We thank the reviewer for carefully reading our ogript and for providing constructive comments,
which have improved the quality and clarity of ewgnuscript. The reviewers’ comments are repeated
in full below, with our replies indicated after damomment in blue font. Text which has been added t
the manuscript is shown in red font.

Before we give our detailed replies to all commeméswant to indicate one major change that has
been implemented.

After the manuscript was published we realized thatrelative humidity (RH) which was used in the
data analysis was taken as the RH over ice instéaglipercooled water (note that the reported
experiments include only conditions where the tenaifpee was 248 K or colder). Since Hanson and
Lovejoy (2006) used the RH over supercooled wadtexr necessary to refer the data from this study
also to water, which shifts the relative humiditiedower values.

As requested by the referee (comment (21)) we helded a new figure to the manuscript (new Figure
6, see page 3 in this document), which shows tipertence of the sulfuric acid dimer evaporation
rate as a function of the RH for two temperatug88(and 223 K). Figure 6 also shows power law fit
curves for each of the two data sets, indicatirag the evaporation rates decrease with a powpr=of

-1 at 208 K and witlp = -1.6 at 223 K. Because the new RH values daowespond to 20% RH the
evaporation rates cannot be directly comparedeadttia by Hanson and Lovejoy (2006). Therefore,
the data points from Figure 6 that are closesiO8& RH were interpolated to 20% and these data are
then used in Figure 7 (previously Figure 6) to obthe fit parametersHi and & Using the updated
data the fit parameters are now & -20.1+1.2 kcal mdl and & = -46.7+5.2 cal mdi K. The new
values are somewhat different from the data by blarend Lovejoy (2006) who reportedHd= -
18.3+1.8 kcal mot and &= -39.5+7.8 cal mal K™ but still agree within errors. On the other hamel t
new data agree very well with quantum chemicaluwat®ons taking into account the effect of water
on the formation of sulfuric acid dimers (Ding &t 2003). Ding et al. (2003) reporHd= -21.1 kcal
mol* and & = -51.7 cal mat K™ for the reaction of (560,)(H,0), + (H,SO)(H,0). Comparison
between the data by Ding et al. (2003) and frons 8tudy is now included and the data (from
guantum chemistry and measurements) are now showméew Table 2 (the previous Table 1 is now
Table 4).

Additional small changes:

— The colors of the symbols in Figure 4 and Figurbaye changed because the RH now
represents the relative humidity over supercoolatkw

— RH has also been updated in the context of FigQrépdeviously Figure 9 but since the new
Figure 6 has been inserted the number has beested)juBecause the pure sulfuric acid
dimer evaporation rates are now changed slightlie (b the new fit parameters discussed
above), the evaporation rates for the&SB,*NH; cluster are somewhat different. This results
also in updated values foHdand &. These are nowH = -16.1+0.6 kcal ma! and & = -
26.4+2.6 cal mot K™ The previously reported values weié d -16.1 kcal mot and &= -
26.2 cal mot K™ therefore the change is relatively small.

— The dashed black line has been removed from Figpeeviously Figure 6)
— A new Table (Table 2) has been added; this tablapemes thermodynamic data of the
formation of sulfuric acid dimers in the binary ®ms; the previous Table 1 is now labeled
Table 4 (see later comments).
Besides the addition of Figure 6 and the updatednmbdynamic data, parts of the text have been
modified. Section 3.3 now includes discussion ef tlew Figure 6. This discussion replaces the last
part of Section 3.3 (starting with line 8 on pagd17):
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“We converted equilibrium constants reported by $temand Lovejoy (2006) to evaporation rates
using equation (8). Hanson and Lovejoy (2006) deitezd evaporation rates at 20% RH; while our
measurements were made at different RHs. BecausddHa significant influence on the dimer
evaporation further analysis is necessary to magdévwo data sets comparable.

Figure 6 shows the evaluated dimer evaporatiesras a function of the relative humidity (with
respect to supercooled water) for two differentgeratures (208 and 223 K). The rates from this
study are based on the data shown in Figures % amdl equation (5). The data were fitted by simple
power law fits and the slopes pf -1 (at 208 K) ang = -1.6 (at 223 K) indicate that the evaporation
rates decrease significantly with increasing RHal@atively this is in agreement with a previous
experiment (Hanson and Lovejoy, 2006) and quantbemical calculations (Ding et al., 2003).
However, Hanson and Lovejoy (2006) reporned -0.5, where the exponepthas an uncertainty of
+100%. Our data indicate a somewhat stronger inflaeof RH on the evaporation rates, which also
seems to be dependent on temperature.

The evaporation rates from Figure 6 with RH betw&8 and 30% were normalized to 20% RH
using the reported slopes. Figure 7 shows the fiata this study and from Hanson and Lovejoy
(2006). Fitting the combined data set for 20% R¥sgithe following formulation for the equilibrium
constant

Koq = o=+ exp (“01"9%‘“ _ (35.03 + 2.61)). )

The black line in Fig. 7 shows the dimer evaporatates derived from equation (9). The uncertasntie
in equation (9) are based on 95% confidence inkeré@verall, the two data sets are, within errors,
consistent with one another, and yield d -20.1+1.2 kcal mdi and & = -46.7+5.2 cal mal K. We
caution that in this study the assumption is ma@e ¢H does not vary with temperature; generally
this variation should, however, be small. Thesa da¢ slightly different than what has been replorte
by Hanson and Lovejoy (2006). However, our datae@gwrithin errors with results from quantum
chemical calculations, taking into account the @ffe water vapor (Ding et al., 2003). According to
measurements by Hanson and Eisele (2000) and guattemical calculations (Temelso et al., 2012;
Henschel et al. 2014) the sulfuric acid monomer dinger can contain water molecules. Therefore,
the data from Ding et al. (2003) taking into acdotie effect of water vapor are relevant for this
study. Table 2 shows a comparison between diffesaudies dealing with the sulfuric acid dimer
formation. Regarding the effect of water vaporhibsld be noted that our experimentally determined
evaporation rates represent an average for dinmrgiaing different numbers of water molecules.
The exact distribution of water associated with dimaers will be a function of relative humidity and
temperature, which cannot be taken into accourltaitkpin this study.”

Study H ds ko eat 208 K koeat 223 K
(kcal mol*)  (cal mol* K™ (sh (sh

this study (20% RH) -20.1+1.2 -46.745.2 0.15 3.9

Hanson and Lovejoy (20% RH) -18.3+1.8 -39.5+7.8 20.3 6.0

(H,S0y)(H,0) + (H,SOy)(H,0)° -17.8 -48.3 89.3 1550

(H2S0p)(H,0), + (H,SOy)(H,0)° 21.1 -51.7 0.17 5.0

(H2SOy)(H0), + (H2SO) (H,0),° -25.6 -55.7 2.4x10° 1.5¢10°

Table 2. Thermodynamic propertieskidand &) and evaporation rates of the sulfuric acid difnem this study
and from the literaturéLiterature data from Ding et al. (2003).
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Fig. 6. Dimer evaporation rate as a function of the RHwar different temperatures (208 and 223 K).
Power law fit curves are shown and the slgpage indicated in the figure legend.
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Fig. 7. Comparison of the sulfuric acid dimer evaporatiates from this study (circles) and from the
literature (triangles, see Hanson and Lovejoy, 2@86a function of temperature. The color code
indicates the relative humidity during the experitse Diamond symbols represent the data from this
study scaled to 20% RH. The solid line shows a fitefirough the data with the thermodynamic
properties # = -20.1+1.2 kcal mdl and & = -46.7+5.2 cal mol K™* at 20% RH.



Referee #2:

This paper present a comprehensive and detaildgsemaf a experiments, performed at the CERN
CLOUD chamber, to determine the thermodynamic ptegseof the dimer formation in the systems
listed in the title. In practice this means expeninally determining the evaporation rate of theatdim
calculating the equilibrium constant for dimer fatmn, and fitting to observations to determine the
change in enthalpy dH and entropy dS for the difoenation. These values are determined for the
first time at temperatures <232K, which are relévian the upper troposphere where new particle
formation is known to occur and play an importaaterin both stratospheric and tropospheric
processes. In addition these measurements, fiistages of the thermodynamics of theS@,-NH;
cluster formation are also calculated. The papereiy thorough and well-written, and covers an
important topic in atmospheric chemistry and phgisicrecommend it for publication with minor
modifications. There are two relatively substantofeanges I'd like to see; the other changes are
technical.

1) There are several combinations of projects (CDBlWAnd CLOUD?7), instruments (CIMS, API-
TOF-MS, CI-API-TOF-MS), and conditions (with andtiut natural GCR produced ions). It's very
difficult for someone not intimately familiar witthe CLOUD projects to understand which
instruments contribute to which measurements amtirfgs. Might it be possible to construct a text-
based table which lists the various combinationmstfuments and conditions that contribute to each
finding? The rows might be the findings (e.g., evapion rate of the dimer, thermodynamics of the
ternary cluster) and the columns the various erpats (e.g., CLOUD5-charged; CLOUD7-neutral),
and the content of each cell would be the instrumémat were used. | simply lost track and spent
much time flipping back and forth in the manusctrging to make sense of the various combinations
of measurements and analyses.

Thank you for this comment. We have added theiolig table (new Table 1) to the manuscript and
refer to it at the end of Section 2.1.

campaign instruments binary system ternary system ain findings
CLOUD5 CIMS, investigated at investigated at  a) binary system: ion effect on
API-TOF 208 and 223 K, 210, 223, and apparent CIMS dimer

RH ~10to 60% 248 K, ammonia measurements (Section 3.1)
between ~0.5 b) binary system: thermodynamics
and 8 pptv of sulfuric acid dimers (Section

3.3)
c) ternary system: thermodynamics

of H,SO,*NHj; cluster (Sections

3.5and 3.7)
CLOUD7 CIMS, investigated at not investigated observation of neutral clusters
CI-APi-TOF 206 K at low containing up to 10 sulfuric acid

temperatures molecules (Section 3.4)

Table 1. Overview over the different conditions, instrungeand main findings relevant to this study from the
CLOUDS5 and CLOUD7 campaigns.



2) It should be possible to estimate the uncestaimtdH and dS determined from theS3@y-NH;
measurements. Without uncertainties the suggetiatnthe experimental measurements "agree" with
quantum chemical calculations is pointless. Erroray be estimated as follows: experimental
uncertainties are shown in Fig. 8. If the evaporatiates for HSO,-NH; are adjusted to span the
range of the observed uncertainty (rather tharatbirary factor of 5 and 0.2 shown), you should be
able to calculate a range of dH and dS that arsistemt with the stated experimental uncertainties,
even if these uncertainties are "high". This wobkl more scientifically useful than an estimate
without uncertainties, which is essentially mealéssg.

In the revised version of the manuscript we nowvijg® errors for dH and dS of the;$HO*NH;
cluster formation. These errors originate fromwheertainty in the fitted data and the updatedeslu
are dH = -16.1+0.6 kcal mbland dS = -26.4-2.6 cal mbK™.

In order to reflect the uncertainties of dH andwkShave chosen the following method to calculage th
error bars in Figure 9 (previously Fig. 8) for tbalculated dimer concentrations: To calculate the
minimum dimer concentration (error bars in the lodieection) dH = -16.1+0.6 kcal mband & = -
26.4-2.6 cal mot K were used. The error in the positive directiomimum dimer concentration)
is calculated with dH = -16.1-0.6 kcal rifchnd dS = -26.4+2.6 cal mbK™. This method should
provide an idea about the uncertainty in predictliilger concentrations with the acid-base model for
this study.

Besides updating Fig. 9 (previously Fig. 8) thddwing text was added to Section 3.7 (previously
Section 3.6):

“The error bars reflect a variation of the evapioratate for HSO;*NH; according to the uncertainties
of the dH and dS values. The lowest dimer concgotsresult if the error of dH is implemented in
the positive direction and the error of dS in tlegative direction. The highest dimer concentrations
result by reversing the signs in the error calcoiat



Technical corrections:
a) p. 13962, line 18-19, please use Kelvin heiia #% rest of the manuscript.
Done.

b) Page 13963, and elsewhere. The instrument atraefinitions are repeatedly defined here, in the
Abstract, and in Section 1. Just once, please. Sanpe 13965, line 17.

The definitions have been removed as suggested.
c) p. 13970, line 18. Was the tubing length notsnead? Why is an estimate necessary?

The distance has been measured and is closer tolthan to 20 cm but to be conservative we
provided the range. This information has been adaelcthe sentence now reads:

“The CIMS ion drift tube was connected to the tfglee copper jacketed sampling line by means of a
short tube that was not temperature-controlledpsixyg the last 15 to 20 cm (the measured length is
closer to 15 cm but to be conservative we took Btcount a somewhat longer distance) of the
sampling line to warmer temperatures.”

d) p. 13975, line 16. "data are", not "data is"e€helsewhere in manuscript for consistency with th
plural noun.

Done.

e) p. 13977, line 22. It might be helpful to plbetdimer evaporation rate at 220K as a functioRlef
to see the RH dependence and the validity of thement assumed.

The information ok, ¢ vs. RH has been implemented (see comments otirsh@dges) in the form of
the new Fig. 6 and some discussion in Section 3.3.

f) p. 13987, line 14. The precision of the thermuaiyic parameters given is excessive given the
measurement uncertainties and the lack of errdysisa

The thermodynamic parameters were adjusted andseam@ provided (see also reply to major
comment 2).

g) Figure 7. Would it be possible to add error darkig. 7b? | don’t know whether the variations in
the trend in signal with cluster size is significannot.

We have added error bars to the red symbols in8Bidpreviously Fig. 7b). These are rather small (a
maximum of ~7%) since they are based on the staistariation of the data from Fig. 8a, which is
quite small. The error of the mean is determinenfthe standard deviation divided by the square
root of the number of data points used to calculaeaverage values.

Thank you for writing an interesting and well-weitt manuscript.

Thank you for commenting and for the positive rewie



