches. [Koven and Fung| (2006) used the spectral variability of the imaginary index to
retrieve hematite concentrations at dust sites.

Other methods of retrieving sC from AERONET data include the absorption Angstrom
exponent (AAE) approach (Chung et al., [2012; |Bahadur et al., |2012) and the Bond et al.
(2013) approach. However, the AAE approach assumes that all absorbing aerosols are
externally mixed (which is inconsistent with the AERONET retrieval algorithm), and does
not necessarily maintain a link to the measured radiances. The|Bond et al.|(2013) approach
computes the AAOD for the coarse mode by using a climatological value for dust, and
subtracts the dust AAOD from the total AAOD to infer the sC AAOD (BrC' absorption is
omitted from the computation). Since the coarse mode refractive index is different from
the AERONET-retrieved value, this approach does not necessarily maintain a link to the
radiance field, either.

Here, we present a method of deriving column concentrations of sC mass and mixing ra-
tios that are consistent with the AERONET AAODs, size distributions, and refractive indices.
The method is an improvement over our previous method (Schuster et al., 2005) because it
uses different mixtures of aerosol species for the fine mode than for the coarse mode. That

5

IodeJ UOISSNOSI(]

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



is, we assume that the fine mode is dominated by carbonaceous absorbing aerosols, and
that the coarse mode is dominated by the free iron commonly found in mineral aerosols.

- | NEW !

2 Description of the AERONET product

AERONET is a network of several hundred Sun and sky scanning radiometers
located at surface sites throughout the world (Holben et all [1998, (2001, and
http://aeronet.gsfc.nasa.gov). The radiometers have a narrow field of view (1.2°), and typ-
ically provide direct Sun measurements in eight narrow spectral bands (nominally cen-
tered at 0.34, 0.38, 0.44, 0.50, 0.675, 0.87, 0.94, and 1.02 pum). The measurements are
processed to provide aerosol optical depth (AOD) products in the AERONET database.
The direct sun measurements are corrected for NO, and O3 absorption using monthly
climatologies from satellite records. The ESA’s scanning imaging absorption spectrom-
eter for atmospheric chartography (SCIAMACHY) climatology is used for the NO, cor-
rection, and NASA’s Total Ozone Mapping Spectrometer (TOMS) is used for the O3
correction (http://aeronet.gsfc.nasa.gov/new_web/Documents/version2_table.pdf). Correc-
tions for CO,, C'Hy, Rayleigh scattering, water vapor absorption, and the Earth-Sun dis-
tance are also included in the AERONET products. Cloud screening is accomplished
with the [Smirnov et al.| (2000) procedure. Instruments are calibrated on a 6-12 month
rotation, and changes in the calibration coefficients are linearly interpolated between
calibrations. Additional instrument details may be found in [Holben et al.| (1998) and at
http://aeronet.gsfc.nasa.gov/new_web/system_descriptions.html.

The AERONET instruments also measure sky radiances at four wavelengths (0.44,
0.675, 0.87, and 1.02 um). One component of the sky radiance measurements is the al-
mucantar scan (Nakajima et al, [1983;[Kaufman et al., (1994 Nakajima et al., [1996; [Holben|
et al.,[1998), which forms the basis of the size distribution and absorption retrieval products
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in the AERONET database (Dubovik and King, 2000; Dubovik et al., |2002b, 2006). This
scan occurs at a constant viewing zenith angle that is equal to the solar zenith angle (6,),
and includes 56 azimuth angles that vary from -180 to 180 degrees (with respect to the
solar azimuth angle). The use of positive and negative azimuth angles results in many re-
dundant scattering angles, and this redundancy is used with symmetry arguments to filter
measurements that are affected by clouds and inhomogeneous aerosol plumes. Pairs of
measurements with identical scattering angles must agree to within 20% to be used in a
retrieval, and at least 14 angular pairs at specific angular ranges must survive for a Level 2
retrieval (Holben et al.,2006). The minimum required solar zenith angle is 50 degrees for the
Level 2 products, which assures a scattering angle measurement range of at least 0 to 100
degrees. Additionally, AOD is required to be greater than 0.4 at the 0.440 um wavelength
for the Level 2 absorption products (i.e., complex refractive index, single-scatter albedo,
absorption AOD, etc.). Additional screening implemented for Level 2 retrievals may be
found at http://aeronet.gsfc.nasa.gov/new_web/Documents/Quality _Control_Checklist.pdf.
Throughout this paper we consider only Level 2 AERONET retrievals.

Instruments manufactured prior to 2004 utilize dual detectors in order to cover the wide
dynamic range of the sun and sky measurements. The measurement protocol for these
systems include a consistency check at +£6 degrees azimuth, where both detectors observe
the sky. Sky radiances reported by the two sensors at this angle are required to agree to
within +5% for the Level 2 inversions (Holben et al.,2006). Instruments manufactured since
2004 utilize a single detector for both the sun and sky measurements, and therefore do not
need this consistency check.

The microphysical model used for the advanced retrieval products is a homogeneous in-
ternal mixture of spheres and spheroids, which are dispersed throughout a uniform aerosol
layer (Dubovik and King, [2000; [Dubovik et al., [2002b, [2006). The size distribution and re-
fractive index are adjusted in a forward radiation model to produce a statistically optimized
solution, and the final solution accounts for measurement accuracy as well as a priori con-
straints (Dubovik and King}, 2000} Dubovik, [2004). The retrieval provides the aerosol volume
size distribution (dV/dinr) for 22 radii between 0.05 and 15 pym (integrated over the atmo-
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spheric column) and the complex refractive index at the four scanning wavelengths. The
size distributions can have any shape (i.e., lognormal distributions are not a requirement),
but a priori smoothness constraints are applied to avoid unrealistically sharp oscillations,
and concentrations are forced to asymptote to small values at the extreme sizes (Dubovik
and King, |2000; Hashimoto et al., [2012).

The AERONET algorithm also assumes that all particles in the atmosphere have the
same complex refractive index (regardless of size), which is equivalent to assuming that all
particles have identical composition (and all aerosol species are internally mixed). This as-
sumption is necessary to achieve a unique solution, and forces the absorption to be spread
over all retrieved particle sizes, even if the absorption really occurs in only the smallest
particles. The repercussions of this assumption are discussed in|Schuster et al.| (2015).

Once an optimal size distribution and refractive index are found, they are used to compute
the AAOD, absorption Angstrom exponent (AAE), single-scatter albedo (w,), and other op-
tical parameters reported in the AERONET database. Thus, all of the almucantar retrieval
products are mathematically linked by Mie Theory and T-matrix theory, and we can not
claim that one of these parameters is more robust than another. The AERONET product is
a “package" in this sense — taken together, all of the products provide a consistent set of
parameters that produce the measured radiance field.

The advantage of computing aerosol optical properties in this way is that the retrievals are
constrained to realistic values. For instance, the almucantar scan provides radiances over
a limited range of scattering angles (6), with the maximum scattering angle being twice the
solar zenith angle; consequently, a significant range of scattering angles are unobserved.
Thus, the inferred size distributions and refractive indices provide the correct radiances
where measurements are available (i.e., § <2 x 6,), and a viable model of the radiances
at angles where they are not available (8 > 2 x 6,). The resulting radiances and irradiances
computed from the AERONET microphysical models compare well with independent mea-
surements (Schuster,|[2004};|Garcia et al.,[2008). Finally, since single-scatter albedo is com-
puted from Mie or T-matrix theory, w, < 1 for all of the retrievals in the AERONET database,
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and the non-physical value of w, > 1 that is sometimes observed with extinction and neph-
elometer measurements never occurs.

The microphysical model affects how we can interpret the data, especially the internal
mixture assumption. For instance, we can not conclude that low AAEs in urban regions are
attributed to external mixing of sC (as in|Chung et al.,[2012};|Bahadur et al.,|2012), because
all aerosol species are always internally mixed in the AERONET retrieval model. Addition-
ally, we can not assume that the component sum of the AAODs for all absorbing species
equals the total AAOD, because component absorption efficiencies are not additive with
internal mixtures; this is because a non-absorbing host aerosol increases the geometrical
cross section for all of the embedded absorbing particles (e.g., the absorption of a particle
with sC embedded in a non-absorbing host is greater than the absorption of the isolated sC
particle). We discuss this extensively in|Schuster et al.| (2015).

Likewise, we can not assign a refractive index to the coarse aerosol mode that is different
from the retrieved value (as in Bond et al., 2013) without the risk of severing the link to
the radiation field. The link to the radiance field is very important, as it forces AERONET
to produce viable solutions that are the strength of the AERONET product. Consequently,
the use of reasonable model assumptions that are not consistent with the original retrieval
can produce results that are inconsistent with the radiance measurements (even if the new
assumptions are more realistic than the AERONET assumptions). This lack of consistency
with the AERONET retrieval model is a potential source of error in the Bond et al.| (2013)
approach that may or may not be significant when dust is mixed with biomass burning
aerosols.

All of the AERONET retrieval products are affected by the errors associated with choosing
simplified particle shapes to represent the myriad of particles in the atmosphere (although
this is not the case for AOD, which is directly measured). The retrieval would undoubt-
edly produce different results if chain aggregates, hexagonal columns, and particles with
rough surfaces were chosen as the particle shapes in the forward component of the re-
trieval model. Although these shapes might be more realistic than spheres and spheroids
for atmospheric aerosols, the scientific community has not created computer codes that are
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capable of providing the single-scatter optical properties for size distributions of these parti-
cles. Consequently, biases in the retrieval products that are caused by the simplified shape
assumption have not been quantified. (Simplified shapes may also be an issue for some
in situ measurements that require Mie theory for calibration; e.g., optical particle sizers,
nephelometer truncation corrections, etc.).

The size distribution accuracy expected for fine mode dominated aerosols is 15-25 per-
cent for radii between 0.1 and 7 um, 25-100% otherwise. The complex refractive index is
allowed to vary with wavelength in the microphysical model, but it remains constant with
respect to particle size. The real refractive index is expected to be accurate to 0.04 and
the imaginary refractive index accurate to 30-50% for aerosol optical thicknesses greater
than 0.4 at the 0.440 um wavelength. The uncertainties are higher for coarse-mode dom-
inated aerosols such as dust and optically thin aerosols; an accuracy assessment of the
AERONET retrievals can be found in|Dubovik et al.| (2000).

Although there have been many attempts to validate AERONET retrievals with inde-
pendent measurements, few would argue that the products derived from the AERONET
almucantar scans have been robustly validated. This is because the AERONET Level 2
quality-control restrictions require clear skies, solar zenith angles 6, > 50°, and AOD(440)
greater than 0.4; numerous occurrences of these conditions are difficult to achieve during
a 6-8 week aircraft field mission. Consequently, no study thus far has provided a statisti-
cally robust comparison that quantifies the biases associated with the AERONET retrieval
products.

A thorough review of the AERONET validation studies is beyond the scope of this pa-
per, but in the following paragraphs we note some important concepts that must be kept
in mind when comparing AERONET products to in situ measurements. An ideal compar-
ison of aircraft in situ measurements with AERONET retrievals would include many tight
spirals above AERONET sites during almucantar scans, and in conditions that are ap-
propriate for Level 2 retrievals. The aircraft spirals should also cover all portions of the
atmospheric column where aerosols are present, and be numerous enough for a robust
statistical analysis. Perhaps the most complete comparison of Level 2 AERONET single-
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scatter albedo to aircraft in situ measurements is provided by |Schafer et al| (2014), but
that study is still limited to eight comparisons. We refer readers who are interested in ad-
ditional validation studies to |Haywood et al. (2003); |Reid et al.| (2003, 2005)); |Leahy et al.
(2007);|Corrigan et al. (2008); Johnson et al.| (2009). Additionally, Holben et al. compiled a
nice summary of validation efforts that were available up until 2011, which can be found at
http://aeronet.gsfc.nasa.gov/new_web/Documents/DRAGON_White_Paper_A_system_of_experiment.pdf.

AERONET provides products that represent column-integrated values, whereas in situ
instruments sample a small volume of the atmosphere. One can mount in situ instruments
onboard aircraft to measure aerosol properties throughout the atmospheric column, but
this still requires integration of the measured profiles over the entire column. Integration of
profiles is a relatively straightforward process for extrinsic parameters like size distributions
and AOD, because we can sum measurements that are obtained from multiple layers of
known geometric thickness. Column integration of the single-scatter albedo requires a little
more thought, but can be accomplished by computing AOD and AAOD prior to computing
the column w,. (For instance, one could compute the column aerosol scattering and ex-
tinction optical depths using nephelometer and cavity ringdown measurements from aircraft
profiles, and then ratio these two parameters to obtain the column single scatter albedo.)
There really isn’t a viable method of obtaining column-integrated values for intrinsic param-
eters like refractive index with in situ measurements at the present time, though. We as a
community should resist the temptation to compute column averages by weighting in situ
measurements with extinction profiles, as the fine and coarse mode aerosols have signifi-
cantly different extinction efficiencies.

Aerosol water content is another difficulty that confounds comparisons of AERONET
data with in situ measurements. AERONET instruments observe the entire atmospheric
column at ambient relative humidity, but in situ measurements onboard aircraft are nec-
essarily dried. Since relative humidity can vary substantially in vertical profiles of aerosol
measurements, it is important to correct the dried measurements for the swelling of hygro-
scopic aerosols (Ziemba et all |2013). This is typically accomplished for aerosol scattering
coefficients by obtaining tandem measurements at low and high relative humidities, and
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then fitting empirical curves through the measurements at these two reference humidities.
However, aerosol scattering increases exponentially with respect to relative humidity, so the
empirical fits are not precise.

Absorption measurements that rely upon filter techniques do not fare well for aqueous-
phase aerosols, so measurements of aerosol absorption onboard aircraft do not gener-
ally include tandem instruments. Thus, single-scatter albedo measurements that are de-
termined by using absorption can only be partially corrected for humidification (i.e., the
scattering or extinction component is corrected, but the absorbing component is not). This
is not an issue when all of the absorbing aerosols are hydrophobic (like dust and exter-
nally mixed soot carbon), but absorbing aerosols that are internally mixed with hygroscopic
aerosols can pose a problem (e.g., sC coated with water-soluble organics).

At a minimum, any attempt to validate AERONET with aircraft profiles should include
a column AOD comparison. The AERONET AODs are robust measurements based upon
the extinction law, and do not require the radiative transfer modeling that is used for the
almucantar products. Since AOD is an extrinsic aerosol property and is obtained at ambient
relative humidity, it enables a “check” for the aircraft profiles which improves confidence that
1.) all atmospheric layers with significant aerosol mass have been adequately sampled by
the aircraft instruments, and 2.) the in situ aerosol humidification corrections are reasonable.
Thus, data from aircraft profiles that are unable to produce the correct column AOD should
be omitted from analyses attempting to validate the AERONET retrieval products.

+ NEW 4

3 Method

There are four absorbing aerosols species that are commonly found in the atmosphere: soot
carbon (sC), brown carbon (BrC), hematite, and goethite. Soot carbon and brown carbon
are produced by the same combustion sources, and generally coexist in aerosol layers.
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Hematite and goethite are different forms of “free” iron, and typically appear together as
well (Arimoto et al., 2002; |Lafon et al., [2006} |Shi et al., |2012; [Formenti et al., 2014). Our
task is to separate the various contributions of these absorbing aerosol species.

Our approach utilizes imaginary refractive index, which we present for the common ab-
sorbing aerosols in Fig. |1l Note that the BrC imaginary refractive index is substantial at UV
wavelengths, decreases dramatically as wavelength increases throughout the visible, and
absorbs negligibly at wavelengths longer than about 0.7 um (Kirchstetter et al., 2004; Hoffer
et al., 2006} [Sun et al., [2007; Dinar et al., [2008]; [Chakrabarty et al.,|2010};|Chen and Bond,
2010} |Lack et al., [2012).

Dust particles containing hematite also have a strong spectral signature, with the great-
est absorption occurring at the UV and blue wavelengths. It is generally assumed that the
hematite imaginary index is spectrally flat in the near infrared region (~ 0.7—1 um), but mea-
surements are sparse at those wavelengths. Nonetheless, the AERONET climatologies
shown in Fig. [1| corroborate a flat spectral signature at the 0.67—-1.02 um wavelengths for
absorbing dust, as does|Dubovik et al.[(2002); Kim et al.[(2011); and Wagner et al.| (2012).

Since both BrC and hematite have strong spectral dependence for the imaginary index,
mixtures of carbonaceous aerosols and dust can not be unambiguously partitioned on the
basis of the imaginary index alone. Fortunately, we can separate these particles by size,
since carbonaceous particles are dominated by fine mode particles and dust is dominated
by coarse mode particles; thus, our retrieval initially populates the fine mode with BrC and
the coarse mode with dust. Unfortunately, the AERONET imaginary indices over regions
like west Africa often indicate greater spectral dependencies than is observed in biomass
burning aerosols (requiring BrC/sC mass ratios greater than 15.2 in the fine mode). Like-
wise, the 675—-1020 nm imaginary indices in the AERONET database are often greater than
is observed in pure dust, and would require free iron fractions greater than 10% in the
coarse mode (if no other absorbers were present). We solve this difficulty by populating
some of the fine mode with free iron and some of the coarse mode with carbonaceous
aerosols (which is qualitatively consistent with what is found in nature).
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The foundation of the retrieval is presented in Sect. which demonstrates the range of
imaginary refractive indices that we can reasonably expect to observe for dust or carbona-
ceous aerosols. Next, we use AERONET data to illustrate how the imaginary refractive in-
dices of dust and carbonaceous aerosols differ (Sect.[3.2). Finally, the results of Sects.
and[3.2)are applied in Sect. [3.3]to retrieve the component volume fractions of sC, BrC, and
free iron.

3.1 Aerosol layers with two absorbing species

If we know that we are observing “pure” dust or “pure” biomass burning aerosols, we can
use the imaginary refractive indices shown in Fig. [1| to retrieve the relative fractions of
hematite and goethite in the dust, or sC and BrC in the biomass burning aerosols. Later, we
will discuss a technique for retrieving absorbing aerosol species in more complex aerosol
mixtures. The basic procedure is presented in|Schuster et al.|(2005), which we briefly review
here.

A schematic of our approach is illustrated in Fig. [2| The operational AERONET product
assumes that all particles have the same homogeneous refractive index, which implies that
all particles are internally mixed (as in Figure 2b of [Bond and Bergstrom|,|2006)). Thus, our
task is to determine an internal mixture of aerosols that produce the AERONET refractive
indices at all available wavelengths. The complex refractive index of an aerosol mixture that
contains a non-absorbing host aerosol (i.e., kj,s; = 0) and two absorbing inclusions can
be expressed as a function (F') of the volume fraction of the inclusions (f;), the complex
refractive index of the inclusions (m; = n; + ik;), and the real refractive index of the host
aerosol (nhost):

mmix(Aj) = F(f1, f2, m1(Aj), ma(Aj), nnost(Af)), (1)

where \; represents wavelength of interest. In practice, Eq. @ is implemented for each

aerosol mode using the Maxwell Garnett effective medium approximation (EMA), the

Bruggeman EMA, or volume averaging (Bohren and Huffman, [1983; |Schuster et al.,

2005). Volume averaging provides the simplest method for determining mmix (i.e., mmix =
14

IodeJ UOISSNOSI(]

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



>, fim;), but the Maxwell Garnett and Bruggeman EMAs are determined from the complex
dielectric constants of the host and inclusions, and therefore require additional equations for
conversion to the refractive index (see Bohren and Huffman, [1983). The Maxwell Garnett
and Bruggeman EMAs differ by less than 5% (Lesins et al., 2002), so we use the Maxwell
Garnett EMA because of its superior computational speed.

If the inclusion refractive indices (m;) are known, we can compute the inclusion fractions
and the host refractive index that “best” matches the AERONET refractive indices (myy) by
iterating f; and nnest UNtil @ minimum x?2 value is achieved (Schuster et al., [2005):

Z nrtr nm|x(>\g))2 T (krtr()\j) - kmiX(/\j))2

— 0, 2
nrtr )\ ) krtr()\j) ( )

Jj=1

The solution is unique because the co-emitted absorbing aerosols that we consider (sC and
BrC or hematite and goethite) have different spectral signatures, as shown in Fig. [1| Thus,
the sC mixing ratio in the fine mode is determined by the 670—1020 nm wavelengths (since
BrC exhibits little or no absorption in this spectral region). Likewise, a unique combination
of hematite and goethite exists that provides the “best” match to the AERONET retrieved
refractive indices for the coarse mode.

Note that the host species is generally a mixture of components itself, with an unknown
refractive index. Thus, we allow the real refractive index nnost to be a free parameter that is
retrieved (unlike in [Schuster et al.| 2005, where we assumed that the host was water). We
assume that all absorption is caused by sC and BrC or hematite and goethite, and that the
host species is non-absorbing (i.e. khost(A) = 0). We also assume that the real refractive
index of the host is spectrally flat (dnnost/dA = 0). Finally, the real refractive index of BrC
is not well characterized, so we assume that it has the same refractive index as the host
aerosol (i.e., ngic = Nhost)-
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3.1.1 Imaginary refractive index space for dust and carbonaceous aerosols

We can use the Maxwell Garnett effective medium approximation (Bohren and Huffman,
to determine the theoretical range of imaginary refractive indices expected for at-
mospheric dust that contains only hematite and goethite as absorbing species (i.e., no car-
bonaceous aerosols), which we present as the shaded area in Fig.[3] In this case, f1 = fi is
the volume fraction of hematite and f> = f; is the volume fraction of goethite. We use a real
refractive index of 1.5 for the host aerosol, (Chen and Cahan| (1981) for the hematite refrac-
tive indices, [Bedidi and Cervelle| (1993) for the goethite refractive indices (see Table[T), and
assume that all other minerals present have negligible absorption throughout the UV-NIR
range of wavelengths. (We discuss the repercussions of using different refractive indices in
the Sect.B]) Field measurements indicate that free iron mass concentrations are typically
less than about 5% (Lafon et al., 2004} Wagner et all [2012). Hematite and goethite have
densities that are much higher than common clay minerals (4.28-5.26 g-cm~3 for goethite
and hematite, 2-3 g-cm~—3 for illite, montmorillonite, and kaolinite), so this corresponds to a
maximum of about 3% free iron by volume. Thus, we present the range of computed re-
fractive indices associated with up to 3 % free iron (by volume) as the shaded area in Fig.
The bottom border of the shaded area represents an f,, = 0 isoline and the top border rep-
resents an f; = 0 isoline. Finally, the numbers along the top of the shaded area indicate
the total percentage of free iron (i.e., hematite + goethite) on the vertical isolines (we also
include an additional isoline outside of the shaded area for 5% free iron).

In order to complete our description of two co-emitted aerosol absorbers in k(440) vs.
ki SPace, we similarly compute refractive indices for mixtures of carbonaceous aerosols.
In this case, sC and BrC are the only absorbing species and f1 = fsc, f> = farc- We use
a spectrally invariant imaginary index of msc =1.95+0.79: for soot carbon
Bergstrom, [2006) and the [Kirchstetter et al. (2004) measurements for BrC (see Fig. [1).
The solid black line in Fig.[3is a 1: 1 line, and represents the spectrally invariant refractive
index of soot carbon. The grey lines above the black line in Fig. [3]denote the contribution of
brown carbon, with BrC/sC mass mixing ratios ranging from 1 to 20 (assuming that sC has
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a density of 1.8gcm~3 and BrC has a density of 1.2gcm ™3, as in Bond and Bergstrom,

2006; [Turpin and Lim)|, [2007).

3.2 Separation of dust and carbonaceous aerosols

The previous section provides a theoretical range of values expected for both dust and car-
bonaceous aerosols in the imaginary refractive index space of Figure [3] Note that there is
substantial overlap of the imaginary refractive indices computed for dust (shaded area) and
carbonaceous aerosols (grey and black isolines) in Figure [3| Thus, additional constraints
are needed to separate dust from carbonaceous aerosols, which we discuss in this section.

We begin by assessing “pure” dust over the Middle East sites listed in Table [2 and
plot AERONET Level 2 retrievals in Fig. [da. We define “pure” dust as retrievals with fine
mode volume fractions fvf < 0.05 and lidar depolarization ratios ép > 0.2 at the 0.532 um
wavelength (Schuster et all,[2012). Note that all of the retrievals in Fig. [4 lie in the shaded
region, indicating that these AERONET retrievals are consistent with the free iron fractions
found in the literature and the refractive indices that we used to compute the shaded region.

Similarly, we plot the AERONET retrievals from the South American sites during the peak
of the biomass burning season in Fig. @b. Note that these aerosols tend to have much higher
imaginary indices at the red and near-infrared wavelengths (k) than the dust aerosols of
Fig. R, and that most of the retrievals do not occupy the shaded area. This is because
biomass burning aerosols are generally more absorbing than dust at 0.670—1.020 um. Also
note that our retrieved BrC/sC mass ratio for biomass burning aerosols is always less than
15.2, which is an important constraint for retrieving mixtures of dust with carbonaceous
aerosols (described in Sect.[3.3).

There is a clear separation between the dust and biomass burning aerosols in Fig.[4]— the
carbonaceous aerosols are much more absorbing at the red and near-infrared wavelengths
than the dust aerosols. Thus, we explore this phenomena as a means of separating dust
from carbonaceous aerosols using the boxplots of Fig.[5] The biomass burning sites in Fig.[§
are considered only during the peak of the biomass burning seasons in order to minimize
possible contamination by dust (August—September for South America, July—September for
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South Africa). We have used two different techniques to minimize carbonaceous aerosol
contamination of dust. The middle pair of boxes in Fig. [5| are restricted to retrievals with
fine volume fraction less than 0.05 and lidar depolarization ratios greater than 0.2 at the
0.532 um wavelength (as in Fig. |4a and |Schuster et al., 2012). Some readers may desire
a stricter constraint, so we also limit the retrievals to AE <0 for the first pair of boxes in
Fig.[Bl This is a stringent requirement that demands high coarse mode concentrations, and
therefore allows very little pollution or biomass burning in the dataset (Ginoux et al., 2012);
unfortunately, this restriction reduces the size of our dataset to ~ 100 points (see the right
axis of Fig. [5). Both restrictions for dust result in similar medians, but the [Schuster et al.
(2012) restriction has larger upper limits than the AE < 0 restriction (compare the leftmost
pair of boxplots to the middle pair of boxplots). Neither technique results in any overlap of
the whiskers at the dust regions with the whiskers at the biomass burning regions in Fig. [5

Thus, there is less than 5% overlap between any of the dust distributions with either of
the biomass burning distributions, and the horizontal dashed line at k., = 0.0042 separates
at least 95 % of the dust and biomass burning aerosols. Finally, we note that &y = 0.0042
corresponds to a volume-averaged free iron content of about 3.4 % when using the [Chen
and Cahan|(1981) refractive indices for hematite and the Bedidi and Cervelle| (1993) refrac-
tive indices for goethite; this can also be inferred by the close proximity of the knjy = 0.0042
line to the 3% free iron isoline in Fig. |4} Note that 3.4 % free iron by volume is roughly
equivalent to 6.8 % free iron by mass, since the density of free iron is roughly twice that of
other minerals (Formenti et al., 2014). Thus, this is consistent with the maximum 6.5 % free
iron content measured by [Lafon et al.| (2006).

3.3 Aerosol layers with up to four absorbing species

We outlined the imaginary refractive index space occupied by dust and carbonaceous
aerosols in Sect. The absorption for both of these aerosol types can be described
with two absorbing aerosol species (hematite and goethite for dust, organic and black car-
bon for carbonaceous aerosols). However, mixtures of dust with biomass burning require
us to include four absorbers in the retrieval, which we discuss in this section.
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Our basic approach is outlined in Fig.[6] Since carbonaceous aerosols are mainly found
in the fine mode (radii < 0.6 um), we initially assume that all sC and BrC are located in that
mode. Likewise, free iron is mainly internally mixed with other minerals, and are the domi-
nant absorbers in coarse mode dust (Sokolik and Toon, [1999; |Lafon et al., |2006; |[Kandler
et al., |2009; Wagner et al., 2012), so we initially assume that all hematite and goethite are
located in the coarse mode. Unfortunately, we can not maintain all carbon in the fine mode
and all free iron in the coarse mode for all aerosol retrievals; this is because AERONET
provides a single refractive index for particles in both the fine and coarse modes, and some-
times the retrieved refractive indices can not be achieved with reasonable concentrations of
a two-absorber mixture.

This conundrum is illustrated in Fig. |/, where we present all level 2.0 AERONET retrievals
at the west Africa sites in k440 vS. kmir Space. Aerosols at these sites include substantial
concentrations of dust throughout the year, as well as seasonal biomass burning (Derimian
et al., [2008). The points above the uppermost grey line in Fig. 7| would require BrC/sC
mass ratios higher than 20 for the fine mode with our scheme (if we did not make an
adjustment). However, the BrC/sC ratio is never greater than 15.2 for the South America
biomass burning aerosols in Fig. |4b (this is also true for the South African biomass burning
sites of Table . Hence, the retrievals with BrC/sC > 20 in Fig. [7| are actually dominated
by dust, so including extreme values of BrC in the fine mode to obtain the correct spectral
dependence for the imaginary index is not realistic.

Thus, we use hematite instead of BrC to represent the spectral dependence of the fine
mode when the BrC/sC ratio exceeds 15.2; this is diagrammed in the left flowchart of Fig. @
This is qualitatively consistent with observations, as iron-rich dust is known to exist in the
fine mode as well as the coarse mode when such dust is present (Kandler et al., 2007}
Derimian et al., 2008). This branch of the code is necessary for 12 % of the retrievals in
West Africa and 14 % of the retrievals in the Middle East, but is never called for the retrievals
in South America or southern Africa.

Likewise, AERONET retrievals with refractive indices to the right of the shaded area in
Fig. [7] likely contain biomass burning aerosols (as in Fig. @p). Attempting to model the
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coarse mode without carbonaceous aerosols will require free iron concentrations exceeding
5% or even 10 % by volume for that mode (since these data fall to the right of the 5% free
iron oxide isolines in Fig. . This is unrealistic, so we separate carbonaceous and free
iron aerosol absorption at knir = 0.0042, as inferred from the box plots of Fig. |5 That is,
we fix the free iron volume concentration at 1 % for the coarse mode when k,.,,;» > 0.0042
(based upon the retrieved median for pure dust at the West Africa and Middle East sites),
as diagrammed in the right flowchart of Fig. 6l Then the remainder of the absorption for
that mode is accounted for with sC and BrC. This branch of the code is necessary for 24 %
of the retrievals in West Africa, 17 % of the retrievals in the Middle East, and 96-98 % of
the retrievals at the biomass burning sites in South America and southern Africa. Although
carbonaceous aerosols are sometimes observed attached to coarse mode dust
ket al., [2008}; [Hand et al., [2010), it is also likely that the AERONET product redistributes
some fine mode absorption to the coarse mode (Schuster et al., [2015).

Our choice of 1% free iron in Branch D of Figure [f]is based upon climatology for pure
dust at the West African and Middle East sites. We retrieve median hematite and goethite
fractions of 0.39% and 0.62% for pure dust in West Africa, 0.34% and 0.58% for pure dust
in the Middle East, 0.38% and 0.62% when both these regions are combined. This corre-
sponds t0 k440 /674/870/1020 = 0.0036,/0.0014,/0.0013/0.0013 for pure dust in the combined
dataset, which is also consistent with |Kim et al.| (2011).

4 Results

We present climatological maps of the retrieved column mass of sC, BrC, and free iron
in Fig. [8l We begin our discussion with the right column of Fig. [8] which presents our
retrieved concentrations for the month of August. This is near the peak of the biomass
burning season at the Southern Hemisphere sites, and the retrieval indicates higher sC
concentrations in those regions than in the rest of the world. The retrieval also indicates
elevated concentrations of BrC in those regions (right middle panel), consistent with our
expectations for biomass burning regions. Likewise, the urban regions of North America,
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Europe, and Asia indicate intermediate concentrations of sC and little BrC. Finally, we note
that the West African sites indicate little or no carbonaceous aerosols during the month of
August, consistent with the lack of biomass burning in that region at that time. Note the
elevated iron concentrations in West Africa, however, as well as the high concentrations of
iron in the Middle East, India, and parts of Europe (bottom right panel).

The month of January tells a different story (left column of maps in Fig. [8). The West
African sites have high concentrations of sC and BrC during this month, reflecting the strong
winter biomass burning signal that occurs there. The dust signal also remains at those sites,
however, as indicated by the large iron concentrations shown in the lower left map. Note that
the Saudi Solar Village site on the Arabian Peninsula also indicates high iron concentrations
in both January and August, but that the carbonaceous aerosol signal does not exist there
in either month. Taken together, maps of these two regions (West Africa and the Middle
East) indicate that the retrieval is able to discriminate dust aerosols from mixtures of dust
and carbonaceous aerosols.

The monthly averaged absorbing aerosol concentrations for the two African regions are
shown in the upper panels of Fig.[9] broken down by species for each mode (see Table 2|
for locations). Here, we see that the West African dust sites are dominated by free iron,
whereas the biomass burning sites of southern Africa are dominated by carbonaceous
aerosols. We also present the seasonal climatology of the component mixing ratios for
these sites in the lower panels of Fig.[9] We show volume fractions this time (instead of
column concentrations) to illustrate the intrinsic properties of the retrieval. Note that even
though both African regions exhibit similar mixing ratios of free iron throughout the year (as
shown in the lower panels of Fig.[9), the West African region has much higher free iron con-
centrations than the southern African region (as shown in the upper panels of Fig.[9). This
is because the West African sites have a much stronger coarse mode than the southern
African sites.

L NEW 1
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The lower left panel of Fig. [9]indicates that the volume fraction of free iron remains rela-
tively constant in West Africa throughout the year (1.4—1.7 %, as shown by the solid maroon
line). However, the signal is somewhat stabilized because we use climatological mixing ra-
tios for iron whenever the retrieval is contaminated by carbonaceous aerosols, which consti-
tutes 24% of the retrievals in West Africa (i.e., “branch D" of Figure@. Hence, we also show
the monthly averages that are obtained by omitting the contaminated retrievals (dashed
maroon line in the lower left panel). Note that both monthly averages produce nearly iden-
tical free iron mixing ratios in the absence of biomass burning aerosols during the summer
months. Monthly-averaged free iron mixing ratios obtained during the winter biomass burn-
ing season increases when we omit retrievals that require branch D of Figure [6] though,
peaking at 2.3% in December. This is because omitting retrievals that require branch D re-
sults in a heavier weighting of the retrievals with k..,.;,» greater than the median value of pure
dust (i.e., krnir = 0.0013 and k,.,;- < 0.0042). Thus, omitting the branch D retrievals causes
the monthly iron volume fractions to increase during the biomass burning season, and more
closely mimic the monthly carbonaceous aerosol signals. Hence, it is likely that some of the
remaining retrievals are still contaminated with carbonaceous aerosols during the biomass
burning season. Finally, we note that branch D is called for 98% of the retrievals in south-
ern Africa, so the solid maroon line in the lower right panel indicates very little seasonality
because it is dominated by climatology.

+ NEW +

The carbonaceous signals of Figure[9show a very strong seasonal variability, with sC and
BrC peaking at 1.0 and 5.8 % for the fine mode during the West African biomass burning
season. We see a similar pattern in southern Africa, with fine mode peaks of 3.0 % for
sC and 3.7 % for BrC. The peak climatological volume mixing ratios for all four regions of
Table 2 are listed in Table 3l

One can discern that BrC/sC volume ratio is always less than 2 at the South African
sites of Fig.[9] and is sometimes less than 1; indeed, the median BrC/sC mass ratio is 0.7
during the peak of the biomass burning season. This is much lower than the organic/soot
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carbon mass ratios measured using in situ techniques, which typically range from 3 to 12 or
more (e.g.,|Reid et all [2005b}; (Chen and Bond, [2010). However, in situ measurements are
typically reported for measurements obtained close to sources and during fire events, but
monthly averages represent periods between burns as well as the burn events; this could
lower the BrC/sC ratios.

Additionally, in situ measurements typically account for all organic carbon (OC), whereas
our retrieval is responsive only to organic species that have significant absorption at
0.440 um. That is, BrC is part of OC (Moosmdiller et al., [2009), so BrC concentrations are
always less than OC concentrations, and BrC/sC < OC/sC. Alternatively, a greater pro-
portion of OC could be encompassed by using a lower imaginary refractive index for BrC;
for instance, the median retrieved BrC/sC volume ratio increases from 1.5 to 2.7 for the
South American biomass burning season when |Chen and Bond| (2010) is used for the BrC
refractive index instead of [Kirchstetter et al.| (2004). However, the maximum BrC/sC value
also increases from 15.2 to 27.5, and the latter value is outside of the range outlined by
[Reid et al| (2005) or/Chen and Bond (2010).

Recently, some authors have attempted to use AAE to speciate carbonaceous aerosols
and dust (Chung et al, 2012} [Bahadur et al., [2012), so we present AAE vs. fine volume
fraction (fvf) for the West Africa and South America sites in Fig.[T0] The color code in each
of the panels represents the volume fraction of one of the absorbing aerosol species with
respect to the total volume of all absorbing aerosol species. The fraction of sC is presented
in the top panel, BrC in the middle panel, and free iron in the lower panel. Data on the left
side of the panels correspond to low fvf, and therefore are dominated by dust at the West
African sites. Data on the right is dominated by biomass burning at the South American
sites.

It is immediately obvious that the AAE parameter is sensitive to the relative proportions of
sC and BrC when carbonaceous aerosols dominate the retrievals, as shown by the strong
color gradients on the right side of the upper two panels. This is because of the strong
spectral dependence of kg,c and the wavelength-independent refractive index of sC shown
in Fig. [1} The strong spectral dependence of kg,c enhances the absorption at the shortest
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wavelengths, which increases AAE. Soot carbon has a wavelength-independent refractive
index (Bond and Bergstrom), 2006 Bond et al.,[2013), so the AAE of pure sC is smaller than
the AAE of pure BrC for particles of the same size. Thus, both the AAE and our retrieved
BrC are sensitive to the spectral dependence of the retrieved imaginary index, and the color
gradient for carbonaceous aerosols in Fig. 10| reflects this.

However, Fig.[10]also indicates that AAE is not useful for discriminating between dust and
carbonaceous aerosols. For instance, a retrieved AAE ~ 1.2 can not discriminate between
the dust aerosols with fvf < 0.1 on the left side of Fig. [10/and the carbonaceous aerosols
with fvf > 0.7 on the right side of Fig. This is because the AAE of pure dust has a large
range of possible values (from less than 0 to greater than 3), depending upon the relative
fractions of hematite and goethite. Thus, the AAE of dust is not well separated from the
AAE of carbonaceous aerosols along the vertical axis in Fig. This is discussed further
in|Schuster et al|(2015).

5 Sensitivity to component refractive indices

The refractive indices that we use for this retrieval are outlined in the upper portion of
Table [T} refractive index uncertainty in any one of these components has an affect on all
of the absorbing components to some extent, which we assess in this section. We assess
this uncertainty by repeatedly retrieving sC, BrC, and hematite climatologies using all of
the refractive index sources listed in Table [} and then compare the results to our baseline
retrieval. In order to stress the algorithm, we seek locations with significant concentrations
of both dust and carbonaceous aerosols; thus, we use the month of January at the West
African sites of Table [2| Dust is always present at those sites, and January is near the
peak of the biomass burning season at those locations. We explain our baseline refractive
index choices in Sect. ; the sensitivity studies for sC, BrC, and free iron are presented in
Sects.[5.2and 6.3
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5.1 Rationale for our choice of baseline refractive indices

Bond and Bergstrom| (2006) did an extensive review of sC refractive indices, and concluded
that the available data was consistent with a constant refractive index at visible wavelengths.
They also hypothesized that “strongly absorbing carbon with a single refractive index exists,
and that some of the variation in reported refractive indices results from void fractions in the
material.” They recommended using k = 0.63-0.79 for sC at visible wavelengths, favoring
the larger extreme for highly graphitized carbon. The spectrally invariant value of ksc = 0.79
was later adopted in|Bond et al.|(2013). Thus, we use mg¢c = 1.95+0.79: at all wavelengths
as our baseline complex refractive index for sC.

Reported values for the imaginary index of BrC varies by more than an order of mag-
nitude at A = 0.440 um, as shown in Fig. 1] and Table [1} This is because BrC is a generic
term for many absorbing organic carbon particles, and does not represent a single aerosol
species, per se. The refractive index of BrC depends upon combustion conditions and the
fuel source, and therefore can vary substantially between the various AERONET sites. We
require that our BrC retrieval produces reasonable BrC fractions and BrC/sC ratios for all
cases. So for instance, Table [4]indicates that using the lower limit of [Sun et al.| (2007) can
result in fg,c as high as 1.0 (i.e., 100 % brown carbon), which is clearly not acceptable. For-
tunately, the refractive index of all BrC is negligible at the 670—-1020 nm wavelengths (see
Fig.[T), so BrC refractive index does not have a substantial impact on the retrieved sC mix-
ing ratio (as shown in Sect.[5.2). We use Kirchstetter et al| (2004) for our baseline refractive
index of BrC because it provides reasonable maximum and median fg,c and BrC/sC ratios
at the biomass burning sites.

Hematite also exhibits a large range of reported refractive indices, some of which are
noted in Table [T} Hematite and goethite are the two dominant absorbers in mineral dust, and
most of the spectral variability of dust absorption at visible wavelengths is associated with
hematite. Consequently, we must choose hematite refractive indices for our retrieval that
have enough spectral variability to describe all of the AERONET retrievals. That is, k440 /krnir
is often greater than 5 in the AERONET database, so we need to choose hematite and
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goethite optical properties that can accomplish this spectral variability. Since the only avail-
able goethite measurement has a positive spectral dependence (i.e., dk/d\ > 0, per Bedidi
and Cervelle, 1993), the hematite source that we choose must also indicate kaag /krnir > 5.

Additionally, our choice of mineral refractive indices must produce retrieved hematite and
goethite fractions that are consistent with other work. In situ measurements indicate that
hematite and goethite constitute 2.8-6.5% of mineral dust by mass (Alfaro et al., [2004];
Lafon et al., 2004} 2006; Wagner et al., |2012; Formenti et al., [2014). This corresponds to
approximately 1.4—3.25 % by volume, since the density of free iron is much greater than
other common minerals (4.28 g cm 3 for goethite and 5.25 g cm ™3 for hematite, as opposed
to 2.65 g cm ™2 for illite, kaolinite, quartz, and calcite; [Formenti et al., 2014), Additionally, the
hematite fraction of of free iron ranges from 17 to 61 % (Ji et al., 2002, |2004; [Shi et al.,
2012; Formenti et al.,|2014).

We implemented the retrieval at the West Africa sites of Table [2, considering only “pure”
dust (i.e., fine volume fractions less than 0.05 and depolarizations greater than 0.2), and
present maximum and median results in Table [5, Here, we see that all of our candidate
refractive indices for hematite produce median free iron and hematite fractions that are
consistent with the in situ measurements, but only the |(Chen and Cahan| (1981) refractive
indices produce a maximum free iron fraction that is less than 3.5 % by volume. Thus, we
choose [Chen and Cahan| (1981) for our baseline retrieval, but we note that we have not
scoured the literature for the most suitable hematite refractive index. The sensitivity of the
results to our choice of refractive indices is discussed in the following two sections.

5.2 Sensitivity of retrieved sC to other absorbers

The sC results are shown in Fig. which presents the relative mean biases with respect
to the baseline value (i.e., E/Ebase). The baseline retrieval is designated by the diamond
in Fig. [11} it utilizes BrC refractive indices from Kirchstetter et al[ (2004), hematite refractive
indices from |Chen and Cahan| (1981)), and sC refractive indices from Bond and Bergstrom
(2006). We have included an additional six refractive indices for sC, BrC and hematite (as
listed in the lower portion of Table [T), and tested 18 combinations of these component
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refractive indices. All of the retrievals utilize |Bedidi and Cervelle| (1993) for the refractive
index of goethite, since that is the only source available for this mineral.

There are six groups of bars in Fig. Each group of bars utilizes the same sC and BrC
refractive indices, but different hematite refractive indices. Thus, the small variability of the
bars within each group indicates that the choice of hematite refractive index (as indicated
by color) has very little effect on the sC retrieval (< 1%). There are two reasons for this.
(1) The retrieval initially assumes that sC and hematite are located in different modes (i.e.,
fine vs. coarse), so the absorption interference associated with these species is minimized;
(2) the sC retrieval is mainly determined by the red and near-infrared wavelengths, and
hematite has a much lower imaginary refractive index than sC at those wavelengths.

The two leftmost groups of bars in Fig. utilize the same BrC refractive indices (i.e.,
Kirchstetter et al., [2004), so the dominant difference between these two groups is caused
by the different sC refractive indices used for the retrievals. Groups of bars labeled “L” utilize
mgc = 1.75 4 0.634, which is the low extreme from [Bond and Bergstrom| (2006); groups la-
beled “H” utilize m¢c = 1.95+0.79¢, the highest recommended value of Bond and Bergstrom
(20086). Thus, the full range of sC refractive indices recommended by Bond and Bergstrom
(2006) produces a sC retrieval uncertainty of < 14.2 %.

We can assess the effect of kg,c variability on the sC retrieval by observing all of the
groups labeled “H” in Fig. The retrievals in these four groups consistently use ksc = 0.79,
and the color code corresponds to the hematite refractive index. Consequently, the only
differences between like-colored bars in the “H” groups is the BrC refractive index. Thus, the
dark blue bars indicate that using |Sun et al.| (2007) water soluble organic carbon (WSOC)
for the BrC refractive index produces the maximal relative bias of 5.8 % below our baseline
Kirchstetter et al.| (2004) retrievals.

Some authors expected this value to be substantially higher (e.g.|Ganguly et al., [2009),
but BrC does not appreciably absorb radiation at red or near-infrared wavelengths (Jacob-
son|,|1999; Sato et al., [2003; Kanakidou et al.,2005). Hence, it is actually quite easy to sep-
arate the effect of sC from BrC using refractive indices at the 670—-1020 nm wavelengths,
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since sC absorption is more than 2 orders of magnitude greater than BrC absorption in this
spectral region (as shown in Fig. [T).

Overall, Fig.[T1]indicates that relative bias in the sC retrieval ranges from —5.8 to +14.2 %
at the African dust sites during the biomass burning season. The largest uncertainty is
driven by the uncertainty in the sC refractive index. Uncertainty in the hematite refractive
index has very little effect on the sC retrieval (< 1 %), and uncertainty in the BrC refractive
index alters the retrieval by less than 5.8 %. We also did a similar sensitivity study for the
month of August at the biomass burning sites of South America (per Table 2) to determine
performance when carbonaceous aerosols are the dominant particles, and found that both
BrC and hematite refractive index uncertainties alter the sC retrieval by less than 1% (not
shown).

1 NEW

Other biases are more difficult to assess. For instance, we stated earlier that the
AERONET retrieval model assumes internal homogenous mixing for all aerosol particles;
this could produce a bias in our sC' retrievals if all sC' particles are externally mixed, which
we discuss here. Consider two systems of particles with a given amount of sC — the sC is
100% externally mixed in one system of particles, and 100% internally mixed in the other
system. Since externally-mixed sC has lower mass absorption cross sections (MAC) than
internally-mixed sC, AERONET will infer a lower imaginary refractive index (and AAOD) for
the external mixture than for the internal mixture, even though we are assuming the same
amount of sC in both systems. The resulting lower imaginary index produces lower sC mix-
ing ratios in our retrievals, which also increases the MAC. Thus, the sC mixing ratio will have
a low bias and MAC will have a high bias when all sC is externally mixed. Since externally-
mixed MAC is approximately 2/3 of internally-mixed MAC (Bond and Bergstrom, 2006), we
estimate that our sC retrievals will have a low bias of 33% when all sC is externally mixed.

We are now in a position to estimate the uncertainty associated with retrieving sC' mass
from the AERONET products. Recall that the estimated uncertainty for the imaginary refrac-
tive index in the Level 2 AERONET products is 50% (Dubovik et al., [2000). The measured
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sC densities are well known (1.8gcm~3 £ 6 %, per [Bond and Bergstrom, 2006). Thus, the
RMS uncertainty in retrieving sC mass that is associated with the AERONET refractive in-
dices, sC density, mixing state, and the component refractive indices of sC, hematite, and
BrC is v/502 + 62 + 332 + 14.22 = 62%.

Of course, other errors are possible, some of which are not quantifiable. For instance, the
scientific community does not have a method for modeling collections of particles with irreg-
ular and rough shapes, so we can not compute the effect of using spheres and spheroids
to approximate real particle shapes.

+ NEW

5.3 Senstivity of retrieved BrC and free iron to other absorbers

We can apply a similar analysis to BrC and hematite using Fig. The top panel indicates
that sC and hematite refractive indices have a small effect on the BrC bias (because all
of the bars for a given BrC have similar magnitudes). However, the bias can be as low as
50 % (using [Sun et al., 2007, water insoluble OC for BrC) or as high as 440 % (using
water soluble OC for BrC). This is because the range of imaginary refractive
indices for BrC varies by more than an order of magnitude at the 0.440 um wavelength (e.g.,
see Fig.[T), and this ambiguity propagates through the retrieval. Biases in our BrC retrieval
could also occur whenever N O optical depths differ significantly from climatological values,
but we do not attempt to quantify that here.

The lower panel of Fig. [T2]tells a similar story for iron. That is, all of the like-colored bars
are similar in magnitude, indicating that the sC and BrC refractive indices have a relatively
small effect on the amount of iron retrieved. However, the retrieval changes by 83 % if we
use the [Kerker et al.| (1979) refractive indices (as tabulated by Hsu and Matijevic, [1985). It is
doubtful that the various forms of hematite truly exhibit the large range of refractive indices
found in the literature, though, and the remote sensing community could benefit from future
work that narrows the range of plausible refractive indices for hematite. Since coarse mode
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iron is internally mixed with other minerals (Shi et al [2012), we estimate the uncertainty
associated with the free iron retrieval to be /502 + 832 = 97%.

6 Conclusions

We present a method of distinguishing the relative concentrations soot carbon (sC), brown
carbon, and free iron (hematite and goethite) aerosol species in the atmosphere. Our ap-
proach determines a mixture of absorbing and scattering aerosols that is consistent with
the complex refractive indices provided by each AERONET retrieval. The method initially
assumes that all carbonaceous aerosols are located in the fine aerosol mode, and that all
free iron is located in the coarse aerosol mode. However, the retrieval allows some car-
bonaceous aerosols to populate the coarse mode, and some hematite to populate the fine
mode (if this is necessary to reproduce the AERONET refractive indices). The solution for
sC is unique because it is the only fine mode aerosol species with significant absorption at
the red and near-infrared wavelengths. The solution for brown carbon and free iron is more
ambiguous than the soot carbon retrieval, but the result for these other absorbers could be
improved with better characterization of the refractive indices for those components.

The results show sensible regional and seasonal variability of the component aerosols,
with the highest proportion of carbonaceous aerosols occurring at the seasonal biomass
burning sites. The free iron mixing ratios and hematite /goethite ratios are also consistent
with the values published in the scientific literature. We also present a sensitivity study,
which indicates a 62 % uncertainty in retrieved sC concentration that is mainly associated
with the uncertainty of the refractive index in the AERONET products. Finally, since our
mixtures maintain the AERONET internal homogeneous mixture assumption and are con-
strained by the AERONET refractive indices, our approach maintains a link to the measured
radiance fields.
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Table 1. Refractive indices used to test sensitivity of this retrieval to component aerosol optical prop-
erties. The subscript “rnir” refers to the red and near infrared wavelengths, and k. is the average k&

for the 670—1020 nm wavelengths.

k(440)

Species k(440)  k(Amir) o) Arir (M) Reference

This retrieval

Soot Carbon 0.790 0.790 1.0 0.670-1.020 |Bond and Bergstrom|(2006)
Brown Carbon 0.063  0.001 63.0 0.700 Kirchstetter et al.|(2004)
Hematite 1.229 0.127 9.7 0.670-0.700 |Chen and Cahan|(1981)
Goethite 0.068 0.120 0.6 0.660-0.700 |Bedidi and Cervelle|(1993)
Other measurements

Soot Carbon 0.630 0.630 1.0 0.670-1.020 |Bond and Bergstrom|(2006), low extreme
Brown Carbon 0.127 0.006 21.2 0.670-0.700 |Sun et al.|(2007), WSOC
Brown Carbon 0.016 0.002 8.0 0.670-0.700 |Sun et al.|(2007), WIOC
Brown Carbon 0.035  0.001 35.0 0.600 Chen and Bond|(2010)
Hematite 0.27 0.006 45.0 0.650 Kerker et al.|(1979)"
Hematite 0.59 0.040 14.8 0.675 Gillespie and Lindberg|(1992)

* As tabulated by |Hsu and Matijevic¢|(1985).
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Table 2. AERONET sites used in this study.

West Africa (waf):
Agoufou, Banizoumbou, IER_Cinzana, DMN_Maine_Soroa,
Ouagadougou, Djougou, Saada, Capo_Verde, Dahkla, Dakar,
llorin, Quarzazate, Santa_Cruz_Tenerife, Tamanrasset_INM,
Tamanrasset_ TMP.
Middle East (mea):
Solar_Village, Nes_Ziona, SEDE_BOKER, Dhabi, Hamim.
South Africa (saf):
Mongu, Skukuza.
South America (sam):
Alta_Floresta, Cuiaba, CUIABA-MIRANDA, Abracos_Hill,
Balbina, Belterra, SANTA_CRUZ.
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Table 3. Maximum monthly climatological averages for absorbing components of the fine (f) or
coarse (c) mode, in percent by volume. The AERONET sites are listed in Table [2] and the regions
correspond to West Africa (WAF), Middle East (MEA), southern Africa (SAF), and South America

(SAM).

Mode WAF MEA SAF SAM

Soot carbon f 1.0 0.4 3.0 1.7
Brown carbon f 5.8 2.1 3.7 57
Iron c 1.7 1.6 1.3 1.3
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Table 4. Maximum and median BrC volume fractions, and BrC/sC mass ratios retrieved for fine
mode aerosols at the biomass burning sites during the peak of the burning seasons (August—
September for South America, July—September for southern Africa), using different BrC refractive
indices. The refractive index used for sC is mgc = 1.95 + 0.79:.

IodeJ UOISSNOSI(]

Maximums Medians
fBrC % fBrC %
South America
Sun et al.[(2007)* 0.183 8.0 0.014 0.8
Kirchstetter et al.[{(2004) 0.343 15.2 0.028 1.5
Chen and Bond (2010)* 0.658 27.5 0.051 2.7
Sun et al.[(2007)* 1.000 47.7 0.116 6.5
Southern Africa
Sun et al.[(2007)* 0.111 538 0.012 04
Kirchstetter et al.| (2004) 0.230 11.8 0.023 0.7
Chen and Bond (2010)* 0.414 21.2 0.043 1.3
Sun et al.[(2007)* 0.842 452 0.105 3.2

1 Upper Limit; 2 Lower Limit.
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Table 5. Volume fractions of hematite, goethite, and free iron for “pure” dust, and the volume per-
centage of iron associated with hematite (% H = Vhem/(Vhem + Vgoe) x 100) at the West African sites,
using different refractive indices for hematite.

IodeJ UOISSNoSI(]

Maximums Medians o

fhem fgoe firn %H fhem fgoe firn %H 7:

Chen and Cahan|(1981) 0.009 0.029 0.034 93 0.004 0.007 0.011 38 %
Gillespie and Lindberg|(1992) 0.015 0.030 0.042 83 0.008 0.008 0.016 50 g
Hsu and Matijevic|(1985) 0.025 0.030 0.052 84 0.012 0.009 0.021 58 :_
&

44



5 =
< o
= =]

Imaginary Refractive Index
o
N

=
S
w

-Bonoé, sC

—Che81, hem|i

-2-Gil92, hem

-0~Hsu85, hem|
-o-Bed93, goe
ElSun07, BrC
-0-Kir04, BrC

Bl Chel0, BrC
¢ Dust

0.4 0.6 0.8
Wavelength, pum

1.0

1odeJ UOISSNOSI(T

1odeJ UOISSNOSI(T

1odeJ UOISSNOSI(]

Figure 1. Imaginary refractive index of several absorbing aerosols. Bon06 — soot carbon (Bond

and Bergstrom, [2006); Che81 — hematite (Chen and Cahan, [1981); Gil92 — hematite (Gillespie
and Lindberg} [1992); Hsu85 — hematite (Hsu and Matijevic, [1985); Bed93 — goethite (Bedidi and

Cervellel, [1993); Sun07 — brown carbon (Sun et al.,[2007); Kir04 — brown carbon (Kirchstetter et al.,
2004); Che10 — brown carbon (Chen and Bond,[2010); Dust — range of AERONET dust climatologies

over Africa and the Middle East.
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Bimodal Retrieval

AERONET Mixing Model
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Figure 2. Schematic illustrating carbonaceous aerosol retrieval (sC and BrC) for the fine mode and
free iron retrieval (goethite and hematite) for the coarse mode. AERONET provides refractive indices
for uniform particles, and the retrieval uses different components for each mode to find a mixture that
matches the AERONET refractive indices.
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Figure 3. Theoretical imaginary refractive index space occupied by dust and carbonaceous
aerosols. Shaded area indicates imaginary refractive indices at the AERONET wavelengths that
are possible with mixtures of 0—3 % free iron by volume in the form of hematite and/or goethite (as
denoted by the labeled orange isolines). The bottom border of the shaded area represents a 0%
hematite isoline, and the top border represents a 0 % goethite isoline. The x axis is an average for
the 670, 870, and 1020 nm wavelengths (k,.,;-). Solid black line presents spectrally invariant refrac-
tive index, as expected for black carbon. Solid grey lines indicate OC/BC mass mixing ratios of 1, 5,
10, and 20 when no absorbing dust is present.
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Figure 4. AERONET Level 2.0 imaginary refractive indices (color code corresponds to the absorp-
tion Angstrom exponent). Top panel: data over the Middle East, filtered to retain only dust (i.e.,
require fine volume fractions less than 0.05 and depolarizations greater than 0.2 at the 532 nm wave-
length). Vertical magenta line denotes the median. Bottom panel: South America biomass burning
sites for August and September. The vertical dashed line at k,.,,;, = 0.0042 separates 95 % of the
two datasets. See Table [2|for a listing of AERONET sites used in these regions.
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Figure 5. Boxplots for the Level 2.0 imaginary refractive indices averaged over the 670—1020 nm
wavelengths at the AERONET sites listed in Table [2| Circles represent medians, box edges are
the 25th and 75th percentiles, whisker ends are the 5th and 95th percentiles. Grey bars indicate
the number of data points contributing to each boxplot. The Middle East (mea) and west Africa
(waf) sites are filtered for dust using two different methods. Biomass burning sites are considered
only during the peak of the biomass burning seasons (August—September for South America, or
sam; July—September for South Africa, or saf). The dashed blue line illustrates that ki, = 0.0042
separates at least 95 % of the dust and biomass imaginary refractive indices.
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Figure 6. Flowchart showing absorbing aerosol retrieval process. Initially, all carbonaceous species
are assumed to occupy the fine mode and all iron oxide (hematite, goethite) is assumed to occupy
the coarse mode. If BrC/sC > 15.2 would be required for a 2-component mixture, then hematite is
used instead of BrC to characterize the spectral dependence of the refractive index in the fine mode
(branch A). Likewise, if the retrieved absorption at the red and near-infrared wavelengths is above
a threshold of k,; = 0.0042, then the hematite and goethite fractions are fixed at the values we
retrieved for “pure” African dust, and some carbonaceous aerosol is assumed to occupy the coarse
mode (branch D).
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Figure 7. All level 2.0 retrievals for the West African AERONET sites of Table [2] including mixtures
of biomass burning and dust. Many of the points are located above the uppermost grey line, which
would require BrC/sC ratios greater than 15.2 for a mixture containing only carbonaceous aerosols.
Likewise, retrievals to the right of the shaded area require iron oxide volume mixing ratios greater
than 5 % if no carbonaceous aerosol is included.
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Figure 8. Column mass concentrations of sC (top row), BrC (middle row), and iron oxide (bottom
row) retrieved from Level 2.0 AERONET data for January (left column) and August (right column).
Minimum number of retrievals is 25 for each site.
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Figure 9. Upper panels: monthly-averaged column concentrations of retrieved sC, BrC, and free
iron in the fine and coarse modes at the West Africa and southern African sites (fine mode iron is
negligible at these scales). Note the difference in y axis scales. Lower panels: monthly-averaged
volume fractions at the same sites. Extra dashed maroon line for West Africa indicates monthly
averages for coarse mode iron, but computed without using retrievals that require branch D of Figure
[l Error bars represent the SD of the means. Number of retrievals per month shown along upper
axes; only months with more than 20 retrievals are shown in plots.
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Figure 10. Volume fraction of absorbing species associated with each absorber, as a function of
AAE and fine volume fraction. Data located mainly on the left is from the West African sites, data on
the right corresponds to the biomass burning season at the South American sites.
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West Africa (January)

1.25
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Figure 11. Relative bias associated with component refractive index uncertainty, utilizing 18 com-
binations of the refractive indices listed in Table [T} Each group of bars utilizes either the lowest (L)

or highest (H) sC refractive index recommended by [Bond and Bergstrom| (2006). Groups of bars
are also labeled according to the four BrC refractive index sources in Table [T} color code denotes
hematite refractive index source. Baseline components are denoted by the diamond. Note that the
sC bias associated with refractive index uncertainty is always less than 15 %. See Table[{]for refrac-
tive index citations.
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Figure 12. Same as Fig.[T1] except y axis is BrC (top panel) and free iron (bottom panel) relative
biases.
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