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Author’s response: We thank the referee for her/his comments which have enabled us
to improve the manuscript.

The manuscript presents a novel and interesting technique to quantify the mineral dust
concentration starting from calibrated multi-wavelengths absorption measurements.
This manuscript deserves to be published in AMT. Below my comments.

General comments

C1

1) The proposed technique assumes that BC particles are not contained in the coarse
fraction. Can the authors explain how much is this assumption true? And how the pres-
ence of coarse BC affects the mineral dust concentration calculated from the proposed
method? There is a comment about this point only at lines 510-514 in the manuscript.

Author’s response: As highlighted by the reviewer, possible influence of BC on absorb-
ing properties of coarse particles is an important point to be addressed in the paper.
At first, BC concentrations in the coarse mode are expected to be very low, typically
ranging 0.02-0.03 µg/m3, which is 10 times lower compared to fine BC at remote ma-
rine locations of the Western/Eastern Mediterranean (Sciare et al., 2003; Mallet et al.,
2016). Also, the lack of relationship between the babs,370nm (PM1) and babs,370nm
(VI) (Figure 3) together with the strong relationship between babs,370nm (VI) and min-
eral dust (Figure 7) further supports the idea that dust - rather than BC - is control-
ling absorption in the coarse mode. Nevertheless, the proposed technique does not
make any assumptions whether a fraction of BC is contained or not in the coarse frac-
tion. In other words, the methodology does not exclude possible BC coagulating onto
dust aerosols. The EF and MAC determined during the calibration campaign are site-
specific (i.e. they are dependent of the dust source region). The MAC for Middle East,
for example, would reflect the contamination of dust with intense black carbon emis-
sions that is typical of the region. Variability of MAC results in the increased uncertainty
of PMdust as discussed in chapter 3.7. To decrease uncertainty in the determination
of mineral dust concentration, different MAC values should be used for different dust
source regions.

Changes to the manuscript: Section 3.7, Line 589: “Desert dust may mix with BC emis-
sions and this is relevant especially at source regions, where concentrations are large
enough for efficient coagulation between dust and BC to occur (Clarke et al., 2004;
Rodriguez et al., 2011), with up to a third of carbonaceous particles internally mixed
with mineral dust (Hand et al., 2010). The presence of BC on large dust particles will
increase the MAC of the coarse fraction. The presence of BC on dust means, that for
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these source regions, larger MAC values will be used to convert the optical measure-
ments into dust concentrations. BC present on dust particles contributes negligibly to
the mass and the resulting increase in PM10 concentrations is due to dust mass only.
The increased MAC of these coagulated particles is also the relevant climate parame-
ter, as dust and BC need to be taken into account together when estimating the direct
radiative efficiency of such particles. To reduce the uncertainty resulting from different
MAC values, a mineral dust source location can be determined using back-trajectory
analysis and an appropriate MAC should be used for each source location.”

2) The authors should explain better the concept of using a virtual impactor to concen-
trate coarse particles in the AE33 tape. What it does actually mean? Why the simple
formula Abs_TSP minus Abs_PM1 cannot be used to estimate the absorption by dust
in the UV? Is the use of the virtual impactor (VI) the way to increase the sensitivity of
the technique for measuring the absorption by dust? And from this the need to estimate
the enhancement factor (EF)? See another comment on this below.

Author’s response: An explanation of the concept is added at the beginning of the
section 3.

Changes to the manuscript: Section 3, Line 313: “The absorption of the fine aerosol
fraction, dominated by BC, is usually much larger compared to the absorption in the
coarse fraction, which contains mineral dust. In other words, Abs(TSP) is expected to
be close to Abs(PM1). Subtracting these two signals close in absolute values (but with
large uncertainties), would result in a close-to-zero number associated with a large
measurement error. The proposed VI method takes advantage of the concentration of
coarse particles using a virtual impactor to enhance the coarse fraction in the sample,
and subtracts the absorption of the fine fraction (as the VI sample contains the same
amount of fine fraction as an ambient sample). To calculate the absorption of the
coarse fraction, the concentration efficiency of the virtual impactor must be taken into
account. ”
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3) A mean value of 11 for the EF is used here. However, the estimated EF varies
quite a lot (Figure 5b). Would it be feasible to measure on-line the EF? How much the
uncertainty of EF affects the final result compared to the other sources of error? EF un-
certainty affects the MAC uncertainty and consequently the mineral dust concentration
estimated from the optical measurements (?).

Author’s response: We determined a mean value of EF being 11 with standard de-
viation of 2. The uncertainty of the calculated mineral dust concentration caused by
using a constant value of EF is evaluated in Chapter 3.7: it is 18%. This value is com-
parable to the absorption measurement uncertainty of the AE33, but smaller than the
40% variability of the mineral dust chemical composition traced by the Fe/Ca ratio. The
uncertainty in the determination of MAC depends on the standard error of EF, which is
very small (0.023). On-line measurements of EF are possible, but would require addi-
tional instrumentation, for example an APS, and additional VI system not necessarily
present at the sites of interest.

Changes to the manuscript: Section 3.7, Line 378: “This uncertainty can be reduced
by using time-resolved measurements of EF or modifying the virtual impactor design
to sharpen its response.”

4) The on-line compensation for filter loading works well (as expected) for PM1 but not
for the AE33 connected to the VI. The correction is performed off-line and a mean k
is determined and used to correct the data. This introduces an additional uncertainty.
Please, comment on this.

Author’s response: Using constant parameter k value introduces additional uncertainty,
but it is very difficult to assess it quantitatively. We attempt to quantify it as a part of the
18% uncertainty assumed for the AE33 measurements at 370 nm (Chapter 3.7).

5) Figure 6: Is the slight overestimation of the theoretical curve (red line) at 660 nm
compared to the experimental one (black line) due to dust absorption in the near-IR?
The fit is performed from 880 nm assuming an AAE of 1. Dust should also absorb in
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the IR, isn’t it?

Author’s response: Certain species which compose mineral dust show strong absorp-
tion in the UV-VIS part of the spectrum, the absorption in infrared is small (Utry et al.,
2015). It is possible that the coarse fraction contains some black carbon contamination.
If mineral dust would be externally mixed with fine black carbon, we would expect AAE
of 1 in the red-IR spectral region. For mineral dust contaminated with black carbon the
absorption depends a lot on mineral particle size (Scarnato et al., 2015); the spectral
dependence of black carbon stuck to the surface of the mineral dust particles should be
evaluated numerically to determine AAE. It is also possible that the scattering artefact
of the filter measurement is responsible for the apparent absorption in the infrared. In
filter photometers scattering adds to the measured attenuation so that about 1-2% of
the scattering coefficient is seen as apparent absorption (Drinovec et al, 2015).

6) Please, expand the Conclusion section if possible.

Author’s response: Section 4 was expanded.

Changes to the manuscript: Section 4, Line 614: “We have demonstrated the potential
of the method by showing its applicability at a regional background site in Agia Marina
Xyliatou (Cyprus), frequently impacted by desert dust. We have shown how to deter-
mine the sample MAC and use it to quantify with high time resolution the contribution
of desert dust to local PM10 concentrations.

Although black carbon contribution to the coarse mode is expected to be very small,
mixture of dust and black carbon may potentially affect the MAC values determined by
our methodology. On the other hand, it will not alter the capacity of our methodology to
deliver high time resolution PM10 concentrations of dust. Instead, our measurement
system will be calibrated with such aerosol mixture and a site-specific MAC value will be
derived, that takes into account this mixing state. Our approach is particularly relevant
when using dust optical properties in climate models which need to account for real-
world MAC values to determine the heating of the atmosphere due to these aerosols.
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The variability of our calibration methodology and therefore, the range of experimen-
tally determined MAC values is currently investigated through long-term (multi-year)
continuous observations at two regional background sites of the Mediterranean: Agia
Marina Xyliatou (Cyprus) and Montseny (Spain). Such data will offer the unique oppor-
tunity to explore the factors controlling dust MAC values and in particular the influence
of mineralogy of the different source regions (and especially their hematite and goethite
content) and the potential impact of complex mixture of dust with black carbon. ”

Abstract

Line 30: “. . .. . .highly time resolved on-line detection technique of dust absorption. . .”.
And also dust concentration? Maybe it would be better using the word “quantification”
rather than “detection”?

Author’s response: We agree.

Changes to the manuscript: Abstract, Line 28: “We build on previous work using filter
photometers and present here for the first time a highly time resolved on-line technique
for quantification of mineral dust concentration by coupling a high flow virtual impactor
(VI) sampler that concentrates coarse particles with an aerosol absorption photometer
(Aethalometer, model AE33).”

Introduction

Line 56: “Desert dust impacts industrial production to a degree that has been fiction-
alized (Herbert, 1965). . .”. Interesting citation, but not very pertinent with the scientific
data presented here. What do the authors mean for “industrial production”?

Author’s response: We have expanded the Introduction to highlight the economic ef-
fects exerted by dust. We have added the new references.

Changes to the manuscript: Chapter 1, Line 54. “Dust deposits on snow and ice
increase the ion content in snow and snow water (Greilinger et al., 2018) and they exert
a warming influence after deposition (Di Mauro et al., 2015). Desert dust impacts our

C6



health and economy. Saharan dust events have been shown to increase morbidity and
have negative influence on health mainly through respiratory and cardiovascular effects
(Middleton et al., 2008; Perez et al., 2012). The health effects of mineral dust are being
considered in the context of regulation (WHO, 2018). Dust soiling of photovoltaics is
a significant factor in energy production and decreases their output by up to several
percent (Mani and Pillai, 2010). Desert dust is a hazard for air and road transport,
can cause electric fields detrimental for communication, and impacts water quality and
plants, when deposited, resulting in great economic cost (Middleton, 2017), leading to
the fictionalization due to its importance (Herbert, 1965).”

Changes to the manuscript: References, line 777. Mani, M. and Pillai, R.:
Impact of dust on solar photovoltaic (PV) performance: Research status, chal-
lenges and recommendations, Renew. Sust. Energ. Rev., 14, 3124-3131,
https://doi.org/10.1016/j.rser.2010.07.065, 2010.

Changes to the manuscript: References, line 784. Middleton, N.
J.: Desert dust hazards: A global review, Aeol. Res., 24, 56-63,
https://doi.org/10.1016/j.aeolia.2016.12.001, 2017.

Line 68: “Daily time resolution of the described method has been validated. . ...”.
Please, describe briefly the method.

Changes to the manuscript: Section 1, Line 71. “Daily time resolution of the described
method has been validated with the chemical composition and positive matrix factor-
ization (PMF): the PM10 concentration above the daily regional background monthly
40th percentile has been shown to correlate well with aluminum (as a tracer of mineral
dust), and the mineral dust factor from a PMF analysis (Viana et al., 2010).

Line 92: “. . .. . .can be used to identify dust events. . ..”. Another advantage of using
high-time resolution optical measurements, as the Angstrom Exponent of SSA, is the
possibility to detect dust resuspending in the local atmosphere after the end of the
episode (when there are no more air masses coming from African deserts). This has
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big implication for air quality. However, the Angstrom Exponent of SSA cannot be used
to quantify the dust concentration whereas the proposed technique does. Maybe a
comment on this could be added to the Introduction and Conclusion sections.

Author’s response: We have added additional text to the Introduction.

Changes to the manuscript: Section 1, Line 96: “These measurements with high time
resolution have shown that the optical properties can be used to identify dust events.
Additionally, combining the back-trajectory analysis and the SSA wavelength depen-
dence, one can possibly detect local resuspension of dust, which impacts local air
quality. However, these methods cannot determine the contribution of desert dust to
PM10 concentrations in a quantitative manner.

Lines 95-120: Here the authors present some previous techniques that can be used
to quantify dust concentration in PM using dust aerosol absorption properties. It would
be useful to explain what are the main advantages of using the technique proposed in
this manuscript compared to the previous techniques. In which terms is the proposed
technique innovative? For example, the proposed technique is also affected by prob-
lems such as the enhancement due to scattering from dust particles in the filter matrix.
A sentence in the Abstract and/or Introduction could be useful.

Author’s response: We extended a sentence in the Abstract and added additional ex-
planation to the Introduction and uncertainty analysis (chapter 3.7).

Changes to the manuscript: Abstract, Line 28: “We build on previous work using filter
photometers and present here for the first time a highly time resolved on-line technique
for quantification of mineral dust concentration by coupling a high flow virtual impactor
(VI) sampler that concentrates coarse particles with an aerosol absorption photometer
(Aethalometer, model AE33).”

Changes to the manuscript: Section1, Line 129: “Previous work has used two-
component models to infer dust concentrations sampling ambient air on a filter in filter
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absorption photometers. However, the determination of the optical absorption of pure
mineral dust - when mixed with black carbon - is more difficult. . .”

Changes to the manuscript: Section 3.7, Line 568: “The influence of the scattering
material in the filter matrix, already included in the measurement uncertainty, could be
reduced by explicitly taking into account the contribution of the scattering coefficient
to the apparent absorption coefficient. However, this would require the knowledge of
the particle size distribution, as the cross-sensitivity to scattering of the filter-based
measurement depends on the particle size (Drinovec et al., 2015).”

Section 2.2.2

Line 208: “. . .. the obtained data was compensated using fixed k values as described
in . . .”. Please, define “k” here too.

Changes to the manuscript: Section 2.2.2, Line 213: “Given that the on-line filter load-
ing compensation was not working efficiently for the AE33 coupled with the virtual im-
pactor (see section 3.3, below), the obtained data was compensated using fixed filter
loading compensation parameter k values as described in the Supplement S2. ”

Lines 211-223 (equations 1 and 2): Please, provide more details about the constants
presented in this part of the text. For example, how was the new BC MAC at 880 nm
calculated? From 3.5/2.14 = 7.77/4.74? What is the constant 1.57? Which type of filter
tapes were used during the experiment?

Author’s response: The AE33 measurement during the campaign were conducted us-
ing a filter described in Drinovec et al. (2015), as noted in the manuscript. The multiple-
scattering parameter C in Drinovec et al. (2015) determined the AE33 filter C values
relative to the value of the quartz filter, used in older AE31 instruments. This AE31
value was assumed to be 2.14 (Weingartner et al., 2003), but it was later recommended
to use an AE31 value of 3.5 (WMO, 2016). We therefore renormalized the AE33 filter
C value:
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Cnew = Cold*3.5/2.14 = 2.57

σair,new = σair,old*Cold/Cnew = 7.77 m2g-1 * 1.57/2.57 = 4.74 m2g-1.

Changes to the manuscript: Section 2.2.2, Line 223: ÂżThe calculation of the ab-
sorption coefficient was updated from the Drinovec et al. (2015) following the WMO
guideline (WMO, 2016): we updated the value of the filter multiple-scattering param-
eter C. The multiple-scattering parameter C in Drinovec et al. (2015) determined the
AE33 filter C values relative to the value of the quartz filter, used in older AE31 in-
struments. This AE31 value was assumed to be 2.14 (Weingartner et al., 2003), but
it was later recommended to use an AE31 value of 3.5 (WMO, 2016). The parameter
C = 1.57 used for the AE33 filter (Drinovec et al., 2015) was renormalized using the
same factor resulting in a new value C = 2.57. The mass absorption cross-section σair
for black carbon was adjusted in the inverse manner to obtain the same BC. The new
mass absorption cross section for black carbon σair at 880 nm is now 4.74 m2 g-1
instead of 7.77 m2 g-1:Âń

Line 226: The uncertainty of BC was estimated from the plots in Figure S7 as the
standard deviation of the ratio BC_tsp/BC_pm1. From equation 2, this ratio is equal
to bATN_tsp/bATN_pm1 for each wavelength. Consequently, this ratio should change
depending on the relative proportion of dust and BC in the sampled air (especially in
the UV). The higher the mineral dust concentration, the higher should be the ratio (at
least in the UV). Isn’t it? However, no correlation in observed in Figure S7a. Could the
authors explain better this point?

Author’s response: BC1TSP signal should be higher than BC1PM1 due to the absorp-
tion of mineral dust present in the coarse fraction. This is reflected in the slight positive
slope of the BC1TSP/BC1PM1 seen in Figure S7a. Because of the Aethalometer
measurement uncertainty the fitting parameter error is very large: Slope = 0.0054 +/-
0.0087 µg-1 m3. We qualitatively explain this as a very small contribution of dust to
absorption in TSP relative to BC, measured with a relatively large uncertainty. This is
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also the reason why virtual impactor inlet is necessary to concentrate the dust in order
to measure its absorption. The reviewer notes this just below.

If I well understand, the lack of correlation in Figure S7a is because the absorption is
dominated by BC in TSP too (not only in PM1) due to the much higher MAC of BC
compared to dust particles. From this, the need of using a VI to concentrate the dust
particles (whereas the BC particles are collected with a CE of unity in the VI) thus
allowing measuring the absorption properties of dust. This point is commented at lines
480-485. Maybe it would be better commenting this before, e.g. in the section 2.2.1 or
section 3.1.

Author’s response: The need to concentrate coarse particles is highlighted in Section1.
Line 129. An additional explanation was added at the beginning of section 3.

Changes to the manuscript: Section 3, Line 313: “The absorption of the fine aerosol
fraction, dominated by BC, is usually much larger compared to the absorption in the
coarse fraction, which contains mineral dust. In other words, babs,TSP is expected to
be close to babs,PM1. Subtracting these two signals close in absolute values (but with
large uncertainties), would result in a close-to-zero number associated with a large
measurement error. The proposed VI method takes advantage of the concentration of
coarse particles using a virtual impactor to enhance the coarse fraction in the sample,
and subtracts the absorption of the fine fraction (as the VI sample contains the same
amount of fine fraction as an ambient sample). To calculate the absorption of the
coarse fraction, the concentration efficiency of the virtual impactor must be taken into
account.”

However, based on the numbers provided in the manuscript, the dust absorption in
TSP during the campaign is not negligible compared to the BC absorption: Thus, at
370 nm:

<mineral dust>*MAC_dust = Abs_dust (8.1*0.24=1.94)
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<BC> *MAC_BC = Abs_BC (0.39*11.2=4.4).

However, in Figure S7a a mineral dust concentration value of 15 mg/m3 will lead to a
dust absorption at 370 nm of 3.6 Mm-1. Please, comment about this point.

Author’s response: For simplicity we will discuss the topic using absorption coefficients
in Table 2 which provides campaign averages for babs,370nm of 6.1 Mm-1 for TSP
compared to 5.6 Mm-1 for PM1 which show 9% difference. This difference is much
smaller than the uncertainty of 36%. For average PM1 absorption of 5.6 Mm-1 the
difference should became statistically significant at mineral dust concentrations above
8.4 µg/m3.

Changes to the manuscript: Section 3.3, Line 465: “The average difference between
absorption for TSP and PM1 inlets is lower than expected from the (VI-PM1)/2 absorp-
tion value. This is a consequence of high measurement uncertainty of up to 18% during
the campaign (as estimated comparing Aethalometers with different inlets, Supplement
S3). Mineral dust absorption calculated from the difference between babs,370nm for
TSP and PM1 of 0.6 Mm-1 has an uncertainty 2.1 Mm-1.”

Line 336: “As shown in Figure 3 the absorption in TSP is closely related to the one of
PM1”. Please, see my previous comment.

Author’s response: The analysis in Supplement S3 shows that there is no significant
difference between the absorptions measured by two Aethalometers with TSP and
PM1 inlets.

Changes to the manuscript: Section 3.1, Line 356: “The differences are inside the
measurement uncertainty of the Aethalometers (Supplement S3).”

Section 3.4

Figure 8b: The scatterplot was done using the mineral dust content in PM2.5-10. How
is the scatterplot if PM10 is used instead of PM2.5-10? I’m asking in case only PM10
is analysed.
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Author’s response: For calculation of MAC we have used mineral dust contained in
PM10-2.5 fraction. The resulting mineral dust concentration (equation 7) is the min-
eral dust concentration in the coarse fraction. To calculate mineral dust in PM10, a
correction factor (1.06) should be used as mentioned in the first paragraph of section
3.7. If mineral dust in PM10 is used for the calibration then the resulting mineral dust
concentration (equation 7) reports the mineral dust concentration in PM10.

Line 471: The MAC from the fit is provided with a very low uncertainty (0.01). isn’t too
low? It should be higher given that there are important sources of error (BC, EF, k,
. . ..). Maybe the fit should be performed with X-Y error bars.

Author’s response: The MAC is reported with the fitting parameter standard error. The
uncertainty of MAC is discussed in detail in chapter 3.7. Because of the variability of
Ca and Fe content in mineral dust the uncertainty of MAC is about 40%.

Last (but not least) comment: Would it be possible to test this technique by simulating
the mineral dust concentration (and comparing with the filters) using AE33 data col-
lected during other dust events than those presented here? The data presented here
are from April-May 2016. Do the authors have other (e.g. more recent) data (AE33
PM1 and VI) available to test the technique using the MAC and EF estimated in this
manuscript?

Author’s response: The method is currently being tested in Cyprus (Agia Marina sta-
tion) and Northern Spain (Montseny station). These datasets will allow for determina-
tion of MAC and EF for different source locations. Using source-area specific parame-
ters will lower the uncertainty in the determination of mineral dust concentrations. The
results will be published in several separate manuscripts in preparation. The Conclu-
sions section was updated.

Changes to the manuscript: Section 4, Line 627: ”The variability of our calibration
methodology and therefore, the range of experimentally determined MAC values is
currently investigated through long-term (multi-year) continuous observations at two
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regional background sites of the Mediterranean: Agia Marina Xyliatou (Cyprus) and
Montseny (Spain). Such data will offer the unique opportunity to explore the factors
controlling dust MAC values and in particular the influence of mineralogy of the different
source regions (and especially their hematite and goethite content) and the potential
impact of complex mixture of dust with black carbon.”
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