Response to the referee #1

Manuscript: M. L. Pohlker et al., Long-term observations of cloud condensation nuclei over the
Amazon rain forest — Part 2: Variability and characteristics of biomass burning, long-range
transport, and pristine rain forest aerosols, ACP-2017-847)

We appreciate the comments by Referee #1, which have been considered carefully and helped to im-
prove the quality of our manuscript. The referee’s comments and our responses are outlined in detail
below:

[1.1] Referee comment: P4, section 1.2: Please provide additional information about how four cases
are representative the typical CCN variability in the Amazon basin. For example, how many days are
dominated by NP or BB condition?

Author Response: We agree with the referee. Please refer to our response to comment [2.3] of referee
#2, where this aspect is discussed in detail.

[1.2] Referee comment: P6, section 2.3, The definition of the near-pristine periods is a little bit weak.
It seemed that it was only based on BC. Will other urban pollution tracer be considered?

Author Response: The definition and analysis of near-pristine and pristine states as ATTO has been
revised very carefully. Please refer to our detailed response to comment [2.2] by referee #2.

[1.3] Referee comment: P7, section 2.4: ATTO tower is 325 m tall. What is the uncertainty we expect
from the BT analysis start height of 2000 m?

Author Response: We have conducted a sensitivity test and found that backward trajectory start heights
at 200 m and 1000 m gave similar results. A corresponding statement can be found in Sect. 2.3:

“A sensitivity test confirmed that starting heights of the BTs at 200 and 1000 m AGL gave
similar results. Accordingly, the chosen start height at 1000 m appears to be a good representa-
tion of the origin of the boundary layer air masses at ATTO.”

Details on the backward trajectory analysis can be found in C. Pohlker et al. (2018), which has been
submitted to ACP. This reference is cited several times throughout the text to clarify aspects of backward
trajectory patterns and land use in the ATTO footprint region.

[1.4] Referee comment: P13, line 5-10, What is the percentage of stable northeasterly wind direction
for the periods in Figure 5a?

Author Response: According the backward trajectory analysis, the percentage of NE and ENE trajecto-
ries is ~70 % during the wet season (i.e., Feb to May). A corresponding statement has been added in
Sect., 2.7:

“The BTs from the northern hemisphere (i.e., NE and ENE BT clusters) account for ~70 % of
all BTs during the wet season. Among these ~70 %, ~30 % can be attributed to the NE BT
clusters.”



[1.5] Referee comment: Figure 5, 7 and 8, If possible, please do not overlap k(S, Da) with the size
distribution plot. It is very hard to read the color map in k(S,Da).

Author Response: We modified the layout of the figures 5, 7, 8, and 9, trying to improve the readability
(i.e., changing the shape and thickness of x(S,D.) markers). However, we prefer to keep the overlaid
kappa and size distribution representation since this layout emphasizes best the corresponding patterns
in both data sets and their close agreement, which is an important aspect of the corresponding discussion.
In general, we are aware that the time series figures 5, 7, 8, and 9 are rich in data and therefore rather
complex. Accordingly, we implement these (and all other figures) in high resolution for the revised
version of the manuscript, which allows to zoom into the pdf files electronically in order to explore the
details of the figures.

[1.6] Referee comment: P15, line 5-10, The results here are not well supported. Andreae et al. 2017
showed that the UT particles consist predominately of organic material for aerosol size larger than 90
nm. For aerosol less than 60 nm, AMS had a hard time to determine chemical composition with good
sensitivity.

Author Response: It is true that the sensitivity of AMS measurements drops with decreasing particle
size. However, we feel that our statement on the proposed organic composition of the Aitken mode
under PR conditions is well supported by (i) our observation of relatively low kappa levels, which sug-
gest the presence or organic material and (ii) the concept of upper tropospheric nucleation and growth
of ultra-fine particles as proposed by Andreae et al., 2018, which allow the plausible assumption that
the chemical composition of the ~60 nm and ~90 nm particle is not fundamentally different.

[1.7] Referee comment: P16, section 3.5, The Saharan dust confirmed by EDX are larger than 1 mi-
cron. The CCN discussed in this section are in much smaller size range. It is confusing to classify the
LRT influence as Saharan dust influence.

Author Response: The LRT plumes contain rather complex (internal) mixtures of African smoke, Sa-
haran dust, and marine aerosols. We feel that the manuscripts is clear in stating that the LRT plumes not
only contain Saharan dust but also further components such as sea salt, smoke etc. Examples can be
found in Sect. 3.2:

“These LRT plumes mostly comprise a complex mixture of Saharan dust, African biomass burn-
ing smoke, and marine aerosols from the transatlantic air passage (e.g., Talbot et al., 1990; Swap
etal., 1992; Gléser et al., 2015)”

and Sect. 3.5:

“The African LRT plumes that frequently impact the Amazon Basin during the wet season com-
prise a complex mixture of different aerosols components, including (i) a fraction of Saharan
dust (mostly >1 um), (ii) biomass burning aerosols from fires in West Africa (mostly in the
accumulation mode), and (iii) marine aerosols from the plume’s transatlantic passage (in coarse
and accumulation modes) (Andreae et al., 1986; Talbot et al., 1990; Swap et al., 1992; Weinzierl
etal., 2017).”

In fact, the referee is right that the Saharan dust component in the complex LRT plumes is likely not the
key component that primarily influences the CCN population. Instead, the sea spray and African smoke
components likely play a more important role in altering the «(S,D.) and particle size distributions as
they reach further into the relevant CCN size range. These aspects are discussed in detail in the manu-
script.



A further aspect worth mentioning is that most of the dust particles are indeed >1 um. However, a certain
fraction has been found also <1 um by Weinzierl et al. (2017) in the Caribbean region. These results
show that a dust influence on the CCN population cannot be excluded completely. The reference to the
study by Weinzierl et al. (2017) has been newly added to the manuscript. A study, which analyzes the
size ranges of the dust, salt and smoke fractions in the LRT plumes at ATTO is currently being prepared.
First results of this analysis show — similar to Weinzierl et al. (2017) — that certain dust contributions
can also be found in the submicron size range and thus reach into the CCN relevant range discussed
here.

[1.8] Referee comment: P18, line 23-24, from Table 3, except LRT case, the rest of cases all have
reasonably good agreement between kp and k(0.11%). It is very stretching to state the LRT case isina
good agreement.

Author Response: In the corresponding statement we say that x, and x(0.11%) “agree reasonably well”,
which we still regard as an appropriately careful wording. Evidently, large fractions of the LRT aerosols
are not detected by the ACSM, which only measures non-refractory components. This instrumental lim-
itation likely explains the relatively large difference between x, and x(0.11%). This is stated as follows
in the corresponding text section: “The remaining difference between x, and «(0.11 %) can likely be
explained by further refractory inorganics that were not covered by the ACSM.”

[1.9] Referee comment: P19, section 31, authors said that “: : :correspond to a clear drop in aerosol
hygroscopicity: : :”. Please clarify the “drop”, compared to what cases?

Author Response: Thanks for pointing out that this aspect lacks clarity. We modified the corresponding
statement to:

“At the same time, the presence of the pyrogenic aerosols correspond to a clear drop in aerosol
hygroscopicity in both, the Aitken (Axait = -0.05) and accumulation modes (Axacc = -0.1), rela-
tive to the conditions before and after the major BB plume (see overlay of «(S,D.) size distribu-
tions and the dN/dlogD contour plot in Fig. 8d).”

[1.10] Referee comment: P22, line 37, what is the OA/SO4 ratio for LRT pollution periods in Figure
7? Are they consistent with this case, around 3?

Author Response: The OA/SO4?* ratios of the LRT and MPOL case studies are not consistent (see corre-
sponding results in Table 3). Actually, they should not be consistent since the wet season LRT plumes
and the LRT influence during the MPOL period in the dry season transport rather different aerosol mix-
tures. However, we are aware that using the abbreviation LRT in both contexts tends to be confusing.
Accordingly, we revised the corresponding sections in the text to clarify that the wet season LRT influ-
ence is typically quite different from the dry season LRT influence.

[1.11] Referee comment: Figure 10, the different shape of the CCN efficiency spectra may related to
the mixing state of aerosols for each case. It will be interesting to include that discussion.

Author Response: That is correct. The mixing state of the aerosol has an influence on the shape of the
CCN efficiency spectra. To clarify this aspect, the following statement has been added to Sect. 3.9:

“Their shape is influenced by (i) the shape of the Nc size distribution (i.e., relative strength of
Aitken vs. accumulation modes), (ii) the aerosol composition through the «(S,D.) values and its



size dependence as well as (iii) the mixing state of the aerosol as represented in the x and Ncn «
distributions.”

To what extent the mixing state defines the shape of the spectra cannot be answered easily and requires
an in-depth analysis. We agree with the referee’s suggestion that the mixing state of the aerosol popula-
tion has not been adequately addressed in the manuscript yet. Therefore, we conducted a thorough anal-
ysis of the aerosol mixing state with the help of the hygroscopicity distribution concept introduced by
Su et al. (2010). Since this analysis provides interesting additional insights into the properties of the
contrasting CCN conditions, we decided to include a new figure (i.e., Fig. 10 in the revised version) and
new dedicated text paragraph (Sect. 3.8 in the revised version) into the manuscript to discuss the relevant
aspects as follows:

“3.8 Aerosol particle hygroscopicity distributions and aerosol mixing state

In this section, we investigate the aerosol particle mixing state for the different case study con-
ditions with the help of the aerosol particle hygroscopicity distribution — or « distribution —
concept introduced by Su et al. (2010). This approach visualizes the spread of « values among
particles of a given size. Specifically, in an ideal internal particle mixture, all particles have the
same chemical composition and therefore the same hygroscopicity, resulting in a narrow and
defined « distribution. In an external mixture, the particles at a given size can have widely dif-
ferent chemical compositions and hygroscopicities, resulting in a broad « distribution.

Figure 10 summarizes two versions of x distributions for the contrasting case study condi-
tions: (i) the ‘classical’ « distributions according to Su et al. (2010), which emphasize the spread
of x levels for all particle diameters across the measured size range, and (ii) « distributions
weighted with the corresponding average particle size distributions from Fig. 6, which provide
a quantitative overview of particle abundance as a function of hygroscopicity and size (Ncn «
distribution). The comparison of the x and Ncn « distributions for the contrasting case study
conditions emphasizes similarities and differences between the corresponding aerosol popula-
tions, which allows drawing conclusions on the aerosol mixing state and microphysical proper-
ties.

The « distributions for most conditions reflect a bimodal character of the corresponding
aerosol distributions with distinctly different properties in the Aitken and accumulation modes
as outlined in the discussion of Fig. 6. Specifically, all distributions show an increasing spread
of x levels towards larger particle diameters, which suggests a higher degree of external particle
mixing and therefore a higher diversity of particle properties (i.e., hygroscopicity) in the accu-
mulation than in the Aitken mode. As an example, the BB and MPOL-BB cases show a « spread
in the accumulation mode range that reaches from values well below 0.1 up to levels of about
1. Remarkably, the PR « distribution differs from all other cases since it shows overall the small-
est spread of x over the entire size range. This suggests the Aitken and accumulation mode
particles under PR conditions are two distinct and chemically rather homogeneous aerosol pop-
ulations with a comparatively high degree of internal mixing. As an example, the PR Aitken
mode particle population cover a defined « range between ~0.1 and ~0.15. In contrast, the LRT,
BB, and MPOL aerosol populations appear to be more externally mixed.

In addition to the diversity of the hygroscopicity as visible in the x distributions, the Nen
distributions further emphasize the quantitative abundance of particles in the hygroscopicity-
size space. Accordingly, the Ncn « distributions can be regarded as signature-like representa-
tions of the aerosol microphysical state under certain conditions. Note that the Nen & distribu-
tions in Fig. 10 differ substantially from each other. The PR case shows a unique signature. The
LRT and MPOL-LRT cases show certain similarities due to the fact that both are characterized
by similar aerosol size distributions and comparatively high « levels. The comparison of the
relatively fresh MPOL-BB smoke and the relatively aged BB smoke emphasizes the aging-re-
lated increases in particle size and hygroscopicity by means of a characteristic shift of the dom-
inant mode in the Ncn « distributions. In both cases the spread of « is rather large, indicating a
comparatively strong external mixing in the smoke plumes. In essence, the x distributions and
Ncn # distributions represent valuable overview representations, which combine characteristic

4



aerosol properties in terms of particle size, particle concentration, x diversity, and aerosol mix-
ing state in a fingerprint-like manner. So far, only very few studies (e.g., Mahish et al., 2018)
have used the « distribution or related concepts to characterize ambient aerosol properties. In
the light of the results in Fig. 10, we suggest that this concept should be used more broadly as it
provides valuable insights into the particle mixing state beyond the more established character-
izations of aerosol and CCN properties.”

The following Fig. 10 has been added to the manuscript:
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Figure 10. Average probability distribution of particle hygroscopicity, dH/dlogx, on the left
side and the same quantity weighted by the particle number size distribution,
(dH-dN)/(dlogx-dlogD), on the right side, plotted over the effective hygroscopicity parameter,
x, and dry particle diameter, D, for (a and b) the entire measurement period as well as (c and d)
PR, (e and f) LRT, (g and h) BB, (i and j) MPOL-LRT, and (k and I) MPOL-BB conditions. The
particle size distributions used for the weighting are shown in Fig. 6.
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Moreover, the following concluding statement has been placed in the summary and conclusions section:

“Hygroscopicity distributions were analyzed for all conditions, providing detailed and charac-
teristic insights into the mixing state of the different types of aerosols. We found that the spread
of x increases with size for all conditions. The x distributions suggest that the PR aerosol popu-
lation is rather internally mixed, whereas the BB, LRT, and MPOL aerosols show more external
mixing states. In essence, the « distributions and Ncn « distributions represent valuable overview
representations, combining characteristic aerosol properties in terms of particle size, particle
concentration, x levels, and aerosol mixing state in a fingerprint-like manner. This representa-
tion helps to further understand aerosol-cloud interactions, such as the shapes of the CCN effi-
ciency spectra: As general tendencies, more externally mixed aerosols, resulting in broader «
distributions, also broaden the CCN efficiency spectra — analogous to broad Ncn distributions.
Internally mixed aerosols with more defined x distributions tend towards steeper segments in
the CCN efficiency spectra. Furthermore, externally mixed aerosols with distinctly different «
levels tend to introduce further steps/plateaus into the CCN efficiency spectra, in addition to
plateaus caused by multimodal Ncn distributions. However, the CCN efficiency spectra for the
conditions reported here are primarily shaped by the particle size distributions and average «
levels, whereas the diversity of x seems to play a minor role. To clarify exactly how the signa-
tures and patterns in « and Ncn « distributions are related to the signatures and shapes of the
CCN efficiency spectra, dedicated future studies at contrasting locations and modelling support
is required.”
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