Reply to comments of Reviewer #4:

We would like to thank the Reviewer for his/her helpful remarks. Below, please find our detailed
point by point replies to the comments made by the Reviewer.

1)

2)

I think this proposed procedure to extrapolate the aabs at 404 nm and aext at 315-
345 nm and 390-450 nm to other wavelength is reasonable only when resonant
wavelength of light absorption of particles exist at shorter wavelength compared
to these measurement wavelengths. However, some types of SOAs are reported to
have maximum light absorption at longer wavelengths. | recommend to adding
some discussion on this issue.

We acknowledge the importance of this distinction. The following paragraph was
added in the introduction section: “The interaction of atmospheric fine particulate
matter with sun light was shown to resemble a power law dependence on
wavelength decades ago (Angstrom, 1929, 1930, 1961, 1964). The Angstrém
exponent was since widely used to describe this wavelength dependency and to
characterize aerosols size (Valenzuela et al., 2015), composition (Russell et al.,
2010) and source (Garg et al., 2016). This monotonic increase in extinction
(scattering and absorption) with increasing particle size or with decreasing
wavelength is observed for particles with radii smaller than the incident
wavelength (or size parameter < 27). For larger particles (or shorter wavelengths)
the ripple and interference structures of the Mie curves significantly reduce the
monotonic increase pattern (Bohren and Huffman, 1983). This also depends on
the complex refractive index. Increasing real part limits the power low behavior to
smaller particles while increasing imaginary part, dampening the ripple and
interference structures, allowing power low behavior for larger particles.
Particulate matter with molecular absorption bands in the actinic flux regain
would also deviate from the power law spectral dependency. In an ambient dust-
free atmosphere as well as in many laboratory and chamber experiments, particles
are rarely larger than several hundreds of nanometers making the power law
wavelength dependency assumption a resendable one (Kirchstetter et al., 2004;
Hoffer et al., 2006; Sun et al., 2007; Chen and Bond, 2010; Washenfelder et al.,
2015).”

Section 2.2.3: How did you calibrate the IN? How did you estimate the truncation
error of the IN? The truncation error should depend on complex refractive index
values.

The IN was calibrated by flowing CO, and N and relating the measured signal to
literature values of the Rayleigh scattering cross sections(Thalman et al., 2014).
The truncation angle of the instrument is reported by the manufacturer to be 7-170
degrees (Snider et al., 2015). The truncation error is mostly dependent on the
scatterer size and on the scattered wavelength or the particles size parameter. Mie



3)

4)

theory calculation showed that for relatively small particles (up to about 300 nm
diameter) the ratio of light intensity scattered at 7-170 degrees to the total
scattered light is similar (or not significantly different) to that of Rayleigh
scattering regardless of refractive index. In this case the calibration procedure
using gasses with known Rayleigh scattering coefficients corrects for the
truncation error. When sampling ambient aerosols, mostly composed of primary
emissions and SOA with negligible dust component, the concentration of particles
larger than 300 nm is negligible. For more details on integrating nephelometer
truncation error please refer to Anderson et al., (1996).

Page 7, line 29: “Both n(A) and k(A) were scaled by two incoherent sine waves to
simulate temporal variability.” Could you add some more explanation? How is the
amplitude of sine waves? Is it common method to simulate temporal variability?
If so, pleas add a reference.

The reviewer’s question regarding the sine wave amplitude is not clear. The
sentence was revised to include the sine waves amplitudes: “Both n(L) and k(})
were scaled by two incoherent sine waves to simulate temporal variability. The
sine wave amplitude ranged from 1 to 1.05 for n(A) and from 1 to 1.1 for k(A).”
Page 8, line 3: The errors in aabs for the calibration of PAS and the truncation
correction for IN seem to be larger than 2%.

The uncertainty in absorption coefficient measured with this PAS instrument as a
result of the calibration procedure was estimated by Lack et al., (2012) to be less
then £5%. The uncertainty in extinction cross section for the BBCES cavities was
reported by Washenfelder et al., (2013) to be 3.6-4.1%. With the two largest
contributors being the CPC particle counting and the cavity length to filled length
ratio (R.). Both of which are not included in our simulation because we are
producing extinction coefficients and not cross sections, and our cavities are built
with a central inlet and two sides outlets which reduces the uncertainty in R to
the uncertainty in length measurement which is about 0.5 mm out of the full
cavity length i.e. less than 0.1% . The uncertainty associated with the calibration
procedure of the IN is based on uncertainty in temperature and pressure
measurements and uncertainty in literature values of Rayleigh scattering cross
sections of N, and CO,. All of which are less than 2% (Thalman et al., 2014). The
uncertainty associated to truncation errors of particles that is significantly
different from that of the calibration gasses is considered negligible for small
particles (Anderson et al., 1996) and is not likely to be larger than 2%. The error
we assigned in the simulation is normally distributed with standard deviation of
2%. This means that 68% of the optical coefficients are assigned with errors of up
to +2%, 27% of the optical coefficients are assigned with errors between +2% and
+4% and 4% of the optical coefficients are assigned with errors between +4% and




5)

6)

7)

+6%. Eventually, based on literature and personal experience we believe that our
error assignment is not unreasonable.

Page 8, line 17: “A complementary N2 flow of 1.3 SLM was added and mixed
with the sample flow, which was then introduced to the IN and subsequently split
equally to the SMPS, CPC, PAS, and a three-cavity optical cage that contained
the CRD-S and BBCES (see Fig. 4).” Why did you use the N2 instead of air? I
think that the difference may influence to the measurements of PAS, IN, CRD-S,
and BBCES.

We respectfully disagree with the reviewer. In the laboratory experiments
particles are generated using a particle free dry nitrogen gas (described in the
text), so additional nitrogen dilution would not change carrier gas properties.
Section 3.3 (Ambient aerosol measurement). Many particles (e.g. black carbon
(BC) and coated BC, dust) is not homogeneous sphere in the real atmosphere.
Some description on this point may be needed.

Correct, this is why we defined in the text: “The term effective complex Rl is
used to represent the whole particle size distribution. It is the complex RI from
which, for the corresponding size distribution, we derive the optical coefficients
that agree most closely with the measured or input values.” This does not mean
that we assume anything regarding the shape, composition and mixing state of the
ambient particles.

Fig. 9(c) The measured and retrieved aabs at 300 nm are more than 10 times
larger than aabs at 600 nm throughout the day including the periods when traffic
emission seems to have large contributions. Do you think the observed large
wavelength dependence (or AAE) is due to the large contributions of brown
carbon or inaccuracy of extrapolation of aabs at 404 nm to 600 nm?

A factor of 10 increment in the absorption from 650 nm to 300 nm wavelength
would suggest absorption angstrom exponent of about 2.9. Although this is a high
value for atmospheric aerosols, values such as these and larger have been reported
previously (Hoffer et al., 2004; Kirchstetter et al., 2004; Kaskaoutis et al., 2007;
Sun et al., 2007; Chen and Bond, 2010; Russell et al., 2010; Lack et al., 2012,
Backman et al., 2014) for BrC aerosols and for desert dust containing aerosol
population (which is resendable for east Mediterranean basin during spring). The
AAE or the ratio between absorption coefficients at 300 and 650 nm are mostly
dependent on the wavelength dependency of the imaginary part of the complex
refractive index (R1). Consider the following theoretical example for a single
spherical BrC particle with diameter of 80 nm and the effective RI described in
the figure. In this example K3po/Kgs0=7.75 and Abszoo/ Abses=20.5, notice that this
theoretical particle is hardly absorbing. We acknowledge the fact that black
carbon contribution is expected to reduce the wavelength dependency in an urban



8)

environment. The reviewer’s comment led us to find and correct a minor bug in
the nephelometer data correction algorithm.

Re-analysis of the measurements showed a stronger decrease in the absorption
wavelength dependency (AAE) during the morning hours when higher BC
contribution is expected. As can be seen in figures 9¢c and 9d (now 8c and 8d)
there is a general increase in absorption at the longer wavelengths between 07:00
and 10:00 am but it is possible that the nature and distance of the sub-urban to
urban sampling site from the main road reduced the black carbon contribution.
With the lack of direct ambient aerosols absorption measurements at such
wavelengths this question remains an open one.
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Supplemental material. The authors assumed negligible light absorption at 637
nm for ambient particles. | think it not common in urban atmosphere because of
the existence of BC. | recommend to adding the validation of the assumption.
Unfortunately we cannot show validation of this because we cannot directly
measure absorption or extinction minus scattering at 637 nm wavelength.
Although this is a very important issue for ambient measurement and for the
nephelometer hygroscopic growth correction procedure, it is beside the point for
the applicability and robustness of the broadband extrapolation and retrieval
procedure because ideally all instrumentation measure the same aerosol
population dried or not, as was shown in the laboratory application. Additionally,
the fitting procedure of the absorption curve, as described in section 2.3.1 allows
for non-zero absorption even at 650 nm. This is also clear from figure 9, showing
non-zero retrieved absorption at 650 nm.



Minor comments:

9) Page 4, line 1 The value (0.99960) at 330 nm is not consistent with that in Fig.1.
Thank you. Corrected.

10) Page 5, lines 18-19 “The laser power is continuously monitored and used to
cancel variations in acoustic signal related to laser power fluctuations.” Where
the laser power for the PAS is monitored in Fig. 1?
This was changed to “The laser power is continuously monitored using a
photodiode at the back side mirror, and used to cancel variations in acoustic signal
related to laser power fluctuations.”

11) Page 7, line 28 I think the “1.856” should be “1.586”. Revised

12) Fig.2(a) I think that one of aext in the bottom should be aabs. Revised

Anderson, T. L., Covert, D. S., Marshall, S. F., Laucks, M. L., Charlson, R. J., Waggoner,
A. P., Ogren, J. A, Caldow, R., Holm, R. L., Quant, F. R., Sem, G. J., Wiedensohler, A.,
Ahlquist, N. A., and Bates, T. S.: Performance characteristics of a high-sensitivity, three-
wavelength, total scatter/backscatter nephelometer, J Atmos Ocean Tech, 13, 967-986,
1996.

Angstrém, A.: On the atmospheric transmission of sun radiation and on dust in the air,
11, 156-166, 1929.

Angstrém, A.: On the atmospheric transmission of sun radiation. li, 12, 130-159, 1930.

Angstrém, A.: Techniques of determinig the turbidity of the atmospherel, 13, 214-223,
1961.

Angstrém, A.: The parameters of atmospheric turbidity, 16, 64-75, 1964.

Backman, J., Virkkula, A., Vakkari, V., Beukes, J. P., Van Zyl, P. G., Josipovic, M.,
Piketh, S., Tiitta, P., Chiloane, K., Petaja, T., Kulmala, M., and Laakso, L.: Differences in
aerosol absorption angstrom exponents between correction algorithms for a particle soot
absorption photometer measured on the south african highveld, Atmos Meas Tech, 7,
4285-4298, 2014.

Bohren, C. F., and Huffman, D. R.: Absorption and scattering of light by small particles,
John Wiley & sons, INC, United States of America, 530 pp., 1983.



Chen, Y., and Bond, T. C.: Light absorption by organic carbon from wood combustion,
Atmos. Chem. Phys., 10, 1773-1787, 2010.

Garg, S., Chandra, B. P., Sinha, V., Sarda-Esteve, R., Gros, V., and Sinha, B.: Limitation
of the use of the absorption angstrom exponent for source apportionment of equivalent
black carbon: A case study from the north west indo-gangetic plain, Environmental
science & technology, 50, 814-824, 2016.

Hoffer, A., Kiss, G., Blazso, M., and Gelencser, A.: Chemical characterization of humic-
like substances (hulis) formed from a lignin-type precursor in model cloud water,
Geophys. Res. Lett., 31, 2004.

Hoffer, A., Gelencser, A., Guyon, P., Kiss, G., Schmid, O., Frank, G. P., Artaxo, P., and
Andreae, M. O.: Optical properties of humic-like substances (hulis) in biomass-burning
aerosols, Atmos. Chem. Phys., 6, 3563-3570, 2006.

Kaskaoutis, D. G., Kambezidis, H. D., Hatzianastassiou, N., Kosmopoulos, P. G., and
Badarinath, K. V. S.: Aerosol climatology: Dependence of the angstrom exponent on
wavelength over four aeronet sites, 2007, 7347-7397, 2007.

Kirchstetter, T. W., Novakov, T., and Hobbs, P. V.: Evidence that the spectral
dependence of light absorption by aerosols is affected by organic carbon, J Geophys Res-
Atmos, 109, n/a-n/a, 2004.

Lack, D. A., Richardson, M. S., Law, D., Langridge, J. M., Cappa, C. D., McLaughlin, R.
J., and Murphy, D. M.: Aircraft instrument for comprehensive characterization of aerosol
optical properties, part 2: Black and brown carbon absorption and absorption
enhancement measured with photo acoustic spectroscopy, Aerosol Sci Tech, 46, 555-568,
2012.

Russell, P. B., Bergstrom, R. W., Shinozuka, Y., Clarke, A. D., DeCarlo, P. F., Jimenez,
J. L., Livingston, J. M., Redemann, J., Dubovik, O., and Strawa, A.: Absorption angstrom
exponent in aeronet and related data as an indicator of aerosol composition, Atmos.
Chem. Phys., 10, 1155-1169, 2010.

Snider, G., Weagle, C. L., Martin, R. V., van Donkelaar, A., Conrad, K., Cunningham,
D., Gordon, C., Zwicker, M., Akoshile, C., Artaxo, P., Anh, N. X., Brook, J., Dong, J.,
Garland, R. M., Greenwald, R., Griffith, D., He, K., Holben, B. N., Kahn, R., Koren, 1.,
Lagrosas, N., Lestari, P., Ma, Z., Martins, J. V., Quel, E. J., Rudich, Y., Salam, A.,
Tripathi, S. N., Yu, C., Zhang, Q., Zhang, Y., Brauer, M., Cohen, A., Gibson, M. D., and
Liu, Y.: Spartan: A global network to evaluate and enhance satellite-based estimates of



ground-level particulate matter for global health applications, Atmos Meas Tech, 8, 505-
521, 2015.

Sun, H. L., Biedermann, L., and Bond, T. C.: Color of brown carbon: A model for
ultraviolet and visible light absorption by organic carbon aerosol, Geophys. Res. Lett.,
34, 2007.

Thalman, R., Zarzana, K. J., Tolbert, M. A., and Volkamer, R.: Rayleigh scattering cross-
section measurements of nitrogen, argon, oxygen and air, J Quant Spectrosc Ra, 147,
171-177, 2014.

Valenzuela, A., Olmo, F. J., Lyamani, H., Anton, M., Titos, G., Cazorla, A., and Alados-
Arboledas, L.: Aerosol scattering and absorption angstrom exponents as indicators of
dust and dust-free days over granada (spain), Atmos. Res., 154, 1-13, 2015.

Washenfelder, R. A., Flores, J. M., Brock, C. A, Brown, S. S., and Rudich, Y.:
Broadband measurements of aerosol extinction in the ultraviolet spectral region, Atmos
Meas Tech, 6, 861-877, 2013.

Washenfelder, R. A., Attwood, A. R., Brock, C. A., Guo, H., Xu, L., Weber, R. J., Ng, N.
L., Allen, H. M., Ayres, B. R., Baumann, K., Cohen, R. C., Draper, D. C., Duffey, K. C.,
Edgerton, E., Fry, J. L., Hu, W. W., Jimenez, J. L., Palm, B. B., Romer, P., Stone, E. A,,
Wooldridge, P. J., and Brown, S. S.: Biomass burning dominates brown carbon
absorption in the rural southeastern united states, Geophys. Res. Lett., 42, 653-664, 2015.



