Response

Response to referee 1:

We would like to thank referee #1 for the comments, the constructive criticism and
suggestions to improve our manuscript. We have implemented changes based on
comments and suggestions in the revised manuscript of the article. Our response to
the comments and changes to the manuscript are included below. We repeat the
specific points raised by the reviewer in bold font, followed by our response in italic
font. The pages numbers and lines mentioned are with respect to the Atmospheric
Chemistry and Physics Discussions (ACPD) paper.

General comments:

(1) The authors have failed to cite a large body of literature that has addressed
the same questions as presented here. This includes uncited studies of
levoglucosan water uptake, HULIs water uptake, and BB-surrogate mixed
particle water uptake.

(2) As a result of (1), the results from this work are largely well-known and
thus unsurprising. There are few original ideas or new insights contributed by
this study, with the possible exception of 4-hydroxybenzoic acid, which as far as I
can tell has only been investigated in one prior HTDMA study. Unfortunately,
because of the way the HTDMA experiments were conducted, this is largely a
negative result because this compound showed no water uptake up to the RHs
that were achieved.

(3) The curve fits that are provided by the authors to summarize their data, for
use in future water uptake calculations, are not accurate because they have not
been corrected for Kelvin effects. Thus, this main product from this work

requires revision before it can be used by the community.

Reply: According to the reviewer s suggestion of comment (1), we have read carefully
all references that this referee mentioned and cite references that are relevant to our
work. The details are given in specific response below to comment (1).

Regarding comment (2), as the referee mentions, there are several studies that have
been done on the hygroscopic behavior of ammonium sulfate, levoglucosan,
4-hydroxybenzoic acid, and humic acid (Koehler et al., 2006, Svenningsson et al.,
2006, Mikhailov et al. 2008, 2009; Dinar et al., 2007). However, there are good
reasons why we conducted our own the HTDMA measurements for these pure
components. Firstly, we made a comparison between our experimental results and
different model predictions to evaluate if the measured hygroscopic diameter growth
factors (GF) of the pure components agree with one or several of the models

agreement is found, the model can be considered suitable to describe the



hygroscopicity of the pure components potentially of use with the
Zdanovskii-Stokes-Robinson (ZSR) relation for the prediction of GF of more complex
multicomponent systems. In addition, these measurements served also as a test of our
laboratory setup in comparison to the previous work conducted by other groups
(comparison of the measured growth factors at different RH and deliquescence RH).
We also focus on differences between the models used including ideal solution theory,
AIOMFAC, E-AIM, a fitted growth factor curve, and ZSR, compared to measured
hygroscopic diameter growth factors of pure compounds and mixtures of these
components. Secondly, the goal was to conduct experiments and model calculations
for inorganic-organic mixtures of surrogate components reflecting (in a simplyfied
way) mixtures of aerosol components fund during different seasons from biomass
burning sources. Growth factors of mixtures with components that we studied in our
HTDMA experiments have not been measured before.

Regarding comment (3), as this referee points out, for 100 nm dry size particles,
since the surface tension of many aqueous solutions is relatively close to that of pure
water, neglecting the Kelvin effect can result in up to a few percent error in a,
(Kreidenweis et al., 2005). So we have all data corrected for this effect by calculating
the Kelvin factor (Ke) accounting for curvature effects. These data and related figures

have been revised and are more specifically discussed below.

Specific comments and author response:

Point (1): Regarding levoglucosan water uptake, in the Introduction the authors
cite only Mochida and Kawamura (2004): “Studies about the hygroscopicity of
individual organic compounds characteristic to biomass burning aerosol
particles were performed by Mochida and Kawamura (2004).” Svenningsson et
al. (2006), whose work is cited later in the paper, also studied levoglucosan and
other BB surrogates, as well as mixtures with inorganics (see next point). Koehler
et al. (2006), a paper not cited in this manuscript, studied levoglucosan particles
with an HTDMA and curve-fit GF similarly to the method presented here. They
also checked against idealized solution theory (which is discussed in section 2.2.5
as if this was a unique feature of this work, but has been examined in Koehler et
al for the levoglucosan system and in many other papers for other compounds).
Furthermore Koehler et al. showed that levoglucosan, glucose and fructose were
all similar in water uptake, which demonstrates that molecular size and structure
(i.e., idealized treatment) are sufficient to capture hygroscopic behaviors. They
also summarized relevant experimental data on sugars available up to that point,
many of which papers are not referenced here. Koehler et al. (2006) has been
cited 40 times and Svenningsson et al. (2006) has been cited 125 times. In all of



these citing papers there are certainly several that are relevant to this
manuscript and have not been included in the literature survey presented here.

The authors state (p.11629, lines 1-3) that “published results on the effects of
organic surrogate compounds from biomass burning on the hygroscopic
properties of otherwise inorganic aerosol are sparse (Brooks et al., 2004; Gysel et
al., 2004; Mochida and Kawamura, 2004; Badger et al., 2006).” There are many
studies that have been missed in this list, including a number on mixed HULIs /
inorganics (see Dinar et al., 2007, for example), dicarboxylic acid / inorganics
(e.g., Frosch et al., 2011, among others), surrogate mixtures (Svenningsson et al.,
2006), and BB particles directly (e.g., Carrico et al., 2008; Dusek et al., 2011).
Finally, one highly relevant uncited paper is Mikhailov et al. (2008), Influence of
chemical composition and microstructure on the hygroscopic growth of
pyrogenic aerosol. They created model smoke particles and studied GF, and
discuss findings with regard to particle restructuring, a phenomenon alluded to

in the manuscript.

Reply: As the referee points out, there are several previous studies on the hygroscopic
properties of relevant organic components that have not been cited in our manuscript.
We extend our discussion on previous studies and we will revise the manuscript
accordingly.

Levoglucosan can be a significant portion of the organic aerosol mass and can be
emitted at high enough concentration that it can be detected substantial distances
from the source (Simoneit et al., 1999; Fine et al., 2002). Hygroscopic behavior of
levoglucosan particles has been studied by several groups (e.g., Mochida and
Kawamura, 2004, Chan et al., 2005, Koehler et al., 2006, Svenningsson et al., 2006;
Mikhailov et al. 2008, 2009). For example, Koehler et al (2006) reported results on
hygroscopic behavior of levoglucosan compared to the data from previously published
papers (Mochida and Kawamura, 2004, Chan et al., 2005; Svenningsson et al., 2006),
In addition, gradual phase transition of levoglucosan particles was observed with an
upper end at ~60 % RH by Mikhailov et al. (2008, 2009). Humic like substances
(HULIS) are commonly found in samples of biomass burning aerosols in many
locations (Mayol-Bracero et al., 2002; Decesari et al., 2006; For et al., 2010, linuma
et al., 2007). Most studies concerning hygroscopic behavior of HULIS have employed
model compounds, mainly terrestrial and aquatic humic and fulvic acids (Chan and
Chan, 2003; Brooks et al., 2004; Gysel et al, 2004; Badger et al., 2006,
Svenningsson et al., 2006, Dinar et al., 2007, Sjogren et al., 2007; Mikhailov et al.
2008, 2009; Hatch et al., 2009; Pope et al., 2010; Zamora et al., 2011, Zamora and
Jacobson, 2013). For example, Dinar et al. (2007) have studied the hygroscopic GF
of HULIS extracted from smoke and urban pollution aerosol particles and of



Suwannee River fulvic acid using HTDMA. Water uptake of two different
commercially available humic acid aerosol particles has been studied by Pope et al.
(2010).

Mono- and dicarboxylic acids account for a significant mass of the organic fraction
of biomass burning particles (Novakon and Corrigan, 1996, Narukawa et al., 1999;
Hoffer et al., 2006, linuma et al., 2007; Fu et al, 2009; Dusek et al., 2011;
Psichoadaki and Pandis. 2013). Effects of these mono- and dicarboxylic acids on the
hygroscopic behavior of mixed organic-inorganic particles have been performed by
many groups (Beyer et al., 2008, Hanford et al., 2008, Zandin et al., 2008; Frosch et
al., 2011). For instance, Frosch et al. (2011)investigated the hygroscopicity of internal
mixtures consisting of one organic acid (oxalic acid dihydrate, succinic acid, adipic
acid, citric acid, cis-pinonic acid, or Nordic reference fulvic acid) and one inorganic
salt (sodium chloride or ammonium sulfate). Previous studies investigated the
hygroscopicity of organic-inorganic mixtures of representative model compounds from
biomass burning (Cruz and Pandis, 1998, 2000; Raymond and Pandis, 2002; Abbatt
et al., 2005; Henning et al., 2005, Svenningsson et al., 2006, Carrico et al., 2008,
Dusek et al., 2011). For example, water uptake of surrogate mixtures containing a
representative water-soluble organic fraction and inorganic compounds were studied
by Svenningsson et al. (2006). They used the ZSR relation to compare and
successfully explain the observed hygroscopic growth factors for 3 out of 4 mixtures.
In addition, Carrico et al. (2008) and Dusk et al. (2011) investigated CCN activity
and hygroscopic growth behavior of ambient biomass burning aerosols. To provide a
better overview over these previous studies, we have added additional statements and
cite the relevant references in our revised manuscript version, which are given in the

following.

Related additions and changes included in the revised manuscript:

Page 11628 linel-2: we added 4 references in there. “and inorganic constituents are
suggested to act as efficient cloud condensation nuclei” (Novakov and Corrigan,
1996; Petters et al., 2009; Rissler et al., 2010; Dusek et al., 2011; Frosch et al.,
2011).

Page 11628 line 2-4: we added 2 references in there. “In the Amazon basin, for
example, the CCN concentration in the dry season is one order of magnitude higher
than in the wet season due to biomass burning” (Roberts et al., 2001, Carrico et al.,
2008; Hening et al., 2010).

Page 11628 line 4-7: we added 2 references. “In addition, the aerosol indirect
climatic effects resulting from increased cloud condensation nuclei concentrations are
expected to be very important in tropical regions, particularly in the regions with very

high biomass burning emissions” (Roberts et al., 2001; Carrico et al., 2008, Hening



etal., 2010).

Page 11628 line 7-10: we added 4 references. “Increased CCN concentrations may
lead to reduced average cloud droplet radii and associated with this, likely an
enhanced negative radiative forcing of affected clouds” (Roberts et al., 2003;
Lohmann and Feichter, 2005; Dinar et al., 2006a, b, 2007; Carrico et al., 2008).

Page 11628 line 10-13: we added 5 references. “Several groups have reported that a
significant portion of particles from biomass burning (from 11 to as high as 99% by
mass) consists of water-soluble organic carbon (WSOC)” (Ruellan et al., 1996,
Novakov and Corrigan, 1996; Narukawa et al.,1999; Hoffer et al., 2006, linuma et al.,
2007; Fu et al., 2009; Claeys et al., 2010, Dusek et al., 2011, Psichoadaki and Pandis,
2013).

Page 11628 line 21-23: we added 2 references. “Sampled WSOC typically contain a
wide range of chemical species that are expected to show rather distinct water
solubilities” (Mochida and Kawamura, 2004, Rissler et al., 2010, Jung et al., 2011).
Page 11628 line 27 to Page 11629 line 3: sentences “Previous laboratory studies
have addressed......from biomass burning on the hygroscopic properties of otherwise
inorganic aerosol are sparse” (Brooks et al., 2004, Gysel et al., 2004; Mochida and
Kawamura, 2004, Badger et al., 2006) were revised to “Previous laboratory studies
have addressed the effects of organic surrogate compounds from biomass burning on
the hygroscopic properties of mixed organic-inorganic aerosol particles containing
inorganic salts (Chan and Chan, 2003, Mochida and Kawamura, 2004, Brooks et al.,
2004; Gysel et al., 2004, Chan et al., 2005; Svenningsson et al., 2005, 2006, Koehler
et al., 2006, Badger et al., 2006; Dinar et al., 2007; Sjogren et al., 2007; Carrico et
al., 2008, Mikhailov et al. 2008, 2009, Hatch et al., 2009; Pope et al., 2010, Zamora
etal., 2011; Frosch et al., 2011; Dusek et al., 2011; Zamora and Jacobson, 2013).”
Page 11637 line 5-6: we added some discussion. Sentences “These measured GF are
slightly higher than the measured hygroscopic growth factors of Leonardite Standard
HA by Brooks et al. (2004). However, a contrasting phenomenon was observed by
Zamora and Jacobson (2013); no hygroscopic growth of humic acid particles was
observed over the full range of RH in their study.”

Page 11642 line 21-23: we added 4 references. Sentence “Levoglucosan, a major
pyrolysis product of cellulose and hemicellulose, contributes substantially (about
16-31 % by mass) to the total organic fraction in PM>s (Mochida and Kawamura,
2004, linuma et al., 2007; Claeys et al., 2010, Engling et al., 2013; Samburova et al.,
2013).”

Page 11642 line 24-25: we added 6 references. Sentence “In general, MDA have been
identified as pyrolysis products of lignin, which is a major constituent of woods
(Mochida and Kawamura, 2004, Hoffer et al., 2006, linuma et al., 2007; Fu et al.,
2009, Dusek et al., 2011, Psichoadaki and Pandis. 2013).”



Page 11643 line 1-2: we added 6 references. Sentence “soluble organic carbon was
identified as PA having molecular structures similar to humic materials (HMs)
(Decesari et al., 2001; Fuzzi et al., 2001; Dinar et al., 2006a, b, 2007, Pope et al.,
2010; Zamora et al., 2011; Fors et al., 2010).

Reply:As this referee pointed out, Mikhailov et al, (2008, 2009) have studied effects of
chemical composition, physical state, and microstructure on the hygroscopic behavior
of a model smoke aerosol series containing ammonium sulfate, levoglucosan, and
oxalic and humic acids. In these papers, with consideration of particle restructuring

effects, they used the hygroscopic mobility diameter growth factor definition
GF(RH)=D(RH)! D,

Here, D(RH) is the particle diameter at a specific RH and Dy the reference diameter.
the reference (minimum) diameter Dy is obtained from different experimental

protocols, e.g.:

Hydration (h) mode minimum mobility diameter: Lo = Dy

Hydration&dehydration (h&d) mode minimum mobility diameter: Do = Digann

With these definitions from Mikhailov et al., the minimum diameter is the smallest
diameter observed at any RH during a specific mode of performing an experiment. In
many other studies, the reference diameter is taken to be the dry size diameter at RH =
0 %, therefore neglecting any restructuring and potential shrinkage of particles at

elevated relative humidity.

Related additions and changes included in the revised manuscript:

Page 11631 line 6: we added some discussion after the sentence: “The
mobility-diameter growth factor is calculated as the ratio of mobility a particle
established after exposure to a set RH level (mobility-diameter after humidification)
to the reference mobility of the dry aerosol particles (at RH< 5 %). Hygroscopic
diameter growth factors, GF(RH) = D(RH)/D0, where D(RH) is the particles
diameter at a specific RH and DO the diameter at dry conditions (RH= 0 %)”

We add:

DO is often taken as the initial mode diameter of the aerosol (Dyar) at dry conditions,
RH = 0 % selected by DMAI. In addition, following the definition of Mikhailov et al.
(2009), a reference diameter Dy can be defined as being the minimum diameter (Dj,min)
observed while following an experimental protocol. The values of this minimum
diameter and initial dry diameter are summarized in Table 2 (for set dry RH3 below 5
% RH in the HTDMA operation) and measured hygroscopic growth factor of



compounds presented in Fig. 2. In addition, hydroscopic diameter growth factors are
based on these reference minimum diameters for the pure components are predicted
using different thermodynamic models and mixing rules. In each model, we assume
that these particles are spherical. As a consequence, the predicated mobility

equivalent diameter is equal to the volume equivalent diameter of a sphere.

Table 2. Initial dry diameter (Dnary) (RH < 5 %) and minimum mobility diameter
(Dh,min) in hydration (h) mode of the HTDMA experiments.

Aerosol type Dh,dry (nm) Dhn,min (nm)
Ammonium sulfate 100.6 99.5
Levoglucosan 99.8 99.6
Humic acid 100.4 100.3
4-Hydroxybenzoic 100.2 95.0
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Fig. 2. Hygroscopic diameter growth factor (GF) for Dy (initial dry diameter RH < 5 %) aerosol particles. The
measurements, model calculations, and fitted expression Eq. (1) represent conditions of particle growth during a
hydration experiment from 5 % to 90 % RH at 298.15 K. Measured growth factors are corrected for the Kelvin

effect and and therefore shown vs. water activity. Symbols: measured GF are shown with respect to Do = D, ary



(black squares) or Dy = Dngd,min (Open circles). Systems: (a) ammonium sulfate (b) levoglucosan, (¢) humic acid,

and (4) 4-hydroxybenzoic acid.

Page 11635 line 20: we add discussion in the revised manuscript. Sentence
“Figure.2a presents growth factors of 100 nm (dry diameter) ammonium sulfate
particles from low to high RH.......80% RH after deliquescence is 1.45 at 24.9 T as
measured by Wise et al. (2003).” was revised to

“Fig. 2a. presents growth factors with respect to Do = Dian and Do = Dpmin
ammonium sulfate particles from low to high RH.......80% RH after deliquescence is
1.45 at 24.9 T as measured by Wise et al. (2003). In addition, the effects of particle
shape/porosity restructuring on hygroscopic behavior of AS particles investigated are

rather small (Mikhailov et al., 2004, 2008, 2009).”

Page 11636 line 23-25: we add discussion in the revised manuscript. Sentences “The
measurements also suggest that levoglucosan absorbs a small amount of water even
at 5% RH, and it is liquid over the full range of RH potentially rather viscous at lower
RH).” was revised to “The measurements also suggest that levoglucosan absorbs a
small amount of water even at 5% RH, and that it remains liquid over the full range of
RH potentially rather viscous at lower RH. However, another possible explanation for
slight water uptake of levoglucosan could be that nanoparticles produced by
crystallization at very low RH contain volume and surface defects (porosity,
polycrystalline state), which may facilitate water adsorption followed by absorption
starting already at low relative humidity (Mikhailov et al, 2008, 2009). This
possibility cannot be ruled out by our measurements, but the observation, which do
not show a deliquescence step, would suggest that such an effect could only take place

with a gradual deliquescence in the levoglucosan system.

Page 11637 line 5: we add discussion in the revised manuscript after the sentence
“Above 70% RH, the particles start to take up increasingly more water toward high
We add:

“The effects of microscopic restructuring on the water uptake of humic acid aerosol
particles are relatively the same small, comparable with those of ammonium sulfate

and levoglucosan aerosol particles.”

Page 11637 line 14: we add discussion after sentence “The hygroscopic growth
curves for 4-hydroxybenzoic acid are presented in Fig. 2d. No hygroscopic growth
(within error) was observed below 90% RH.”

We add:



Sentence “measured hygroscopic diameter growth factors with respect to Dpmin nm
are above 1.0, and are close to 1.0 toward high RH (the minimum diameter was found
at the highest RH measured). The main reasons for the observation of smaller
particles at higher RH is likely the restructuring and/or partial evaporation of
particles at higher relative humidity in the hydration mode. The measured
hygroscopic diameter growth factor with respect to Djan show of course the same
slight decrease in particles diameter with increasing RH. with this definition of the

reference diameter leading to GF smaller than 1.0 at higher RH.”

Point (2): In the Introduction, line 23 on p. 11628, the authors state, “it is still
uncertain whether these WSOC are inherently CCN active or whether they are
made active through association with water-soluble inorganic species.” This
statement is not true. First, we know a lot about hygroscopicity of organic
compounds from work that has been done over the last 15 years. Indeed, it seems
strange to ask whether the WSOC fraction of an aerosol is hygroscopic. If a
compound is water soluble and thus in the WSOC fraction, it will surely exhibit
water uptake, the main question being what its deliquescence RH is, which
determines if it can exhibit water uptake at low RH or not. Further, the
statement is not well-posed since “CCN active” is imprecise. It depends not only
on composition, but on the particle size and on the supersaturation. Finally, this
work does not address CCN activity, because the RH remains below about 90%.
Some organic species have relatively low solubility and thus a high DRH, yet in
an activating cloud drop can contribute to the total water uptake when this DRH
is exceeded. Which brings me to a shortcoming of this work. It is too bad the
experimental protocol did not include first raising the particles to very high RH,
then drying to the RH setpoint. In this way the authors could probe hysteresis
effects that are alluded to in the discussion; for example, the 4-hydroxybenzoic
acid may have dissolved under such conditions and the supersaturated solution
persisted until the GF measurement. This well-known approach could address
one of the main open-ended findings from this work.

Reply: As the referee pointed out: page 11628 line 23-24: sentence “However, it is
still uncertain whether those WSOC are inherently CCN active or whether they are
made active through association with water-soluble organic species (Roberts et al.,
2001, 2002; Wu et al., 2011)” was revised to “However, for a variety of WSOC
compounds, it is not well known what the deliquescence relative humidity (DRH) of
the pure compound is, which determines if it can exhibit substantial water uptake at
moderate RH or not least as long as crystallization took place at dry conditions

(followed by a hydration trajectory). Some organic components that show a small



solubility in pure water (i.e., these require a large volume of water to be extracted and
labeled as a WSOC), may have a DRH close to 100 % RH, which is not accessible in
our hydration experiments (RH probed up to ~ 90 % RH).”

4-Hydroxybenzoic acid aerosol showed no water uptake up to 90 % RH in our
HTDMA hydration experiments (Fig. 2d). According to the referee’s suggestion, we
conducted further experiments for 4-hydroxybenzoic acid particles with hydration to
high RH followed by dehydration to a set RH. Dry-size 100 nm 4-hydroxybenzoic acid
aerosol was exposed to an RH slightly above 100 % RH through the use of a
humidifier, and then dried to a certain RH set point (90 % - 10 % RH), as shown in
Fig below.
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Fig. Hygroscopic diameter growth factor (GF) for Do = 100.2 nm (initial dry diameter RH< 5 %)
4-hydroxybenzoic acid aerosol particles. The measurements, AIOMFAC and E-AIM model calculations, and the
fitted expression Eq. (1) represent growth factors for dehydration (dehumidification) conditions from 90 % RH to

10 % RH at 298.15 K systems. Measured growth factors are corrected for the Kelvin effect.

A possible reason for no observed hygroscopic growth of 4-hydroxybenzoic acid
aerosol is that it never or only briefly existed in a liquid state in the HTDMA setup.
While it may have deliquesced in the supersaturation humidifier, its efflorescence may
take place already above 90 % RH. Hence, the RH set points at 90 % RH and below
will refer to GF of the crystallized compound (and RH-dependent restructuring effects



of these crystallized particles). A second possible issue could be that the residence
time in the humidifier (~5s) is insufficient for 4-hydroxybenzoic acid to fully
deliquesce. The same phenomenon was observed by Mochida and Kawamura (2004),
they performed a very similar experiment in order to seek the possible presence of
supersaturated solutions of 4-hydroxybenzoic acid aerosol that would yield a
meaningful growth factor for the liquid (metastable) particle state at lower RH
setpoints, but they found as well no obvious change in diameter for 4-hydroxybenzoic

acid aerosol up to 95 % RH under dehydration conditions.

We add the following discussion in the revised manuscript:

Page 11637 line 27: we added some discussion after the sentence “an effect that is
also known for certain volatile inorganic particles (e.g., NH;NO3) (Lightstone et al.,
2000, Hersey et al., 2013) .

We add :

“In order to probe hysteresis effects of 4-hydroxybenzoic acid during hydration and
dehydration processing of the aerosol, another experiment was conducted for
4-hydroxybenzoic acid. First, the 4-hydroxybenzoic acid aerosol particles was passed
through a water supersaturation humidifier (RH of above 100 % ), followed by drying
to the different RH setpoints (90 % to 5 % RH). No obvious diameter changes other
than potential restructuring effects were observed in this experiment. A possible
reason is that the particles deliquesce in the supersaturation humidifier, but that their
efflorescence occurs above 90 % RH, likely even above 97 % RH (Mochida and
Kawamura, 2004). A second possible issue could be that the residence time in the
humidifier section (~5 s) of our HTDMA setup is too short for 100 nm
4-hydroxybenzoic acid particles to fully deliquesce. Our observations of this very
limited solubility of 4-hydroxybenzoic acid, and hence, a high DRH are in agreement
with the experimental data of Mochida and Kawamura (2004) for this system”.

Point (3):The authors have not corrected RH to a, (section 2.2.1). In fact
Kreidenweis et al. (2005) point out that for 100 nm particles as used in this study,
neglecting this correction makes several % difference in the results. All of the
data should be corrected to a, before being curve fit; otherwise the curve fits
cannot properly represent solution behavior. It is unclear whether some of the
minor discrepancies between theory and experiment that are discussed later in
the paper are actually attributable to this error. The discussion in section 3.1 and
later seems to attribute some experiment-to-model differences to assumptions
about particle density. This assertion surprised me. In general when this question
has been looked at before, small errors in density propagate only slightly into

errors in water activity (not true for large restructuring, however). My



impression has been that volume additivity is often an accurate-enough
assumption for interpretation of water uptake. Are the authors suggesting
otherwise? If so and if they can support this argument, it would be helpful and of
interest. Please clarify the discussion of this point to state more clearly the
differences between ideal density and actual solution densities and how this
impacts water activity estimates.

Minor comments:

Page 11635: “DRH” should read “GF”

Page 11646, line 21: “focus” should be “focuses”

Reply: according to referee’s comments, we used the following equation (Kreidenweis

etal., 2005):

46503M w

§=a,eXp| ————
RTp,D,

Here ay, is the water activity of a bulk solution corresponding to the solution droplet
of diameter D), o is the surface tension of the solution, M., is the molar mass of
water, pw is the density of liquid water at T, R is the universal gas constant, T is the
temperature and s is the saturation ratio equal to RH/100 %. For humic acid, we
assumed that the surface tension of the droplet solution is equal to the surface tension
of pure water, o,, (Mikhailov et al., 2008). With these additions, we revised Page 11655
Table 1.

Table 1. Substances and their physical properties used in this work.

Chemical Chemical Molar Mass Density in solid and Solubility Solution surface ~ Manufacturer,purity
compound formula [g mol ] liquid state [g cm] ¢/(100 cm® H0) Tension [J m]
Ammonium sulfate (NH4)2S04 132.140 1.770%, 74.400 0.072 Alfa Aesar, 99.95%
1.550° (at20C)
Levoglucosan CsH1005 162.100 1.618° 0.073¢ Aldrich, 99%
1.512 (0.01-10mg/mL)
4-Hydroxybenzoic C7HO3 138.100 1.460 0.675(at 25°C) 0.070¢ Alfa Aesar, 99.99%
acid 1.372f
Humic acids NA 0.800" NA 0.073 Aldrich, 99%

2Clegg and Wexler (2011a);
bLienhard et al. (2012);



¢ Tuckermann and Cammenga (2004);
d Jedelsky et al. (2000);

°Kiss et al. (2005);

fYates I1I and Wandruszka (1999);

i Mikhailov et al. (2008).

Page 11656 Table 2. Due to consideration of the Kelvin effect with the fitted

expression, we revised the coefficients listed in Table 2:

Table 2. Coefficients (a, b, c) of the fitted growth curve parameterization to measured
growth factor data using Eq. (1). Measured growth factors of Do nm particles used in
Eq. (1) were first corrected for the Kelvin effect.

Chemical compounds a b c
Levoglucosan 0.45602 -0.69869 0.44755
4-Hydroxybenzoic
acid -0.14061 0.22767 -0.09526
Do=Dhn,dry
Humic acid 0.33579 -0.60172 0.40850

Page 11631 line 14-15: we added two equations and pertaining information:

RHI00% =a,x X, @)
40'”;Mw}

Ke=expl———
RTp,D,

3)
Here a, is the bulk water activity (mole fraction basis) at the composition of the
solution droplet corresponding to gas phase RH at equilibrium with a bulk solution,
Os0l 1S the surface tension of the solution, M., is the molecular mass of water, pwis the
density of pure water at T, R is the universal gas constant, T is the temperature, D, is
the sphere-equivalent mobility particle diameter, and K. is the so-called Kelvin
correction factor term accounting for the droplet curvature.

The simplest assumption is that the Kelvin factor is equal to 1 (i.e., neglecting the
droplet curvature effect), applicable to large particles, however, for 100 nm diameter
particles, ignoring the Kelvin effect at a given RH level and measured  growth factor,
leads to an error in the corresponding bulk solution equivalent water activity of about
1 - 2 % (Kreidenweis et al., 2005; Koehler et al., 2006). In this work, we have
corrected all HTDMA GF data by evaluating the Kelvin term (Eq. 3) for the retrieved
droplet size at a certain RH to obtain the corresponding water activity for comparison
with models. The coefficients a, b, and c of Eq. (1) are determined by fitting Eq. (1) to



GF vs. aw data obtained by using Eq. (2) with measured GF data at known
experimental RH levels. Equation (1) is appropriate to describe continuous water

uptake behavior of particles with a reference diameter at dry conditions (i.e., with GF
= 1.0 at RH = 0 %).

Page 11632 line 3: Equation number “(2)” was revised to “(4) .

Page 11635 line 2: Equation number “(3)” was revised to “(5) .

Page 11659: we revised the panels (a), (b), (c), and (d) of Fig. 2., which are shown
above in the discussion of point (1).

Page 11660 — 11663: Figures 3 to 6 will be revised accordingly to show the measured
data after Kelvin effect correction and to show the ZSR predictions with the new
parameterizations of the fitted expression (Eq. 1) for the corresponding mixed

organic-inorganic systems.

We agree with this referee that the assumption of volume additivity is usually leading
to rather small differences in predicted growth factors in comparison to more
sophisticated particle density/volume estimation methods. We attribute a small effect
on predicted GF curves due to different density treatment in E-AIM and the
AIOMFAC-based equilibrium model based on a comparison of predicted mass growth
factors and diameter growth factors for pure ammonium sulfate shown in (a new) Fig.
7. In the case of predicted mass growth factors of ammonium sulfate, both models
agree very well with each other, indicating the slight differences in predicted diameter
growth factors must be due to the different way the conversion from particle mass to
particle volume are done in the two models. Additional difference between the
predictions of E-AIM and AIOMFAC for the mixed systems (e.g., levoglucosan +
ammonium sulfate, shown in Fig. 3 in the revised manuscript) arise from a
liquid-liquid phase separation predicted by the AIOMFAC-based equilibrium model,
while the E-AIM model predicts higher miscibility of levoglucosan and aqueous
ammonium sulfate with no phase separation (which, given the experimental data,
seems to be correct). These different phase predictions also affect the water uptake of

the overall particles and hence the predicted growth factor.
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Fig. 7. Comparison of E-AIM and AIOMFAC-based mass growth factors (a) and growth diameter growth factors

(b) for the binary ammonium sulfate + water system at 298.15 K.

We add the following discussion in the revised manuscript:

Page 11639, line 4-16: “A possible reason is that the E-AIM model provides droplet
volume output based on density......and its prediction is a bit higher than the E-AIM
model above 80 % RH” was revised to “A possible reason for small differences
between the model predictions is that the E-AIM model provides droplet volume
output based on density predictions of the aqueous system at different compositions
(Clegg and Wexler, 2011a, b), while the other two models use a simpler volume
additivity approach. We attribute a small effect on predicted GF curves due to
different density treatment in E-AIM and the AIOMFAC-based model based on a
comparison of E-AIM and AIOMFAC-based predicted mass growth factors and
diameter growth factors for pure ammonium sulfate shown in Fig. Al. (we add Figure
7 in the appendix A of the revised paper). In the case of predicted mass growth factors
of ammonium sulfate, both models agree very well with each other, indicating the
slight differences in predicted diameter growth factors must be due to the different
way the conversion from particle mass to particle volume is done in the two models.
In addition, for the levoglucosan + AS mixtures, the AIOMFAC-based model predicts
a liquid-liquid phase separation between 80 % and ~ 90 % RH for the hydration



conditions. The E-AIM model does not predict a phase separation and estimates a
higher miscibility between the inorganic and organic components, which seems to be
in better agreement with the experimental data. This is the major reason for the
differences between the two model predictions regarding the diameter growth factors

)y

above AS deliquescence in case of the levoglucosan + AS system.’

Page 11636 line 8: sentence “The E-AIM model includes a composition dependent
solution density model, while the AIOMFAC-based model does not.” was revised to
“The E-AIM model includes a composition dependent solution density model, while
the AIOMFAC-based model simply assumes volume additivity (see discussion in
Section 3.2).”

Page 11639 line 2: sentence “the E-AIM (standard UNIFAC) GF prediction is in
better agreement with the measurements than the ideal solution GF curve, the
AIOMFAC model as well as the ZSR relation” was revised to

“The E-AIM model includes a composition dependent solution density model, (i.e.,
solution density depends on water content and therefore RH), while the
AIOMFAC-based model does not include such a sophisticated treatment. The
AIOMFAC model assumes linear additively of pure component liquid or solid

volumes/density to estimate the droplet diameter at a given RH.”

Page 11635 line 23: “DGH” was revised to “DH .

Page 11646 line 21: “focus” was revised to “focuses”.
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