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The authors present observations of hygroscopic growth factors and volatility growth
factors for ambient aerosol at four different field sites in Europe. The data are grouped
into different growth classes and are stratified by air mass origin. Data analysis focuses
on relating volatility and hygroscopicity through a modeling exercise considering mix-
tures of sulfuric and fulvic acid in various mass fractions. Based on the model results
the authors conclude that the observed changes in growth factor are in part due to
changes in the vapor pressure lowering ability of the remaining mixture (Raoult effect).
Changes in surface tension and kinetic limitations to hygroscopic growth are invoked
because the Raoult effect could not fully account for the observed changes in growth
factor due to volatilization.

S965

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/S965/2009/acpd-9-S965-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/2021/2009/acpd-9-2021-2009-discussion.html
http://www.atmos-chem-phys-discuss.net/9/2021/2009/acpd-9-2021-2009.pdf
http://creativecommons.org/licenses/by/3.0/


ACPD
9, S965–S976, 2009

Interactive
Comment

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Discussion Paper

This is a timely paper and the data are highly relevant to the readers of Atmospheric
Chemistry and Physics. Unfortunately, the conclusion reached in the manuscript are
not fully supported by the analysis. Numerous conceptual, typographical, and gram-
matical mistakes make it unnecessarily difficult to fully appreciate the quality of the
experimental work. I recommend the manuscript for publication after the authors ad-
dress the following concerns.

1. The text in the manuscript is often unclear about Kohler theory. In particular
the introduction is confusing, mixing hygroscopicity, solubility, kinetic, and size
effects. I recommend clarifying this section, also accounting for some literature
that so far has not been included.

(a) The closure study by Snider and Brenguier (2000) relied both on sizes and
assumed chemical composition to predict CCN concentrations and this is as
much a test of Kohler theory than challenging the accurate sizing of optical
particle counters as well as number and supersaturation calibration of CCN
instruments.

(b) The study of Svenningsson et al. is not invalidating Kohler theory (pg. 2023,
ln16); it merely demonstrates that the ZSR assumption may lead to some
errors in predicted growth factors. However, as shown in Petters and Krei-
denweis (2007) it is difficult to resolve this non-ideal mixing of compounds
when propagating measurement errors into the prediction.

(c) I am not aware of measurements that have demonstrated that organic com-
pounds are more hygroscopic than inorganic compounds, as is insinuated
on pg. 2023, ln 21.

(d) Hygroscopic growth and solubility are generally not related, contrary to the
statement on pg. 2024, ln 3. True, particles must be sufficiently soluble
to express their hygroscopicity and insoluble particles do not grow. How-
ever, insoluble compounds such as CaSO4 have similar hygroscopicity than
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sulfuric acid, while infinitely soluble compounds, such as humic acid have
low hygroscopicities. For detailed discussion on (sufficient) solubility and
hygroscopicity see (Kelly et al., 2007; Laaksonen et al., 1998; Petters and
Kreidenweis, 2008; Raymond and Pandis, 2003; Shulman et al., 1996)

(e) The fact that organic compounds may delay the growth rate is important
(see also Sjogren et al., 2007). However, it should be made clear that this
study cannot address the role of this effect. Further, it is troubling if growth
delays are asserted because this means that equilibrium concepts, such as
Kohler theory, are not applicable to the data at all. I believe, however, that
the situation is not so dire since all of the observations of organic aerosol
hygroscopicity have similar growth times built in. This needs to be discussed
in more detail in the manuscript.

(f) It is stated that "synthetic particles" do not properly simulate the chemical
complexity of organic aerosols (pg. 2024). Later it is said that thermody-
namic data of organic compounds (ambient and synthetic) is largely lack-
ing. I disagree. A lot of research has been done on organic compounds
since the study of Saxena and Hildeman appeared first in 1996. Water up-
take/activity data of pure and internally mixed dicarboxilic acids (Prenni et
al., 2003; Prenni et al., 2001), saccharides (Chan et al., 2008; Rosenoern
et al., 2005), humic and fulvic acids/HULIS, high molecular weight organics
(Brooks et al., 2004; Dinar et al., 2007; Dinar et al., 2006; Gysel et al., 2004;
Petters et al., 2006a; Wex et al., 2007; Ziese et al., 2008), polyols (Ekström
et al., 2009; Marcolli and Peter, 2005), secondary organic aerosols gener-
ated from various precursors (Baltensperger et al., 2005; Meyer et al., 2009;
Prenni et al., 2007; Varutbangkul et al., 2006), soot and primary organic
aerosol (Dusek et al., 2006; Petters et al., 2006b; Weingartner et al., 1997)
phenols and sparingly soluble/insoluble organics (Huff Hartz et al., 2006;
Raymond and Pandis, 2002, 2003) and the ambient organic aerosol fraction
(Shantz et al., 2008; Wang et al., 2008) are now available. Combined these
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measurements give an overview of organic aerosol hygroscopicity covering
the range for organic aerosol kappa = 0 to ∼ 0.2 (with exception of oxalic
acid which is more hygroscopic), characterizing their hygroscopic properties
in the subsaturated range. I believe that it important to draw on this work in
both the introduction and the analysis that follows in the manuscript.

(g) There is no discussion on previous VTDMA work (e.g., Fletcher et al., 2007).
A paragraph summarizing previous similar observations would be helpful.
Especially the relationship between volatility and hygroscopicity has also
been discussed by (Asa-Awuku et al., 2009). It should strongly be noted
that VTDMA do not necessarily measure equilibrium states and residence
time plays an important role in interpreting volatility data (An et al., 2007).

2. I am not sure on how to interpret the disappearance of number fractions. It is
troubling that Class III aerosol are destroyed and Class II aerosol is generated.
Since there is only one VHGF mode this implies that volatility is distributed homo-
geneously for the 100 nm particles. The differential change in HGF (some grow a
lot less than their original class, some a little less and remain in the same class)
suggests otherwise.

(a) How can these two points be reconciled?

(b) What does that mean then that HGF decreased by a certain fraction after
volatilization?

(c) To me it seems that the classification into Class I-III is not necessarily help-
ful. Instead it would be better to plot a distribution of HGF change after
volatilization and report the moments of this distribution.

3. The modeling analysis relating HGF and VHGF is not very clear and the two
model mixtures are not sufficient to draw the sweeping conclusion that the Raoult
effect is insufficient to explain the change in HGF after volatilization. Assertions
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about surface tension and kinetic effects (pg. 2034) are not sufficiently supported
by the data analysis. Further, using relative changes in growth factor are not
very meaningful as I discuss later. I have outlined both my objections and how I
would analyze the data below, making use of the single parameter hygroscopicity
framework (Petters and Kreidenweis, 2007, 2008; Rissler et al., 2006; Vestin et
al., 2007; Wex et al., 2007). I realize that this analysis does reflect in part my
own biases on how I think about modeling hygroscopicity and other equivalent
methods may be employed by the authors instead. Finally, given my previous
comment the authors should consider if the question that I answer below based
on the information of the manuscript is not ill-posed. If not the following or similar
analysis should be included in the manuscript. The observations presented in the
manuscript are: A 3-11 nm reduction of a 100 nm particle leads to changes
in relative change growth factor from -10% to +4%.

To address whether this can be explained only by the Raoult effect, or surface
tension and/or kinetic effects should be considered we can convert the growth
factor data into hygroscopicity space using

gf3 − 1 = κ aw
1−aw

.

where gf is the growth factor, κ is the hygroscopicity parameter, and aw is the wa-
ter activity (calculated from removing the Kelvin effect from the grown droplet as
shown in PK07). Here kappa denotes the Raoult driving force that is expressed
in the form of the growth factor. The relative sensitivity dln(gf)/dln(κ) is
dln(gf)
dln(κ) = 1/3 awκ

1−aw−κaw

If the relative sensitivity dlnX/dlnY evaluates to a number (e.g. 1/2), then a 10%
change in X, corresponds to 5% increase in Y. Here it can be seen that the relative
sensitivity of the growth factor depends on the absolute value of kappa, or the
growth factor itself. The measurements were taken at RH ∼ 90% and hence aw
∼ 0.9. In this case:
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dln(gf)
dln(κ) = 3κ

1+9κ

Taking Puy de Dome, period 1, and assuming aw = 0.9 I calculate κ = 0.569,
0.175, 0.025 for Class III, II, and I, respectively. Correspondingly, the relative
sensitivities are 0.28, 0.20, and 0.06. This implies that a 10% change in growth
factor corresponds to a 2.8% in κ (or Raoult term) for Class 3 but only a 0.6%
change in κ for Class I. This is why I consider the relative changes in growth factor
plotted in Figure 2 and presented in the manuscript misleading. Showing them in
kappa space (or equivalent) is more meaningful from a physical perspective.

The second question is whether the underlying changes in kappa values are
consistent with changes in particle diameter. The modeling presented in the
manuscript is a first step. However, I believe the problem can be solved more
generally.

For a mixed particle the overall hygroscopicity of the particle can be written as
the volume weighted hygroscopicity of its individual components. For the follow-
ing discussion we may consider to conceptually split the particle into a volatile
component having κ1 and a non volatile component having κ2, the volume frac-
tion of the non volatile component ε. (1-ε is then the volume fraction of the volatile
component). This results in

κoverall = εκ1 + (1− ε)κ2

This expression assumes ZSR mixing and zero volume change due to mixing.
The relative sensitivity is
dln(κ)
dln(ε) = (κ1−κ2)ε

κoverall
.

For simplicity we may assume that κ2 = 0, in that case the sensitivity is
dln(κ)
dln(ε) = ε

This equation implies that a 10% change in kappa is equivalent to a 5% change in
ε if the volume fraction of the non volatile compound is 0.5. For different choices of
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κ2 the system is less sensitive. How does this sensitivity compare to the volatility
growth factor?

εnew = D3
nonvolatile/D3

90

εold = D3
nonvolatile/D3

εnew/εold = V hgf3

This implies that Vhgf = 0.96 (upper bound in Table 2) corresponds to a 12%
change in non volatile component volume fraction.

A 10% change in growth factor corresponds at maximum to 2.8% change in
kappa. At epsilon = 0.5 this corresponds to a necessary 1.4% change in ep-
silon to explain the growth factor change by the Raoult effect. This compares to
a 12% change that can be sustained by even a modest volatility growth factor.
Based on this, the volatility growth factors can fully explain the change in hygro-
scopicity. Reference to surface tension or kinetic effects is not required, although
it can of course not be excluded based on this analysis alone.

4. A similar analysis is necessary to show that the volatilization of nitrates can ex-
plain the decreased growth factors (Class III to Class II conversion).

Other comments

Pg. 2032, 15: The description of "fully hygroscopic" and "fully hydrophobic" does not
make sense to me. To my mind the hygroscopicity is a property of a compound that
ranges from non-hygroscopic (no growth factor), to varying degrees of hygroscopicity,
which is expressed by the compounds growth factor.

Pg. 2032, 18: Fulvic acid is hygroscopic and has kappa ∼ 0.05 (Petters and Kreiden-
weis and references therein).

Pg. 2033: I am skeptical about the chosen model compounds. Fulvic acid does not
seem volatile to me; it also is not non-hygroscopic. Are the model results in agreement
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with data for this system? The choice of example models strikes me as somewhat
arbitrary and not validated against data (see also comment of the other reviewer).

Pg. 2034: "presence of HNO3 on the particle surface, even at low concentration, is
likely to increase hygroscopic growth (Kulmala et al., 1998)". This can be assessed
quantitatively. A fraction of XX% nitrate increases the hygroscopicity of a kappa = YY
particle by ZZ %, corresponding to a change in growth factor by a AA%. It should be
noted that nitric acid is water soluble and dissolution of the gas in the aqueous solution
by Henry’s law partitioning, followed by dissociation, is also a mechanism that may
need to be accounted for (Laaksonen et al., 1998). Could it be that the thermodenuder
scrubs the gas phase nitrate, but this is not the case when measuring regular growth
factors?

Pg. 2037: "Because the link between hygroscopic growth and CCN activity is not
linear, it is, however, difficult at this point to predict this effect on CCN activation from
our measurements." I slightly disagree with that statement. If particle size and kappa
are known it is trivial to calculate CCN activity. Although this estimate does fail for some
secondary organic aerosols and aerosol water extracts (Prenni et al., 2007; Ziese et
al., 2008) it generally gives predictions within 30% (Carrico et al., 2008; Chan et al.,
2008; Duplissy et al., 2008; Petters and Kreidenweis, 2007).

The terms hydrophobic/hydrophilic; hygroscopic/nonhygroscopic, soluble/insoluble,
should be defined and not used synonymously.

The meaning of Figure 1 is not clear to me. As shown by the equations above there is
some relationship between VHGF and HGF, and such a space would make sense for
the plotting (either individual data pairs or perhaps averages, although averages may
obscure the physical interpretation). Superimposed could be predictions for certain
model assumptions.

Before submitting a revised manuscript the authors should carefully proofread the
manuscript to eliminate spelling mistakes (for example Kohler, Köhler, Kolher, Prenny).
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