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 dacomment in blue font. Text which has been added t
the manuscript is shown in red font.

Before we give our detailed replies to all commewgsvant 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 waismiecessary to refer the data from this study al
to water, which shifts the relative humidities ¢aver 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 thertience of the sulfuric acid dimer evaporatioa rat
as a function of the RH for two temperatures (208 223 K). Figure 6 also shows power law fit curves
for each of the two data sets, indicating thatetheporation rates decrease with a powgrofl at 208

K and withp = -1.6 at 223 K. Because the new RH values deowespond to 20% RH the evaporation
rates cannot be directly compared to the data mgélaand Lovejoy (2006). Therefore, the data points
from Figure 6 that are closest to 20% RH were pukated to 20% and these data are then used ing=igu
7 (previously Figure 6) to obtain the fit paramstéd and &. Using the updated data the fit parameters
are now ¢H = -20.1+1.2 kcal mol and & = -46.7+5.2 cal mol K. The new values are somewhat
different from the data by Hanson and Lovejoy (90860 reported H = -18.3+1.8 kcal mol and &

= -39.5+7.8 cal mol K but still agree within errors. On the other hanel hew data agree very well
with quantum chemical calculations taking into aguahe effect of water on the formation of suluri
acid dimers (Ding et al., 2003). Ding et al. (206&8)ort H = -21.1 kcal mot and &= -51.7 cal mot

K* for the reaction of (B8Qy)(H20). + (H.SQy)(H20). Comparison between the data by Ding et al.
(2003) and from this study is now included anddh&a (from quantum chemistry and measurements)
are now shown in a new Table 2 (the previous Talgenow Table 4).

Additional small changes:

— The colors of the symbols in Figure 4 and Figunage changed because the RH now represents
the relative humidity over supercooled water.

— RH has also been updated in the context of FigQrépdeviously Figure 9 but since the new
Figure 6 has been inserted the number has beestedljuBecause the pure sulfuric acid dimer
evaporation rates are now changed slightly (dukdmew fit parameters discussed above), the
evaporation rates for the&Q:*NH; cluster are somewhat different. This results msgdated
values for ¢H and & These are nowHi= -16.1+0.6 kcal mol and &= -26.4+2.6 cal mol K-

1. The previously reported values werd & -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 &s; the previous Table 1 is now labeled Table
4 (see later comments).

Besides the addition of Figure 6 and the updatedntbdynamic data, parts of the text have been
modified. Section 3.3 now includes discussion efribw Figure 6. This discussion replaces the kst p
of Section 3.3 (starting with line 8 on page 13977)



“We converted equilibrium constants reported by $tamand Lovejoy (2006) to evaporation rates using
equation (8). Hanson and Lovejoy (2006) determiegdporation rates at 20% RH; while our
measurements were made at different RHs. BecausddHa significant influence on the dimer
evaporation further analysis is necessary to magévwo data sets comparable.

Figure 6 shows the evaluated dimer evaporatia@sras a function of the relative humidity (with
respect to supercooled water) for two differentgeratures (208 and 223 K). The rates from thisystud
are based on the data shown in Figures 4 and &guation (5). The data were fitted by simple power
law fits and the slopes @ = -1 (at 208 K) angb = -1.6 (at 223 K) indicate that the evaporaticesa
decrease significantly with increasing RH. Quailly this is in agreement with a previous expenime
(Hanson and Lovejoy, 2006) and quantum chemicautations (Ding et al., 2003). However, Hanson
and Lovejoy (2006) reportepl = -0.5, where the exponepthas an uncertainty of +100%. Our data
indicate a somewhat stronger influence of RH on d¢kieporation rates, which also seems to be
dependent on temperature.

The evaporation rates from Figure 6 with RH betw&é and 30% were normalized to 20% RH
using the reported slopes. Figure 7 shows thefdatathis study and from Hanson and Lovejoy (2006).
Fitting the combined data set for 20% RH givesftilewing formulation for the equilibrium constant

Keq = o= exp (m — (35.03 + 2.61)). (9)

The black line in Fig. 7 shows the dimer evaporatettes derived from equation (9). The uncertasntie
in equation (9) are based on 95% confidence inken@verall, the two data sets are, within errors,
consistent with one another, and yield d -20.1+1.2 kcal mol and &= -46.7+5.2 cal mol K. We
caution that in this study the assumption is madédH does not vary with temperature; generally this
variation should, however, be small. These dateskghtly different than what has been reported by
Hanson and Lovejoy (2006). However, our data agigen errors with results from quantum chemical
calculations, taking into account the effect of evavapor (Ding et al., 2003). According to
measurements by Hanson and Eisele (2000) and quoanhitemical calculations (Temelso et al., 2012;
Henschel et al. 2014) the sulfuric acid monomerdinter can contain water molecules. Therefore, the
data from Ding et al. (2003) taking into accourg #ffect of water vapor are relevant for this study
Table 2 shows a comparison between different studiéaling with the sulfuric acid dimer formation.
Regarding the effect of water vapor it should beeddhat our experimentally determined evaporation
rates represent an average for dimers containifigreiit numbers of water molecules. The exact
distribution of water associated with the dimerl g a function of relative humidity and temperatu
which cannot be taken into account explicitly irststudy.”

Study H ds koeat 208 K kaoeat 223 K
(kcal motY)  (cal mol* K%) (sh (sh)

this study (20% RH) -20.1+£1.2 -46.7+5.2 0.15 3.9

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

(H2S0s)(H20) + (H:SQ)(H20)° -17.8 -48.3 89.3 1550

(H2SQy)(H20)z + (H2SQu)(H-0)? -21.1 -51.7 0.17 5.0

(H2S0y)(H20); + (H:SQy)(H20):° -25.6 -55.7 2.4x10° 1.5¢103

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, 2066 a 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 beshrough the data with the thermodynamic
properties # = -20.1+1.2 kcal mol and &= -46.7+5.2 cal moi K at 20% RH.



Referee #1:

The authors present interesting and valuable lawpé&zature data for dimer formation in sulphuricaci
water and sulphuric acid-ammonia-water systems.éelperimental data is accompanied with model
calculations which contain several assumptionsdpgaear unjustified or inconsistent. The sensytivit

of the conclusions and the derived thermochemieaapeters (two-acid cluster and one acid-one
ammonia cluster formation enthalpies and entropg@e#f)ese assumptions needs to be assessed before
the paper can be accepted for publication. Belmwnay detailed comments to the manuscript, starting
with comments related to three major issues gathergether and followed by additional comments
ordered by page number of the manuscript.

Major point 1: | find it very hard to believe that the net cabis rate (combination of the collision rate
and subsequent reaction rate) between two sulplagict molecules is higher than that between a
bisulphate ion and sulphuric acid (Page 13969slih&). This situation likely results from the wde
collision/reaction rates from different sources tloe two processes where they have been determined
differently and based on different assumptions. [&Vboth values may be of the correct order of
magnitude, comparison seems to imply that at leastof them is not very accurate. The enhancement
to the collision rate due to ion-dipole interactishould be larger than that due to dipole-dipole
interaction (given that one of the collision partis the same in both cases and the other igralsusi

as a neutral molecule and an ion can be). Theiogagcite of the bisulphate ion and sulphuric asid i
taken from Zhao et al (2010), where it was conduthat the clustering reaction did not proceedhat t
collision limit (at ~278 K). On the other hand, ttlastering reaction between two neutral sulfudida
molecules is now assumed to proceed at the cailigiait. How is this assumption justified? It seems
very counter-intuitive, as the chemistry after tlodlision is very similar in these two cases exdépt

the neutral cluster is less strongly bound tharcttegged one. It also seems inconsistent to asthahe
sulphuric acid reacts with the nitrate ion at tbéision rate (Page 13965, line 3), but with bidhwdpe

ion with a lower rate (Page 13966, lines 11-13)th@armore, both the neutral-neutral and neutral-ion
collision rates have uncertainties. The Chan anauvlevich (2001) formula for the enhancement
factor is derived based on a fit to experiments\wid-100 nm particles colliding with another pdetic

of the same size. Extrapolating the parameteriz&tiom particle sizes in the continuum regime to
molecules and clusters in the free molecular regiameresult in fairly large errors/uncertaintieshé€
studies (Marlow 1980) have also found a stronges dependence, and also a stronger dependence on
whether the colliding parties are of the same eizdifferent size, than given by the formula of @ha
and Mozurkevich (2001). On the other hand, the mfagiens of Zhao et al. could also be explained for
instance by dimer (HSQ(H.SQy) evaporation instead of the effective collisioragton rate between
the bisulphate ion and the sulphuric acid molebelag lower than the theoretical ion-dipole cotiisi
rate. Thus, before the paper can be accepteduthera must either a) amend the assumptions so that
the ion+acid collision+reaction rate is higher &bteast equal) to the corresponding rate for s

and repeat all the simulations and analysis wighntew values or b) provide a fundamental explanatio
how such a situation could arise that the combraéglis higher for the acid+acid collision thanifam-

acid collision, and also show how sensitive thegutts are to this counterintuitive assumption.



The reviewer criticizes that the neutral-neutrdlision rate between two 430, molecules (~1x18®

cn? stincluding an enhancement factor due to LondonderNaals forces) is faster than the charged-
neutral collision rate between bisulfate an®8; (8x10° cn? s* according to Zhao et al., 2010). We
have outlined our arguments for these choicestailde the following; these lead us to the conmns
that the used rate constants are appropriateifostiidy. However, detailed discussion is now idell

in the manuscript in order to clearly state whyhase used these values and why we think they do not
significantly influence the outcome of this study.

Discussion point 1: Value of the collision rateveetn HSO, and HSO

The collision rate (including the van der Waalsreotion factor) has been reported as ~1%@@¢ s?

in the ACPD manuscript. However, this value wasomd up and we should have reported the exact
value, which is, e.g. 6.9x20 cn?® st at 208 K. This value consists of two factors; tiadlision rate
calculated from kinetic gas theory (2.83%f@n? s at 208 K) and the enhancement factor due to
London-van der Waals forces (2.45 at 208 K). Foigher temperature (298 K) the calculated collision
rate is 3.64x1¢ cn?® s* and the van der Waals factor is 2.27 (overalisiolh rate is 8.26x18 cm® s

1. The value of 3.64x18 cm?® st agrees well with a literature value provided bye@a et al. (2012).
Therefore, when using the exact values (which teen used for all calculations in the present gtudy
the neutral-neutral and the charged-neutral coflisate are about the same or somewhat lower (when
temperature is low as it is the case here).

Furthermore, we argue that the exact value of gugral-neutral collision rate is not crucial forigeng

the thermodynamic dataKdand & from Fig. 7 (previously Figure 6) for the binafiy>S0Os-H-0)
system (see below). However, the value of the Landin der Walls enhancement factor used in the
current study is considered as a best estimatehidiastified in the following:

The overall collision rate is the product of thdlismn rate calculated from Fuchs theory (denaisd
K11 for two sulfuric acid monomers) and an enhancerfagtor due to London-van der Waals forces
(denoted a$5:11) calculated according to Chan and Mozurkewich {20The enhancement factor for
two monomers is calculated as ~2.3. Other prestudies have reported similar values, e.g., fadbrs
1.98 (McMurry, 1980) and 1.95 (van Dingenen anddRd®90) for the same chemical systems. No
study has yet determined the neutral-neutral coflisrate of two sulfuric acid monomers
experimentally; therefore, extrapolation of thead&bm larger sizes is necessary. We have used the
equations provided by Chan and Mozurkewich (200he theory by Marlow (1980) results in a
somewhat larger enhancement factor and a stroimgeidependency. However, the size dependency
does not matter in this case because only colbsimtween two equal-sized monomers are considered
and for such a case the two studies result in ainadlues.

We also want to highlight that the value of thetredeneutral collisions only matters if one wants t
calculate the actual evaporation rates of a nedinaér (as shown in Fig. 7 (previously Figure &Ye
have used the same collision rate (including thedex Waals enhancement factor) both for our data
and the data from Hanson and Lovejoy (2006). ¢f,, ¢he enhancement factor would be negledBad (
taken as 1) all evaporation rates (circles andgies) would be shifted downwards by the same facto
(approximately by a factor of 2.3).

Using equations (5) and (8) from the manuscript
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This means that the fitted parameters=d-20.1 kcal mot and &= -46.7 cal mot K* would still be

valid. The calculation of evaporation rates from fih values folKeq can therefore, in principle, be made

using different assumptions f@i 1*K1,1 than the ones made in this study by other reseescin order

to explain this we have made the following adjusttedo the text.

(a) Section 2.4: The exact values for the collisite and the van der Waals enhancement fact@®8at 2
K are provided. Furthermore, the text at the enthisfsection was adjusted and now reads:

“Comparison of the rate constants used for theti@acbetween HSO and HSO, (Section 2.3) and
between HSQ;, and BSCOy yields that the neutral-neutral collision ratel®ut the same as the charged-
neutral collision rate. This is due to the relatnarge enhancement factor from London-van der i/aa
forces for the neutral-neutral rates (McMurry, 1988an and Mozurkevich, 2001) and the observation
that the reaction between the bisulfate ion antlisalacid seems not to proceed at the collisioatd
(Zhao et al., 2010). Further discussion about dmesequences this has on the present study is pabvid
in Section 3.8.”

(b) Section 3.8 (uncertainties discussion, preossction 3.7): The following text has been adtted
the discussion.

“The exact values of dimer evaporation rates depmndhe choice of51,1°K1 1, i.e., on the overall
collision rate between two neutral dimers and edfore subject to an additional uncertainty beeaus
this value is based on theoretical calculationsvéieer, the thermodynamic data derived in this study
does not depend on the valug&afieK; 1 because both the data from this study and théroneHanson
and Lovejoy (2006) in Fig. 7 were calculated udimg same factors. Therefore, when derivikiyathd
dSthe collision rate cancels out in the calculati@isequations (5) and (8)).”

Discussion point 2: Value of charged-neutral cmhsrate ko1)

While the actual value of the neutral-neutral sodin rate is not important for the evaluation o th
thermodynamic data of dimer formation (see poiabdve) the value of the reaction rate between HSO
and BSO, (denoted ako1) is important.

Our current assumption is that this valu&is= 8<102° cm?® st. This value is taken from observations
made by Zhao et al. (2010) regarding their measemeswith a Chemical lonization Mass Spectrometer
(CIMS) similar to the one used in the present stédyupper maximum limit for the reaction between
HSQi and HSQ: is 2x10° cm? st (Chen et al., 2012), which is a factor of 2.5 leigthan the currently
used value and results from charged-neutral cotlisheory. When using the faster collision-limited
rate constant ¢2L0° cn? s?), all dimer concentrationdN§) would need to be increased by a factor of
2.5. This would decrease all dimer evaporationsriitem this study by the same factor (cf. equation
(5)), while leaving the evaporation rates from Hanand Lovejoy (2006) unaffected. Therefore, the
overall fit parameters for the data in Fig. 7 (poergly Fig. 6) would change to different valuesi(d -
23.0%1.6 kcal mot and &= -58.5+6.9 cal mol K instead of & = -20.1+1.2 kcal moland & = -
46.7+5.2 cal mol K1), For this reason use of an accurate value:aé crucial.

Argument 2a:

A publication by Viggiano et al. (1985) supporte eissumption of a reaction rate for HS&nhd BSOy
below the collision limit. They found a rate of 21&° cn? s for the reaction between NCGand HNQ
at the high-pressure limit. This reaction is coasid to be similar to the reaction between H@d
H.SQw and therefore indicates the possibility of a riesctate below the charged-neutral collision limit.



Argument 2b: Faster rate kf results in unphysical high dimer concentrations.

As mentioned above, when assuming that the chargettal collision occurs at the collision limit] al
dimer concentrations should be moved up by a faaft@:5. This would also move the concentrations
from Fig. 9 (previously Fig. 8) towards higher vedwhich would exceed the maximum possible dimer
concentration expected from the kinetic limit (doblack line). Such high concentrations would,
however, be unphysical.

Argument 2¢: Re-evaluation &f; from a CI-APi-TOF calibration in the laboratory.

The use ok is necessary because the absolute detectioreeffigiof the sulfuric acid dimers (H3O
*H,SQy) is not known due to the unknown transmissioncidficy at masses higher than the sulfuric
acid monomerr{Vz 97, HSQ") for the CIMS. However, in the mean time we hagébcated the Cl-
API-TOF regarding its mass-dependent transmisdiftcieancy according to a similar method than the
one described in the literature (Kangasluoma et24113). When using the known transmission
efficiencies for the sulfuric acid monomer and dimie reaction ratéz: can be evaluated from
calibration measurements where the measured dinestdt almost exclusively from ion-induced
clustering. Using this method the reaction tatevas evaluated as &80° cn?® s?, which is close to
the currently used value ok80° cm® st and significantly lower than the rate from chargedtral
collision theory.

Taken together, we think there are enough reasuirt® khange the used values for the neutral-nleutra
and charged-neutral collision rates. However, welmade the following adjustments to the manuscript
to further support our decisions and to discussrbhelved uncertainties.

The following text has been added to the errorugision in section 3.8 (previously section 3.7):

“In contrast to the exact value €f; 1K1 the charged-neutral collision rater between HS® and
H.SQu is important because its value scales the dimecarrations and evaporation rates from this
study while leaving the data from Hanson and Loy€R906) unaffected. The reported value of 8x10
10 cm? st for ko from Zhao et al. (2010) suggests that this chargmdral reaction is not proceeding at
the collision limit (value of ~2x1®cn? st). When using the faster reaction rate for the gbameutral
collision limit some of the dimer concentrationsuMbexceed the kinetic limit (cf. Fig. 9, upper pgn
because all dimer concentrations would need tclled up by a factor of 2.5; therefore the fasés r
seems to be implausible. However, using the uppeét for the collision rate results inHt= -23.0+1.6
kcal mol* and &= -58.5+6.9 cal mol K"



Major point 2: The assumption that ammonia-containing dimerstiamers cannot evaporate leads to
the evaporation rate of the one sulphuric acid@menonia cluster being a fitting parameter that very
straightforwardly controls the dimer concentratidhere is no guarantee that this fitting procedives

a truthful estimate for this evaporation rate & #issumptions made are not correct. Similarlyhén t
binary system only the dimer evaporation rate eduss a fitting parameter while all other evaporati
rates are set to zero. Before the paper can b@taccehe authors should test the sensitivity efrth
results for the cluster formation enthalpies antitogies to these assumptions by simulating also a
system where evaporation of (at least some ofléing®r clusters is allowed.

We agree that the assumptions made in the modeldrainfluence on the resulting evaporation rate of
the HSQOwNH;5 cluster. This will be discussed further below &mther discussion regarding this topic
is included in the revised version of the manuscrip

However, regarding the formation of dimers in tleaby system we argue that the (slow) evaporation
of the larger clusters very likely has an insigrafit influence on the obtained results (see jaatifin
further below).

Page 13959 lines 13-15: “For the ternary systenfidhmation of HSQeNHj3 is very likely an essential
step in the formation of sulfuric acid dimers“.dtmospheric conditions the cluster mentioned is not
very stable according to any of quantum chemicsllte available in the literature, and thus assgmin
that this is the essential (rate limiting?) stepginot seem justified.

For the ternary system with ammonia at low tempeeathe modeled fraction of p8Q»NH;] to
[H2SQy] can be significant (e.g. at 210 K and 3%&@n total sulfuric acid the [bk8Qy] is 2x1C¢ and
[H2SQueNH3] is ~1x1G cnt® when [NH] is 2x1¢ cnr® according to our model). At higher temperature
(248 K) for [HSQy] of 1x10 cnt® and [NH] = 2x1C cm®, the [HSQeNH3] is 2.16x10 cnt® and
[H2SQy] is 9.98x16 cnt®. However, for both temperatures the pathway \W8®NH3 dominates the
formation of dimers. At the higher temperature (2J8he pure dimer concentration ([8)2]) is
1.04x1G cni®, while the [(HSQy)22NH3] is 1.66x10 cni®. The rate of production for @30y)22NHj3 via

the HSQweNHs cluster is a factor of 8 higher than via.8@y).. This relates also to comment (27) made
by the reviewer. Adjustments made to the text atingrto this comment are implemented in the context
of comment (27).

Page 13961 lines 10-12: the authors should justify is it crucial to know the evaporation rate lud t
dimer, but it is ok to assume evaporation ratdasimier and all larger clusters to be zero. Is dugially
justified?

This assumption refers mainly to the ternary systefow temperatures (248 K and colder). It is dase
on previous measurements made by Hanson and EX#)@) for the ternary system who concluded
that the critical cluster in the ternary systemyvikely contains two sulfuric acid molecules at a
temperature of 275 K. We have no direct informatdiout all the relevant clusters (which include
different numbers of water molecules) but can oafer to other literature data which indicate ittt
assumptions made in the model seem to be apprepfiaé arguments are listed in the following:

Argument 1: Dimer of sulfuric acid including ammani

Both, measurement and quantum chemical calculasioggest that a sulfuric acid dimer containing one
ammonia molecule is essentially stable against@wadijpn at the relevant temperatures of this study
(Hanson and Eisele, 2002; Ortega et al., 2012).

Argument 2: Trimer of sulfuric acid including amnian

Thermodynamic data from quantum chemical calculatiare available for sulfuric acid trimers

including ammonia (Ortega et al., 2012). Basedhasmdata we list calculated evaporation ratestier t
9



relevant clusters (containing 3 sulfuric acid males A and between 1 and 3 base (ammonia) molecules
B) in the following:

A evaporation from SAB1: 1034 s (at 300 K) and 0.70%s(at 248 K)
B evaporation from SAB:: 5.83x1 s? (at 300 K) and 1.49x10s? (at 248 K)

A evaporation from SAB,: 0.047 & (at 300 K) and 3.11x10s? (at 248 K)
B evaporation from SAB,: 0.065 & (at 300 K) and 7.33x10s? (at 248 K)

A evaporation from SABs: 4.23x10° st (at 300 K) and 3.73x10s? (at 248 K)
B evaporation from SABsz: 2.74 s' (at 300 K) and 7.24x1% s (at 248 K)

These data indicate that the trimer containing Ibases has the overall slowest evaporation rate sinc
both the acid (A) and the base (B) evaporate radlogvly. The other cluster configurations (with ynl
one base or with three bases) have either a fagbeation rate regarding an acid or regarding a bas
molecule. However, if a base evaporates from theEsAluster it results in a S8, cluster, which has

an overall very slow evaporation rate. Therefohe, quantum chemistry data suggest that only the
SAs.B; cluster can be regarded as relatively unstablés ifldicates that at relatively low ammonia
concentration the trimer could evaporate at a fgamit rate if it is not turned into a trimer cointiag

two base molecules. The base concentrations oty are ~1x20cnt?, which results in a forward
reaction rate from 4Bs to As.B. of ~0.05 . This is not very far away from the evaporatiote raf an
acid from the AB; cluster (0.7 9). In this context it is also important to notettkize effect of water
vapor is not taken into account in the Ortega ef28l12); water is expected to lower the evapomatio
rate. This is supported by data from Herb et &1(3, which suggest that the evaporation rate:81 A
clusters is lowered in the presence of water vapiwerefore, it seems plausible that the base auntai
trimer has a relatively low evaporation rate whemperature is low (248 K and lower) and the base
concentration is relatively high (> ~2Lom?3).

Argument 3:

Based on an acid-base model (similar to the ortearpresent study) Jen et al. (2014) evaluated an
effective evaporation rate for sulfuric acid trimeontaining ammonia of 0.4 at 300 K (see also Chen

et al., 2012). Assuming that the evaporation ratkesrease with decreasing temperature it seems
plausible that the trimer evaporation rate woulddoee negligible for the low temperature conditions
of this study.

Overall, we think that our assumptions are appaderbut agree that more discussion is necessary to
explain the limitations of our model and the invadvuncertainties. Some discussion on this topic is
already present in section 3.8 (previously secdah. Furthermore, we have added the followingrafte
line 24 on page 13982 (also following comment (@8)e by the referee, see below):

“The quantum chemistry data from Ortega et al. 2G&Lipport the assumption that a trimer containing
at least two bases is relatively stable (evapanatite below 0.1%5at 300 K). However, it predicts that
the trimer containing only one ammonia moleculedbigh evaporation rate regarding an acid molecule
(~1000 ¢ at 300 K); additional ammonia in the trimer widlter the evaporation rates. For this reason
the trimer concentration will strongly depend oa #mmonia concentration, which controls the cluster
distribution. Therefore, the Chen et al. (2012ueatan be regarded as a best estimate for thellovera
trimer evaporation rate for their experimental dtads. Herb et al. (2011) also simulated the dffec
that one water molecule has on the acid evaporaienfrom (HSQs)3(NH3)1(H20)o0,1 clusters. While

the water molecule lowers the evaporation ratebselute evaporation rate is higher (2.9x0at 300

K) than for the Ortega et al. (2012) data.”

Page 13968, lines 4-5: “The second term is siganifly smaller than the first term, so it can beleetgd
in the following discussion.” The authors simplgase that the trimer evaporation is zero. Whdtiss t
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assumption based on? How confident are the autifafsis choice? How much would it affect the
results and conclusions to let also the trimerd (@ssible larger clusters) to evaporate?

We are not arguing that the trimer (and largerteljsevaporation rate(s) are zero, we are onlynspyi
that the contribution of the second term on the RFtBe following equation is negligible compared t
the first term:

_ 0.5:Gy 1Ky 1'Nf + k3eNs
N; N3

ke (kz,w thgy+ 001Gy Koyt Ni)- 4)

Without using any of the data from the current gtwe can use the dimer and trimer evaporation rates
from Hanson and Lovejoy (2006) in order to estimide contributions from the two terms on the
evaporation rate. E.g. at 210 K the evaporatiom odthe dimer is 0.1'swhile the trimer evaporation
rate is 1x16 s. Since, generally the trimer and the dimer conegions are of a similar value (with
the trimer concentration being somewhat lower th@ndimer concentration, see Hanson and Lovejoy,
2006) the second term on the RHS is smaller tha®3s®. Now adding 1x10 s! to the dimer
evaporation rate of 0.1'snakes a one percent change, which is much lowaerttre error in the dimer
evaporation rate. At a higher temperature (24&i€)error is still smaller than 2%; therefore, seeond
term can be neglected for the analysis.

Page 13969, lines 23-24: how sensitive is the SAVEMubdel to the assumption that only dimers and
sometimes trimers can evaporate. The authors shonlthe code with evaporation for larger cluster
turned on using some literature estimates fortapearation rates, and see how much the resultgel?an

The figure on the next page shows a sensitivitgystof the SAWNUC results towards the trimer
evaporation rate for 208 and 223 K. The black Istesw the simulations under the assumption that the
trimer evaporation rate is zero. These data arsdhee as in Fig. 4 and Fig. 5 of the manuscripé Th
red lines use trimer evaporation rates from HarsswhLovejoy (2006). It can be seen that for tha dat
of this study (colored circles as shown in Fig.ndl &ig. 5) the trimer evaporation has no significan
influence on the evaluated dimer evaporation ratbis indicates that as soon as the dimer evaporati
rate is equal to or larger than the trimer evapomatate, the effect of trimer evaporation becomes
essentially insignificant.
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Figure. Sulfuric acid dimer concentration as function feé imonomer. Similar to Fig. 4 and 5 of the

manuscript but the SAWNUC calculations were onceemasing the assumption that the trimer does
not evaporate (black lines) and once using trimaperation rates from Hanson and Lovejoy (2006)
(red lines) for the respective temperatures ¢k1.6<10° s* (208 K), k= 5.6x10? s* (223 K)).
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Page 13979, lines 17-18: “This is consistent with assumption that cluster evaporation rates are
negligible for the trimers and all larger clustatghis low temperature.” One wonders would a model
with also evaporation of larger clusters allowegroeluce the data equally well or even better? Itdon
think we can say anything about the evaporaticesrat trimers and larger clusters based on the kode
experimental data comparisons presented in thierp&imilarly page 13987, line 26-28: “the signals
are consistent with the assumption that clustewtirds essentially kinetically controlled for all the
observed clusters above the dimer.”, is misleaditigppugh the word conclude has not been used.

The referee is right; we cannot make any concligsaiout the evaporation rates of the clusters based
on the data from Figure 8 (previously Figure 7)wdwer, the largest drop in concentrations occurs
between the monomer and the dimer followed byatively mild decrease in cluster concentrations for
the larger clusters (if one accepts that the tricogicentration is an outlier due to fragmentatidijs

slow decrease in concentrations is consistentloges controlled by wall loss, dilution and coatjoh

and is qualitatively represented both by the madelthe measured data. If very slow evaporatigsrat
would be introduced in the model calculations foe clusters (trimer and larger) the shape of the
modeled concentrations (black line) would not fecéd much. However, since no big drop is observed
in the cluster concentrations as a function of §aeseen between the monomer and the dimer) the
cluster evaporation rates should in any case hefisantly lower than the dimer evaporation rate.

The sentence on page 13979, line 17-18 has beemudated:

“This suggests that cluster evaporation rates etriimer and all larger clusters are not high eatiag
significantly affect their concentrations at thasvitemperature.”

Regarding the statement on page 13987, line 26-2&he signals are consistent with the assumption
that cluster growth is essentially kinetically aatied for all of the observed clusters above timeed.”

we think this is a true statement because of themaents outlined above. No big drop is seen in the
concentrations for the clusters beyond the dimea sulfuric acid monomer concentration of 1.7%10
cnt® the forward reaction rate (growth by monomersjpproximately ~18 s*, whereas the dimer
evaporation rate is ~4x2G&*. This suggest rather low evaporation rates fotrihger and larger.

Page 13987, line 17: The model has been esserfiitdly to the experimental data, so it is not fair
say that the model predict the dimer concentratiomshigh accuracy. Page 13987, line 20: the tberm
chemical data is not based on solely experimentdoba large extent on a model and its severahgtr
assumptions.

We agree with the referee that these statementddshe formulated more carefully.

The sentence (page 13987, line 17) “Using the megonodel, measured dimer concentrations in the
ternary system can be predicted with a high acguraas been replaced by:

“Using the proposed model, measured dimer cond@miain the ternary system can be reproduced
with a high accuracy for the conditions of thisdstti

And the sentence (page 13987, line 20) “With tlbsesvation, the model can be used to calculate
nucleation rates in the ternary system, which cetep relies on experimentally determined thermo-
chemical data.” has been replaced by:

“With this observation, the model can be used toutate nucleation rates in the ternary systemciwhi

relies on experimentally determined thermo-chemutaia and on the assumptions that ammonia
containing trimers and tetramers have insignifieu@poration rates for the conditions of this study
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Major point 3: The effect of water on the clustering should Ised$sed in somewhat more detail. The
formation enthalpy and entropy values in the biraase for the two sulphuric acid£5{x), and in the
ternary case for the one sulphuric acid-one amm@HESQ)(NHs) clusters deduced from the
experimental data represent averages over diffevatér contents of these clusters, rather tharethos
specific dry clusters. This should be stated cjea$pecially pointing out that these values showid

be compared directly to the quantum chemical redattthe dry clusters as is done for in Tabled an
in a statement page 13984 lines 12-13.

For instance, for the level of theory used by Categal. (2012), Henschel et al. (2014) have pobéts
guantum chemical values for the water-containingtelrs relevant to this study. For different quantu
chemical levels of theory, for example, Herb et(2011) and Temelso et al. (2012) have calculated
values for hydrated clusters.

We agree with the referee that this should be dissaiin more detail in the manuscript. After a ftare
literature research we think that the following ficgtions should be included in the discussion:

— Ding et al. (2003): examined the effect of watetttomsulfuric acid dimer formation

— Temelso et al. (2012): examined the sulfuric aaided hydration considering @8Q:)2(H20)o-
6 Clusters

— Henschel et al. (2014): water content for (§Aand up to (SAY1-3(NH3)y<x; (H2SQu)(NH3)
contains about 1 water at 20% RH and 298.15 K; diraad trimers between 0 and 2 water.

— Nadykto and Yu (2007): thermodynamic data fosS&k)(NH3)(H20)o-3 clusters

— Herb et al. (2011): thermodynamic data fop$kk)s(NH3)1(H20)0,1 Clusters

Regarding the binary system we have added thewitpto the end of Section 3.3 (page 13977, see
also text on first page):

“However, our data agree within errors with resfiltsn quantum chemical calculations, taking into
account the effect of water vapor (Ding et al.,20@ccording to measurements by Hanson and Eisele
(2000) and quantum chemical calculations (Temdisb. £2012; Henschel et al. 2014) the sulfuridaci
monomer and dimer can contain water molecules. éfbe, the data from Ding et al. (2003) taking
into account the effect of water vapor are relevanthis study. Table 2 shows a comparison between
different studies dealing with the sulfuric acidndir formation. Regarding the effect of water vajpor
should be noted that our experimentally determievaporation rates represent an average for dimers
containing different numbers of water moleculese Bxact distribution of water associated with the
dimers will be a function of relative humidity ameimperature, which cannot be taken into account
explicitly in this study.”

Furthermore the data from Ding et al. (2003) wetdea to the new Table 1 (the previous Table 1 is
now Table 4).

Concerning the ternary system (thermodynamics @Hi$Q:*NH3 cluster) the references to Nadykto
and Yu (2007) and Herb et al. (2011) were adddtealiscussion. Furthermore, the Nadykto and Yu
(2007) data were added to Table 4 (previously Tabhleee below). The discussion in Section 3.7
(previously Section 3.6) was replaced by the folfmy(starting with line 24 on page 13983):

“Table 4 compares ourHland & values as well as the corresponding evaporatitas far selected
temperatures with other data obtained from quamtuemical calculations (Torpo et al., 2007; Nadykto
and Yu, 2007; Ortega et al., 2012; Chon et al.42@hd from one flow tube experiment (Jen et al.,
2014). Overall, the agreement is good. Howevas, difficult to take into account the effect the aebd
assumptions have on the outcome of the valuesdrorstudy. In addition, only a small number of data
points have been taken into account in this study.

One also needs to keep in mind that the clustendtion was observed at ~25% RH (with respect to
supercooled water) in this study, while most ofttieoretical studies did not take into accountifiect
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of water except the one by Nadykto and Yu (200Tgeiif data suggest that the evaporation rate of
H.SQuieNH3e(H20), increases when the number of associated watercoiekeincrease. The study by
Henschel et al. (2014) indicates that about onemmblecule is attached for the RH relevant of this
study. However, Henschel et al. (2014) reported tiesults only for a temperature of 298 K, whereas
the temperature of this study is 248 K and lowehetler the evaporation rate is increasing with
increasing RH cannot be concluded from our datejeler, one needs to keep in mind that similar to
the dimer in the binary system, the reported ewatpmmr rates and thermodynamic data for the
H.SQieNH;3 represent average values that can include clusidrattached water molecules.

The comparison in Table 4 also lists the expertailestudy by Jen et al. (2014) who determined the
evaporation rate of #Qs*NHs at ~300 K from a transient version of their secscldeme (formation of
dimers only via AB, see above). The extrapolatddevrom the present study is, however, in reldgive
good agreement with their value. The somewhat levaporation rate of Jen et al. (2014) could be
explained by the fact that they did not consider fbrmation of dimers by self-coagulation of A.
Furthermore, they assumed that the trimer has apoeation rate of 0.4's Both these assumptions
require a slower evaporation rate for AB than cwidg suggests to explain the measured dimer
concentrations at a given monomer and base coadientr

Overall, our measurements in the ternary systehd yialues of the thermodynamic properties of the
H.SQweNHs cluster that are in rather good agreement with rsults from quantum chemical
calculations. However, since the number of datatpas limited, the uncertainty is rather high.”

Study H ds keat 210 K keat248 K  keat 300 K
(kcal motY)  (cal mol* K%) (sY) (sh) (sY)
this study -16.1+0.6 -26.4+2.6 0.11 36 9.8x10°
Torpo et al. (2007) -15.81 -28.57 0.63 200 4.7x10
Nadykto and Yu (2007)  -16.72 -30.01 0.15 64 2.1x10*
Nadykto and Yu (2007), -15.91 -30.23 1.1 370 9.2x10*
H2SQu(H-0) + NHs
Nadykto and Yu (2007),  -15.27 -30.49 6.0 1.5x10° 3.1x10°
H2SQu(H20)2 + NH3
Nadykto and Yu (2007), -15.44 -32.30 10 2.7x10° 5.8x10°
H2SOy(H20)3 + NH;s
Ortega et al. (2012) -16.00 -28.14 0.32 107 2.8x10"
Chon et al. (2014) -15.43 -29.63 2.7 720 1.5x10°
Jen et al. (2014) - - - - 400 to 2500

Table 4. Thermodynamic propertiesidand & and evaporation rates of theS@ueNH3; cluster from this study
and from the literaturéExperiments conducted at ~25% RH (with respecupmescooled waterfNo effect of
water vapor consideretExperiment conducted at ~30% RH.
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Additional comments:

(1) Page 13961, lines 6-7: expression “Similathe monomer of sulfuric acid may contain water or
ammonia.” should be replaced by something like “Télen monomer refers to clusters with one
suphuric acid, irrespective of whether the clustettains also ammonia and/or water molecules ot not

The sentence has been replaced as suggestedreyeie.

(2) Page 13961, lines 19-24: | would say that theetainties in the experiments are too large for
narrowing down the theoretical uncertainties, &y tre of the same order of magnitude. Comparison
of experiments and theory rather provides a sahieck in both directions.

Lines 21 to 24 on page 13961 were replaced by

“In order to model NPF for the ternary system imitody ammonia it is essential to better understaed t
thermodynamics of the clusters involved in the aatibn process. Cluster properties derived from
measurements can be used for a comparison withdoeetical studies. Such a comparison provides a
consistency check for both the models and the meamunts.”

(3) Page 13964, equations (1a) and (1b) and pa@e513ine 1, sentence concerning the calibration
constant. What is the uncertainty of the sulphadi monomer (and dimer) concentration? In some
other CLOUD-related publications a factor of 2 utaiaty has been reported. How does such an
uncertainty affect the results of this paper?

It is true that in previous publications we werpaging an uncertainty of a factor of 2 for thefsut

acid monomer measurements (Kirkby et al., 2011;6Mdia et al., 2013). These older publications were
reporting our first sulfuric acid measurements #ratefore, compared to our present knowledge, we
provided a conservative estimate of the uncertai@yr latest publication on the sulfuric acid
measurements reported a factor of 1.5 uncertafiixtén et al., 2014). The reduction in the uncettai

is due to repeated calibrations using a dedicaabbdration system for the 233Qs CIMS measurements
described by Kirten et al. (2012) where a systenaaitor of ~30% is reported.

The uncertainty for this study is mentioned inltleginning of section 3.8 (previously section 3age®
13984, line 18-23). To make clear that this undetgas mainly due to the calibration constant veerd
modified the sentence as follows:

“The error bars shown in Fig. 4 and 5 include ta@dard variation of the individual data points and
30% (50%) systematic uncertainty in the monomeméd) concentration. The two error components
are added together in quadrature. The systematicseare estimated based on the uncertaintiesin th
calibration coefficienC for the monomer. Due to the higher uncertaintyhef sampling losses for the
dimer, and the uncertainty of the transmission emion factor (Section 2.3) a somewhat higher
uncertainty has been chosen in comparison to themer. The error bars in Fig. 7 are obtained when
using Gaussian error propagation on equation (Ehfomonomer and the dimer concentration.”

(4) Page 13965, lines 10-11: “It was assumed Heatliffusivity of the dimer equals 0.06 ¢s1* at 298

K, and varies with temperature as (298 K/P) Are this value and temperature dependence derive
for a pure dimer (b5Qy).? How reliable are they if there are some numbewaitr and/or ammonia
molecules attached to the dimer, and if the nurobdére attached molecules is temperature dependent?

The value of 0.06 cfrs? for the diffusion coefficient of a sulfuric acigl an estimate. The temperature

dependence has been taken from Hanson and Ei€€l8)(Hydration of the dimers certainly affects

their diffusivity. The relative humidity in the CLLAD experiments is close to 30%. At this RH Henschel

et al. (2014) report that the dimer contains orraye between 2 (result from quantum chemical data)
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and 4 (result from E-AIM) water molecules. Therefthe molecular weight of a “dimer” is not 198 g
mol? but rather 234 or 270 g mblThis affects the diffusivity of the dimer to arsiar extent as the
monomer is affected when going from dry condititm80% RH (~15 % reduction in the diffusivity,
see Hanson and Eisele, 2000). We therefore estitmatrror of the dimer diffusivity to be (0.06+0)0
cn? st. A variation of the diffusivity by 0.01 chs! results in a variation of the calculated penetrati
Laimer by less than 20%. Therefore, we estimate thigta inor effect on the uncertainty of the dimer
concentration.

The effect has been covered in the previous comifeenmiment (3)) by assuming a somewhat higher
uncertainty for the reported dimer concentrations.

“It was assumed that the diffusivity of the hydchtBmer (see Henschel et al., 2012) equals 0.06+0.0
cn? st at 298 K, and varies with temperature as (298K/T)

(5) Page 13965, line 15: dimer dissociation affdsb the measured monomer concentration, not only
that of the dimers. Has this been taken into ad®un

The contribution from dissociated dimers from moeosrshould be a minor effect. The data from Fig.
4 (208 K) shows that the maximum dimer concentraiso4x10 cni® for a monomer concentration of
8x1® cnd, i.e., 5% of the dimer. It should also be notedlt tthe dimers can contribute only one
monomer (i.e., one HSOion) to the CIMS monomer channel/g¢ 97). At the same time the bond
enthalpy of a dimer is very strong (41.8 kcal/nurtius, Froyd, Lovejoy, J Phys Chem A, 2001).
Therefore, it seems unlikely that they are stroradfgcted by dissociation.

(6) Page 13967, lines 5-8: “Since low temperatoreddions (208 and 223 K for the binary system) are
considered in this study the assumption is madeadthls the smallest clusters (dimer and trimer)ehav
appreciable evaporation rates (Hanson and Eise)2 Some theoretical evaporation rate values, or
other such information, would strengthen the jiesitfon of this assumption.

Hanson and Lovejoy (2006) provide an upper estiftatthe tetramer formation @< -12 kcal mot)

at 242 K. This corresponds to an upper limit oftdteamer evaporation rate of 0.09(asing a forward
reaction rate 2x1® cn?® s from Hanson and Lovejoy (2006)). The dimer anahéri evaporation rates
at this temperature are 83 and 05 Bor the lower temperatures of this study (208 228 K) all
evaporation rates are considerably slower. Therdtieal evaporation rates are substantially higher,
e.g., Schobesberger et al. (2015) report a tetrawvagworation rate of 117*sat 248 K. However, the
theoretical evaporation rate is not taking intocagt the effect of water; therefore, we doubt that
representative for the conditions of this study.

(7) Page 13967, lines 10-11: it should be statedrll which specific evaporation ratg: ks: the
evaporation of acid, ammonia, or some combinedct¥ie evaporation rate? What is the effect of
grouping clusters with equal amount of acid molesuto representative cluster sizes, without
considering that there can exist clusters with Isimacid content but different number of ammonia
(and/or water) molecules?

In this study clusters are grouped regarding tmiount of sulfuric acid molecules (the indémxdicates
the number of sulfuric acid molecules). The evaponaratek;. refers to the evaporation of one acid
molecule from a cluster containirgsulfuric acid molecules. In this respect the evapon rate
represents a weighted average over different ckigtentaining different amounts of water and/or
ammonia for a given number of acid. The most relectusters for this study are the dimer of sutfuri
acid in the binary system (§80y)2(H20),) and the (HSQy)(NHs)(H20)y cluster in the ternary system
with ammonia. For the dimer we derive the evaporatiate for different relative humidities and
therefore account for the effect of water. Fordluster of sulfuric acid and ammonia no RH dependen
of the evaporation rate is provided since the erparts were conducted in a rather narrow range of
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relative humidities. Therefore, an evaporation fatehe conditions of this study is provided. Tfaet
that the cluster/particle concentratidNsin equations (3) and (4) actually follow distrilmurts with
different amounts of water associated with thetelgsis most likely small. As outlined in Sectiod 2
(and also in the reply to major point 2) the direeaporation rate can be approximated by equatipn (5
In this equation different amounts of water willeaf the collision rate between two monomers slyght
However, as discussed in the context of the figtomcomment, the actual value of the collisiore rat
will not affect the thermochemical data for the dmfiormation. Therefore, we think that the effetct o
different amounts of water/ammonia associated thighsulfuric acid clusters is not significant foet
outcome of this paper.

In Section 2.4 we have replaced the part of théeser explaining the evaporation r&te by the
following sentence (page 13967, line 10/11):

“The evaporation rate . refers to the evaporation of one sulfuric acideoale from a cluster containing
i sulfuric acid molecules.”

(8) Page 13968 equation (5): this represents thigilegum cluster distribution, which should be tetd

clearly, and the authors should comment why is justified (or is it?) to use an equilibrium clerst
distribution in a nucleating/particle forming vapoAlso related to this is the statement on Pa@¥13
lines 4-5 that the dimer is assumed to be in dguilin initially. It seems that this assumption sed

throughout the modeled period through equation (5).

It is true that steady-state concentrations aragoased for the data analysis in equation (5). d&or
nucleating vapor conditions never reach a truedststate for all particle sizes because the pedicl
keep growing all the time and the cluster concéotmas controlled by a balance between production
and losses. However, for the smallest clusterdu@ig the monomer and dimer) the losses are
controlled almost entirely by wall loss, dilutiondacoagulation with the smallest clusters. Therefor
generally after tens of minutes, conditions arseltn steady-state. This can e.g. be seen in &erear
publication showing measured cluster concentratise CLOUD chamber (Kurten et al., 2014).

The following has been added after equation (5)ed8968, line 22:

“The concentrations used in equation (5) are awsrager periods where conditions are close to gtead
state. These periods are defined by conditions evtier production and loss rates for the dimer had t
monomer are almost identical and the concentraaoasot subject to significant changes anymore.”

The statement on page 13971 (line 5) refers ter@nce region of the sampling line. This meaas th
conditions in the CLOUD chamber are at steady-stHte dimer to monomer ratio is therefore only
allowed to change within the CIMS sampling lineeTdhange in the monomer and dimer concentration
is taken into account by differential equations dmerefore the steady-state assumption is not used
within the domain of the CIMS sampling line (seplygdo comment (13)).

(9) Page 13969, lines 10-13: “Cluster growth iatied explicitly by a step-by-step addition of stifu
acid molecules while equilibrium with water moleesilis assumed due to the relatively high
concentration of kD compared to [b8Qy].” The text should be revised to state that thestelr growth

is treated explicitly only concerning the additiohsulphuric acid, while water is assumed to be in
equilibrium, and that the equilibrium assumptiosoalequires a much higher evaporation rate formwate
than for sulphuric acid, not only a much higheraamtration (collision rate) of water.

The text has been revised as suggested by theeefer

“Cluster growth is treated explicitly by a step-&tep addition of sulfuric acid molecules while
equilibrium with water molecules is assumed duth&orelatively high concentration and evaporation
rate of HO compared to F8Q.”

18



(10) Page 13969, lines 15-16: the cluster thermanhyos reported by of Lovejoy and Curtius (2001)
and Froyd and Lovejoy (2003) are only partly exmenital, they are partly based on quantum chemical
calculations. This should be stated.

The sentence on page 13969 (line 14-16) has bemedeas follows:

“In SAWNUC, evaporation rates of small, negativehyarged clusters are based on measured
thermodynamics and partly on quantum chemical ¢aticums (Lovejoy and Curtius, 2001; Froyd and
Lovejoy, 2003).”

(11) Page 13969 line 27. The authors should expiasome detail how the Kirten et al. (2014) model
has been adapted to a binary system, since to mwlkdge it has so far been only used for a one-
component system, and the extension to more comp®igenot necessarily trivial.

Since the results from the adjusted model by Kigeal. (2014) are not presented in the paper we
decided to remove the statement. The detailed igéiscr of the adjusted model will be subject of a
forthcoming paper.

(12) Page 13970, line 1: How do the two independerdels differ? Are the same net collision rate
coefficients and evaporation coefficient used ithboodels?

Yes, the functions for calculating the collisioriesand the van der Waals enhancement factors are
identical. However, SAWNUC treats the presence atiewin the clusters differently. The collisionerat

is obtained from a weighted average after calauiatiie collision rates of clusters containing dife
amounts of water individually, whereas the adjustédten et al. (2014) model first determines the
average amount of water and then calculates tHesioal rate just for this cluster. In this respect,
SAWNUC should be more accurate, but the effect sderbe insignificant. Since we decided to remove
the statement regarding the Kirten et al. (2014)eh(see previous reply to comment (11), no change
has been made to the text regarding this comment.

(13) Page 13970, lines 21-23: Much more detaibeded concerning the modelling resulting in tha dat
shown in Figure 1, so that the readers would, @veminciple, be able to reproduce the modeling

The following text has been added to Section 2.6:

“To estimate the evaporation effect, a finite diéiece method was used to calculate the temperature
profile, as well as the dimer concentration actbessampling line over its full length. The diffatel
equations for the monomer= 0) and dimeri(= 1) concentrations were solved as a function of the
radial and axial coordinatesandz (Kurten et al., 2012):

dc; ) (1 J0ci | 9%¢ 6zci) 2Q ( rZ) L dc
at Di-\7 ot Tor T oz TR2 1 + S0 6)

whereD; is the diffusivity,Q is the flow rate andR is the radius of the tube. A parabolic flow prefil
was assumed and the geometry was divided into siredk in order to solve the differential equations
by a finite difference method. The source tesmsclude evaporation and production of dimers arss |
and production of monomers due to self-coagulatiod evaporation of dimers. Further reactions
(coagulation with larger clusters/particles) weot taken into account since the time is rathertsor

1s forQ =7.5sImR=0.005 m, andl = 1 m) and the other loss terms are dominantmai differential
equation is used to determine the temperaturedrtbiel tube before the concentrations are calculated
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This temperature is used to calculate the evaporati dimers in each of the small areas. The time-
dependent equations (tirjeare repeatedly solved until a reasonable dedreenvergence is reached.”

(14) Page 13971, line 7: can the dimers grow ifanger clusters are taken into account?

The considered loss processes for the dimers drtossmand evaporation. The loss rate due to siifiu
in a tube can be approximated by (Hanson and Eige@9):

3.65-D 3.65:0.06cm?®s™"

rz2 (0.5 cm)? = 08857

kloss,dimer =

This loss rate is much higher than what can be@ggdor loss due to coagulation (< 0.6, sherefore,
loss by diffusion to the walls dominates by farmowe first 80 cm of the tube. Later, when tempees
increase loss by evaporation can overcome thelosslrate. However, in all cases growth of dimers
(or coagulation) can be neglected.

(15) Page 13972, section 3.2: the description @fieh-induced experiments could be shorted quite a
bit, as most of that material has been presentdtiRondo et al (2014) paper, and they are nehtiss
for the story of this paper.

We have deleted part of the summary of the Rondd. ¢2014) findings (page 13972, line 18 to 26).
However, we feel that further shortening of thistgs would make it harder for the reader to uniders
the ion effect if he/she is not familiar with Ronelbal. (2014).

(16) Page 13972, line 8: does the statement “Whéemonomer concentration is not affected by the
GCRs, . . .” imply that the ionization does not &@me monomers, or at least not significantly? Or do
the authors mean that the ions do not affect tpargmt measured monomer concentration?

The monomer is not affected significantly as thalsion concentration is generally below 5x1€nT

3 (Kirkby et al., 2011; Franchin et al. 2015) and HSQ- ions are not efficiently being detected by the
CIMS (Rondo et al., 2014). This information hasrbedded to the revised version. The sentence on
page 13972 (line 8) has been reformulated as fellow

“While the monomer concentration is not affectegh#icantly by the GCRs because the small ion
concentration is generally only on the order obapte of thousand (Franchin et al. 2015) and th©HS
ions are not efficiently being detected by the CI®®8ndo et al., 2014), the dimer concentration is.”

(17) Page 13973 26-27: “the dimer signal shows stmm enhancement during ion-induced
experiments when ammonia is present in the chaimBeuld this be reformulated by saying that the
dimer signal comes mainly from the neutral clugters

Yes, the sentence has been reformulated and nols rea
“Another interesting observation is that the dirsignal comes mainly from the neutral clusters when

ammonia is present in the chamber.”

(18) Page 13974, line 24 and Figure 3 captionolilel be more illustrative to use the verb “sumheat
than “integrate” here, as the authors are prob&lking about summing up the concentrations of
clusters of different (discrete) sizes.
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We agree, the word “integrate” was replaced by#re “sum”.

(19) Page 13974, lines 27-28: | don't think theveuin Fig 3 has leveled off at the right hand edfje
the figure to the extent that one can safely catelihat factor 3 is an upper bound for the contidiou
of fragmentation of larger clusters to dimer cortcagion.

We agree that the curve has not reached a plagtduton the other hand one needs to take intatc
that a cluster containing 20 sulfuric acid molesuke quite heavy; its mass is at least 2000 amu (if
associated water molecules are taken into acca@et)erally, the transmission of mass spectrometers
falls of steeply at an upper mass limit much smd#iee e.g. Zhao et al., 2010). We therefore tthiak

it is a safe assumption to exclude contributiothef very heavy clusters. Furthermore, fragmentation
does not need to be complete and survival of hedragments could occur which would lower the
values shown in Fig. 3.

The following text has been added to the end ofi@e8.2:

“Another argument why the data from Fig. 3 provele upper estimate is due to the reduction in
transmission efficiency for the components of thessnspectrometer that is generally observed with
increasing mass.”

(20) Page 13977, lines 16-17: How do the valuesdfédrand dS compare to theoretical (quantum
chemical values)? The comparison could be add@dlte 1. VValues for the cluster formation enthapie
dH are expected to be temperature dependent: therawshould comment of this when giving singles
value for the temperature ranges 208-223K (bingsyesn) and 210-248K (ternary system).

The updated values from this study for the sulfadicl dimer formation at 20% RH arkl e -20.1 kcal
molt and &&= -46.7 cal mot KX These agree well with the values reported by Ringl. (2003) (see
also Hanson and Lovejoy (2006)) where the valueliog et al. were reported for the conditions of
20% RH). A new table (new Table 2) has been indydee comments in the beginning of this document
on page 1 and 2).

The dependence of the enthalgy dith temperature is generally small (see e.g. Teonet al., 2012).
However, we have added a sentence to the texdir do caution the reader that the assumption of a
constant &l was made.

The following sentence was added to Section 3.8¢[da8977, line 17):

“We caution that in this study the assumption islentnat ¢H does not vary with temperature; generally
this variation should, however, be small.”

(21) Page 13977, line 18, lines 22-23: Is theréysigal justification for the RHp dependence? Atplo
of the evaporation rates as a function of relativenidity would help to assess how well the assumed
RH-dependence fits the data. It should also bednibiat since RH is connected to temperature through
the temperature dependency of the saturation vaessure, data measured at same RH but different
temperatures cannot be used to assess solelyféloe @ftemperature because the absolute watervapo
concentration may also vary (Figure 6).

We do not have a physical explanation for the pesdegrendence of the dimer evaporation rate regarding
RH. As mentioned in the beginning, in the origipaubmitted manuscript the error was made that the
RH over ice was used instead of the RH over (sgoéed liquid) water. When updating the RH the plot
shown in the beginning (new Figure 6) shows theedigvaporation rates as a function of the RH for
two temperatures (208 and 223 K) including powerfiacurves. These fits indicate slopespof -1.6
for the 223 K data angl= -1 for the 208 K data.
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(22) Pages 13978-13980, section 3.4: The CI-APi-T&4dults presented in this section seem fairly
unconnected from all the other material in the nsanipt. Could this material be left out, and if nzdn
it be tied more to other parts of the work?

We would very much like to keep Section 3.4 inpheer. It is true that no quantitative conclusicas

be drawn from the data in Figure 8 (previously Fégd) can be drawn but the data are the first akutr
cluster measurements made for the binary systeatnadspherically relevant concentrations. This
indicates that atmospheric binary nucleation shouidprinciple, be directly observable at low
temperatures, e.g. during aircraft measurementss Ehan important finding since a previous
measurement was made only at relatively high salfacid concentrations (x10° cnm®, Eisele and
Hanson, 2000).

We have added the following text to Section 3.443978, line 16):

“However, their measurements were conducted at rhigtter sulfuric acid concentrations (210me)

whereas in this study the conditions were atmospdlgr more relevant (sulfuric acid monomer
concentration ~1.7x¥@nt®). Therefore, the data presented in the followindjdates that atmospheric
binary nucleation should be directly observablewattemperature, e.g., during aircraft measurements

(23) Page 13980, lines11-14: “In the presence of, MHraction of the sulfuric acid will be bound to
ammonia. However, we assume that the sulfuric mecidomers and dimers will still be ionized by the
nitrate primary ions at the same rate as the pongpounds.” It seems inconsistent that while using
different net collision rates between for sulph@agid-bisulphate ion collision and sulphuric adidate

ion collision (major point 1), these ionizationgsatare taken to be the same.

This comment relates to the major comment #2. Tarimum fraction of [HSQyeNHj3] to [H2SOQy] is

~1/3 for the lowest temperature of 210 K; at higleenperature this fraction decreases rapidly. Aystu

by Kupiainen-M&étta et al. (2013) has estimated bivading of (HSQs) with NHz can enhance the
collision rate with the nitrate primary ions byagtor of 1.4. Assuming for the moment that thedact

of 1.4 is appropriate, a ~13% overestimation oftiemomer would result if 1/3 of the total sulfugicid
monomer is present as$*NHs. On the other hand an earlier study by Kurtén.¢R11) suggested
that sulfuric acid monomers clustered with a bam®nfjonia or dimethylamine) could lower the
detection efficiency of nitrate chemical ionizatjavhich is the opposite effect that Kupiainen-Maatt
et al. (2013) predicted. In the meantime experisedre carried out at CLOUD where the detection
efficiency of sulfuric acid monomers by CIMS waséstigated with and without the presence of
dimethylamine while sulfuric acid was produced abastant rate. These experiments are summarized
in a submitted manuscript (Rondo et al., 2015) sughest that there is no measurable effect on the
CIMS detection efficiency although dimethylaminawékely bonds much more strongly to sulfuric
acid than ammonia. For this reason we assumetthaulfuric acid measurement should not be affected
significantly in this study through this effect.

However, to point the reader to this effect we hagded the following discussion Section 3.5:
“It has been suggested that the sensitivity oftie@atei CIMS regarding the sulfuric acid measurements
could be affected by the presence of ammonia (@rdiases like dimethylamine), which cluster with

sulfuric acid (Kurtén et al., 2011; Kupiainen-Ma&¢t al., 2013). However, recent measurementgat th
CLOUD chamber indicate that this is very likely aor affect (Rondo et al. 2015).”

(24) Page 13981, lines 27-28: Again, a much margle approach is used here than in treating the
collisions between different ions and moleculefediintly (major point 1). How is this justified, tse
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ammonia content of the cluster affects its collistmoss section both through effective radius ded t
magnitude of the London van der Waals correctidriciwvdepends on the dipole moment of the cluster?

The comment relates to neutral clusters (tetrammegslarger) which have not been measured with the
CIMS and therefore no statements is made abouthtéeying efficiency of such clusters. The reviewer
is however correct that the ammonia content ofrietral clusters could affect their collision rates
Regarding the van der Waals enhancement it seexhghidre is not much difference between sulfuric
acid-water particles and ammonium-sulfate aerosg. (van Dingenen and Raes, 1990; Brockmann,
McMurry, and Liu, 1982). Although the clusters/amis in this study are somewhat different than in
the cited studies the chemical systems are relatethermore, the neutral-neutral collision ratesiie
larger clusters used in the model determine the dat® of such clusters and the formation raténef t
larger clusters. Therefore, their concentrationdmg a small effect on the sulfuric acid monomanker

and the HSQOy»NHjs cluster.

(25) Page 13981 line 28-Page 13892, line 1: Theoaushould provide justification for assumption “We
further assume that the clusters cannot contair fbases than acids”

The study by Schobesberger et al. (2015) provideparation rates of (#$Qu)n(NHs)n:1 clusters.
Compared to (b5Qy)n(NHs), the clusters with the higher basicity show a miasher evaporation rate
concerning the base molecule. Since the base cwatiens in this study are rather low (below 1%10
cn1®) the evaporation of ammonia is much faster thargtin through collisions.

We have modified the sentence on page 13982 (jias follows:

“We further assume that the clusters cannot comtaire bases than acids, so reactions like AB +eB ar
not considered as the extra base is expected porata much more rapidly than it can be gained.iino
collisions at the relatively low base concentragi¢8chobesberger et al., 2015).”

(26) Page 13981, line 19: A reference also to tmefda et al (2013) paper would be in order, as the
same system is treated there using another madtkglao a short description of the differences betw
these two models (that of the current manuscrigttee model used in Almeida et al) should be added

The model used in Almeida et al. (2013) was the &0Dodel using evaporation rates for the system

of sulfuric acid and dimethylamine obtained fromagtum chemical calculations. The other studies

mentioned used different approaches to model aas&-bucleation and our simple heuristic model was

motivated by those previous publications. In ottdezxpress this we have modified the sentence (page
13981, lines 16 to 19):

“In order to better understand what influencesdimeer concentration in the ternary system, we have
developed a simple model (Fig. 10). This heuristmdel is motivated by recent studies which have
simulated acid-base nucleation of sulfuric acidgreimia, and amines with similar methods, i.e., witho
simulating every possible cluster configurationlexity (Chen et al., 2012; Paasonen et al., 20Eh

et al., 2014).”

(27) Figure 9: it would be interesting to know whee the contributions of different routes to thester
growth.

Fig. 9 has been updated according to the refesegjgestion; it now shows simulated concentrations
for an example calculation at 248 K. The monomerceaotration has been assumed as 1g@@ and

the ammonia concentration is 2813, These data indicate that the main path of dirmemétion is

via the HSOy»*NH; cluster. Some more discussion regarding this camimelso provided in our reply
to the second major comment.
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(28) Page 13982, lines 22-23: in addition to therCat al value for the evaporation rate of the base
containing dimer, theoretical (quantum chemicaly&és) should also be given for comparison

The following is partly a repetition of one of treplies to the second major comment.

Based on the referee’s comment we have evaluatgubeation rates from quantum chemical data for
the relevant clusters (containing 3 sulfuric acidlecules A and between 1 and 3 base (ammonia)
molecules B). The data was taken from Ortega €R@l2) and is listed in the following:

A evaporation from SAB:: 1034 & (at 300 K) and 0.70's(at 248 K)
B evaporation from SAB:: 5.83x10 s? (at 300 K) and 1.49x10s? (at 248 K)

A evaporation from SAB,: 0.047 & (at 300 K) and 3.11x10s? (at 248 K)
B evaporation from SAB;: 0.065 & (at 300 K) and 7.33x10s? (at 248 K)

A evaporation from SABs: 4.23x16 st (at 300 K) and 3.73x10s? (at 248 K)
B evaporation from SABs: 2.74 s* (at 300 K) and 7.24x18 s (at 248 K)

These data indicate that the trimer containing Ibases has the overall slowest evaporation rate sinc
both the acid (A) and the base (B) evaporate raflogvly. The other cluster configurations (with ynl
one base or with three bases) have either a fagbeation rate regarding an acid or regarding a bas
molecule. However, if a base evaporates from theBsAluster it results in a $f8; cluster, which has
an overall very slow evaporation rate. Therefdre gquantum chemistry data suggest that only theBSA
cluster can be regarded as relatively unstableusecan acid molecule can evaporate rapidly.

Furthermore, for the (¥$Qu)-2(NH3)y=1(H20)-1 cluster data from Herb et al. (2011) is available.

A evaporation from AB1Wi: 2.93x10 s? (at 300 K) and 507%(at 248 K)
A evaporation from AB1: 1.1x10 s? (at 300 K) and 4.1x£G?! (at 248 K)

For the cluster containing no water, the evaponatide from Herb et al. (2011) is significantly inég
than for the Ortega et al. (2012) data. HoweverpHs al. (2011) simulated also the effect of water
vapor and this lowers the evaporation rate by aBartlers of magnitude.

In summary we have added the following after lideoR page 13982:

“The quantum chemistry data from Ortega et al. 2&Lipport the assumption that a trimer containing
at least two bases is relatively stable (evapanatite below 0.1%5at 300 K). However, it predicts that
the trimer containing only one ammonia moleculedagh evaporation rate regarding an acid molecule
(~1000 s at 300 K); additional ammonia in the trimer wilwer the evaporation rates. For this reason
the trimer concentration will strongly depend oa #mmonia concentration, which controls the cluster
distribution. Therefore, the Chen et al. (2012ueatan be regarded as a best estimate for thellovera
trimer evaporation rate for their experimental dbods. Herb et al. (2011) also simulated the dffec
that one water molecule has on the acid evaporagi@nfrom (HSQs)3(NH3z)1(H20)o.1 clusters. While

the water molecule lowers the evaporation rat@bselute evaporation rate is higher (2.9<0at 300

K) than for the Ortega et al. (2012) data.”

(29) Page 13983, lines 22-23: “Our calculated diroencentration agrees with their measured
concentration within better than a factor of twA.plot illustrating this would be good to see.

This statement refers to one experiment for whitia dvas reported by Hanson and Eisele (2002). They
reported a measured dimer concentration of 1.1gf® when the total sulfuric acid monomer was
1.9x10 cnt® and ammonia was at 3.8¥16nT® (at 265 K and 10% RH). With our model using an
evaporation rate of the,80»NHj5 cluster for 265 K, we calculate a total dimer camtcation of 7x10
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cn1® (36% deviation from the reported measured conagatr). This is an independent cross check of
our model and the assumptions that went into theelout since just one data point is discusseddsd
not deserve a dedicated figure. However, in thentirea we have further compared the concentrations
also for the larger clusters. The result is listetthe table below, which has been added to thaust@ipt

(as the new Table 3). Furthermore the following teow replaces the sentence on page 13983 (line
22/23):

“Our calculated dimer concentration agrees witlirtimeasured concentration within about 40%. Table
3 shows a comparison with the cluster concentrat{dimer to pentamer) measured by Hanson and
Eisele (2002) and the ones from this study usiegttid-base model described above.”

cluster Hanson and Eisele (2002) acid-base model, this study
N; (total dimer) 1.1x10 cnt® 7.0x1C cnt (-36 %)

Nz (total trimer) 6.5x1C cnt® 5.6x10 cn® (-14 %)

N, (total tetramer) 6.6x1C cnt® 4.7x1C6 cnt (-29 %)

Ns (total pentamer) ~4x1@ cnrd 4.1x1C¢ cnt®

Table 3. Comparison between measured cluster concentrdiiopHsinson and Eisele (2002) and simulated cluster
concentrations using the acid-base model desciib8dction 3.6.

(30) Page 13985, lines 12-18: What is the reaspredosidering theoretical evaporation rates of dry
AsB: and AB;: clusters instead of clusters containing more anianmolecules? Also hydration is likely

to affect net evaporation rates. On the other hbegond the critical size the evaporation rateveelr
than the collision frequency, so it would be usédidive the collision frequency with acid and anmiao
molecules in the experimental conditions of Hanagod Eisele (2002) so the reader could more easily
see what conclusions the authors wish to draw tlesncomparison.

The first part of the comment has been discussddtail in the replies to other previous commeatg.(
comment (28)). The quantum chemical data indidaae the trimer and tetramer with only one base
have the fastest evaporation rate towards sulfgid. Therefore, if the reported cluster evaporatio
rates are representative the mentioned clusterddwmi a bottleneck for further growth or cluster
stabilization by additional base molecules.

We have added the following to page 13985 (line 13)

“However, the presence of further ammonia molecuteshe trimer and tetramer can lower the
evaporation rates and water should have a sinfiiectgOrtega et al., 2012; Herb et al., 2011).”

The collision frequency can be calculated fronrdported concentrations by Hanson and Eisele (2002)
At 265 K the collisions frequency due to sulfura@ichmonomers is approximately 1 and for ammonia

2 st. This indicates that the acid evaporation ratéhefsulfuric acid trimer cannot be higher than ~1 s
1, Since the temperatures of this study are subalignower (248 K and colder) the expected upper
limit for the trimer evaporation rate should berespondingly slower. However, only an upper limit
can be determined from this estimation and theshttimer evaporation rate can be even lower aad th
replies to previous comments indicate that thidacbe the case. Since many of the previous comments
aimed in a similar direction and we have answenegd in detail no further additions are made to the
manuscript in the context of the present comment.
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We thank the reviewer for carefully reading our osoript 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 dacomment in blue font. Text which has been added t
the manuscript is shown in red font.

Before we give our detailed replies to all commewgsvant 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 waismiecessary to refer the data from this study al
to water, which shifts the relative humidities ¢aver 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 thertience of the sulfuric acid dimer evaporatioa rat
as a function of the RH for two temperatures (208 223 K). Figure 6 also shows power law fit curves
for each of the two data sets, indicating thatetheporation rates decrease with a powgrofl at 208

K and withp = -1.6 at 223 K. Because the new RH values deowespond to 20% RH the evaporation
rates cannot be directly compared to the data mgélaand Lovejoy (2006). Therefore, the data points
from Figure 6 that are closest to 20% RH were pukated to 20% and these data are then used ing=igu
7 (previously Figure 6) to obtain the fit paramstdd and &. Using the updated data the fit parameters
are now ¢H = -20.1+1.2 kcal mol and & = -46.7+5.2 cal mol K. The new values are somewhat
different from the data by Hanson and Lovejoy (90860 reported H = -18.3+1.8 kcal mol and &

= -39.5+7.8 cal mol K but still agree within errors. On the other hanel hew data agree very well
with quantum chemical calculations taking into aguahe effect of water on the formation of suluri
acid dimers (Ding et al., 2003). Ding et al. (206&)ort H = -21.1 kcal mot and &= -51.7 cal mot

K* for the reaction of (B8Qy)(H20). + (H.SQy)(H20). Comparison between the data by Ding et al.
(2003) and from this study is now included anddh&a (from quantum chemistry and measurements)
are now shown in a new Table 2 (the previous Talgenow Table 4).

Additional small changes:

— The colors of the symbols in Figure 4 and Figunage changed because the RH now represents
the relative humidity over supercooled water.

— RH has also been updated in the context of FigQrépdeviously Figure 9 but since the new
Figure 6 has been inserted the number has beestedljuBecause the pure sulfuric acid dimer
evaporation rates are now changed slightly (dukdmew fit parameters discussed above), the
evaporation rates for the&Q:*NH; cluster are somewhat different. This results msgdated
values for ¢H and & These are nowHi= -16.1+0.6 kcal mol and &= -26.4+2.6 cal mol K-

1. The previously reported values werd & -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 &s; the previous Table 1 is now labeled Table
4 (see later comments).
Besides the addition of Figure 6 and the updatedntbdynamic data, parts of the text have been

modified. Section 3.3 now includes discussion efribw Figure 6. This discussion replaces the kst p
of Section 3.3 (starting with line 8 on page 13977)

30



“We converted equilibrium constants reported by $tamand Lovejoy (2006) to evaporation rates using
equation (8). Hanson and Lovejoy (2006) determimgdporation rates at 20% RH; while our
measurements were made at different RHs. BecausddHa significant influence on the dimer
evaporation further analysis is necessary to magévwo data sets comparable.

Figure 6 shows the evaluated dimer evaporatia@sras a function of the relative humidity (with
respect to supercooled water) for two differentgeratures (208 and 223 K). The rates from thisystud
are based on the data shown in Figures 4 and &guation (5). The data were fitted by simple power
law fits and the slopes @ = -1 (at 208 K) angb = -1.6 (at 223 K) indicate that the evaporaticesa
decrease significantly with increasing RH. Quailly this is in agreement with a previous expenime
(Hanson and Lovejoy, 2006) and quantum chemicautations (Ding et al., 2003). However, Hanson
and Lovejoy (2006) reportepl = -0.5, where the exponepthas an uncertainty of +100%. Our data
indicate a somewhat stronger influence of RH on d¢kieporation rates, which also seems to be
dependent on temperature.

The evaporation rates from Figure 6 with RH betw&é and 30% were normalized to 20% RH
using the reported slopes. Figure 7 shows thefdatathis study and from Hanson and Lovejoy (2006).
Fitting the combined data set for 20% RH givesftilewing formulation for the equilibrium constant

Keq = o= exp (m — (35.03 + 2.61)). (9)

The black line in Fig. 7 shows the dimer evaporatettes derived from equation (9). The uncertasntie
in equation (9) are based on 95% confidence inken@verall, the two data sets are, within errors,
consistent with one another, and yield d -20.1+1.2 kcal mol and &= -46.7+5.2 cal mol K. We
caution that in this study the assumption is madédH does not vary with temperature; generally this
variation should, however, be small. These dateskghtly different than what has been reported by
Hanson and Lovejoy (2006). However, our data agigen errors with results from quantum chemical
calculations, taking into account the effect of evavapor (Ding et al., 2003). According to
measurements by Hanson and Eisele (2000) and quoanhitemical calculations (Temelso et al., 2012;
Henschel et al. 2014) the sulfuric acid monomerdinter can contain water molecules. Therefore, the
data from Ding et al. (2003) taking into accourg #ffect of water vapor are relevant for this study
Table 2 shows a comparison between different studiéaling with the sulfuric acid dimer formation.
Regarding the effect of water vapor it should beeddhat our experimentally determined evaporation
rates represent an average for dimers containifigreiit numbers of water molecules. The exact
distribution of water associated with the dimerl g a function of relative humidity and temperatu
which cannot be taken into account explicitly irststudy.”

Study H ds koeat 208 K kaoeat 223 K
(kcal motY)  (cal mol* K%) (sh (sh)

this study (20% RH) -20.1+£1.2 -46.7+5.2 0.15 3.9

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

(H2S0s)(H20) + (H:SQ)(H20)° -17.8 -48.3 89.3 1550

(H2SQy)(H20)z + (H2SQu)(H-0)? -21.1 -51.7 0.17 5.0

(H2S0y)(H20); + (H:SQy)(H20):° -25.6 -55.7 2.4x10° 1.5¢103

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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Referee #2:

This paper present a comprehensive and detaildgsenaf a experiments, performed at the CERN
CLOUD chamber, to determine the thermodynamic ptagseof the dimer formation in the systems
listed in the title. In practice this means expeninally determining the evaporation rate of theatim
calculating the equilibrium constant for dimer fatmn, and fitting to observations to determine the
change in enthalpy dH and entropy dS for the dimenation. These values are determined for the firs
time at temperatures <232K, which are relevantfferupper troposphere where new particle formation
is known to occur and play an important role inhbetratospheric and tropospheric processes. In
addition these measurements, first estimates dhdrenodynamics of the23Qy-NHjs cluster formation
are also calculated. The paper is very thorough veglttwritten, and covers an important topic in
atmospheric chemistry and physics. | recommenat ipéiblication with minor modifications. There are
two relatively substantive changes I'd like to side; other changes are technical.

1) There are several combinations of projects (CDBEnd CLOUD?7), instruments (CIMS, API-TOF-
MS, CI-API-TOF-MS), and conditions (with and withtowatural GCR produced ions). It's very difficult
for someone not intimately familiar with the CLOUprojects to understand which instruments
contribute to which measurements and findings. Miglbe possible to construct a text-based table
which lists the various combinations of instrumeartd conditions that contribute to each finding@ Th
rows might be the findings (e.g., evaporation gitthe dimer, thermodynamics of the ternary clyster
and the columns the various experiments (e.g., db®dharged; CLOUD7-neutral), and the content
of each cell would be the instruments that wera ussimply lost track and spent much time flipping
back and forth in the manuscript trying to makesgsof the various combinations of measurements and
analyses.

Thank you for this comment. We have added theiglig 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 fmdings
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 HSOyeNH3 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.
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2) It should be possible to estimate the uncestaimtdH and dS determined from theS@-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 evaporatates for B50-NH3 are adjusted to span the range
of the observed uncertainty (rather than the atyitfactor of 5 and 0.2 shown), you should be &ble
calculate a range of dH and dS that are consisightthe stated experimental uncertainties, even if
these uncertainties are "high". This would be mscentifically useful than an estimate without
uncertainties, which is essentially meaningless.

In the revised version of the manuscript we nowia® errors for dH and dS of the${x*NH5; cluster
formation. These errors originate from the uncatain the fitted data and the updated values &fre d
=-16.1+0.6 kcal mol and 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 lodigection) dH = -16.1+0.6 kcal mband &= -
26.4-2.6 cal mot K were used. The error in the positive directioaXimum dimer concentration) is
calculated with dH = -16.1-0.6 kcal miahnd dS = -26.4+2.6 cal mbK™. This method should provide
an idea about the uncertainty in predicting dinmroentrations with the acid-base model for thiglgtu

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 HSOQ,sNH3 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 tkegative direction. The highest dimer concentrations
result by reversing the signs in the error calooitat
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Technical corrections:
a) p. 13962, line 18-19, please use Kelvin hetia #% 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 closercta ian to 20 cm but to be conservative we provided
the range. This information has been added andethince 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&uimunt a somewhat longer distance) of the sagplin
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 okz ¢ vs. RH has been implemented (see comments olirsh@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 andsenre provided (see also reply to major comment
2).

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

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 statistariation of the data from Fig. 8a, which is
quite small. The error of the mean is determinechfthe standard deviation divided by the square roo
of the number of data points used to calculatattezage values.

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

Thank you for commenting and for the positive rewie
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ABSTRACT

Sulfuric acid is an important gas influencing atmospheric newcfmaifiormation (NPF). Both the
binary (HSO,-H,0) system, and the ternary system involving ammoni®Qg#H,O-NH;) may be
important in the free troposphere. An essential step in theatiorieof aerosol particles from gas-
phase precursors is the formation of a dimer, so an understandihg tifermodynamics of dimer
formation over a wide range of atmospheric conditions isrgisd to describe NPF. We have used the
CLOUD chamber to conduct nucleation experiments for thedemsgsat temperatures from 208 to
248 K. Neutral monomer and dimer concentrations of sulfuric \eei@ measured using a Chemical
lonization Mass Spectrometer (CIMS). From these measurerdéntr evaporation rates in the
binary system were derived for temperatures of 208 and 223 Kowipare these results to literature
data from a previous study that was conducted at higher tenngerdiut is in good agreement with
the present study. For the ternary system the formation®®jNHj; is very likely an essential step
in the formation of sulfuric acid dimers, which were measuteilg, 223, and 248 K. We estimate
the thermodynamic propertiesHdand &) of the HSO;*NH; cluster using a simple heuristic model
and the measured data. Furthermore, we report the first measiseoh large neutral sulfuric acid
clusters containing as many as 10 sulfuric acid moleculeshéoibinary system using Chemical
lonization-Atmospheric Pressure interface-Time Of Flight (CI-ABF) mass spectrometry.



10

15

20

25

30

35

1. INTRODUCTION

The formation of new particles from the gas phase is a fnégaled important process in the
atmosphere. Substantial progress has been made in recendggaibing the chemical systems and
the mechanisms that could potentially be relevant to atmosphesicpagicle formation (NPF).
Observed atmospheric boundary-layer nucleation rates typicattelate with the concentration of
gaseous sulfuric acid (Kulmala et al., 2004; Kuang et al., 2008). Moreover, it islyeserapted that
the presence of water vapor enhances nucleation in the bing®0fH,0O) system. However,
nucleation under typical ground-level conditions cannot be explaigethed binary nucleation of
sulfuric acid and water vapor (Kulmala et al., 2004; Kermineal.e2010), even if the enhancing
effect due to ions is taken into account (Kirkby et al., 2011)refbee, assuming that sulfuric acid is
required for nucleation, at least one additional compound is regess stabilize the nucleating
clusters (Zhang et al., 2012). Ammonia, amines and highly-oxidized orgamigocinds have been
identified in ambient samples or tested in laboratory experimentsetBal, 1999; Hanson and Eisele,
2002; Chen et al., 2012; Kulmala et al., 2013). Recent chamber experghewed that the observed
atmospheric boundary layer nucleation rates can, in principlexgdained by sulfuric acid acting in
combination with either amines or the oxidation products feepinene (Almeida et al., 2013;
Schobesberger et al., 2013; Riccobono et al., 2014).

Nucleation has also frequently been observed in the free tropesplierre the temperature and
gas mixture differ from those at the surface (Brock et al., 1995; \¢ladr 1995; Clarke et al., 1999;
Lee et al.,, 2003). An important source for stratospheric pestis the tropical tropopause region
where nucleation mode particles have been observed. Addijionallv particle formation has also
been observed in the free troposphere (Brock et al., 1995; Claake ¥999; Borrmann et al., 2010;
Weigel et al., 2011). Due to the volatility and the identificatdrsulfur in collected particles it was
concluded that binary nucleation contributes to (or dominates) thetfomud these particles (Brock
et al., 1995). Binary homogenous nucleation also seems to play artdantgrole in forming the mid-
stratospheric condensation nuclei layer, although ion-induced himafgation cannot be ruled-out
(Campbell and Deshler, 2014). Several studies provide evidencerihiatiuced nucleation may be
an important process in the free troposphere (Lee et al., 2008joy et al., 2004; Kanawade and
Tripathi, 2006; Weigel et al., 2011). These studies suggest that bindeatnrt is important on a
global scale — especially in regions where very low tempesprevail, and where the concentrations
of stabilizing substances involved in ternary nucleation are low.

Nucleation in the binary system starts with the collisiotwaf hydrated sulfuric acid monomers,
which form a dimer (Petgja et al., 2011). In this study, thetipatddimer” refers to a cluster that
contains two sulfuric acid molecules plus an unknown amount of \&atkrin the ternary system,

ammonia.The term monomer refers to clusters with one sulfuric agielspective of whether the

cluster contains also ammonia and/or water molecules @imiarly-the-menomer-of-sulfuricacid
3
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may-centain-water-orammenibnless stated otherwise the terms “monomer” and “dimer” ibescr
the neutral, i.e., uncharged molecules and clusters. The probability diaer will or will not grow
larger depends on its evaporation rate as well as itsioollrate with monomers and larger clusters.
Therefore, it is crucial to know the evaporation rate (oretip@librium constant) of the sulfuric acid
dimer in order to understand and model binary nucleation. Hanson and L{@p$) measured the
dimer equilibrium constant over a temperature range of 232 to 255 Kewdowno direct
measurements have been performed for lower temperatures. Moreadence exists that ammonia
is an important trace gas influencing new particle formation in some regfitims atmosphere (Weber
et al., 1998; Chen et al., 2012). Numerous studies using quantum chemicalticasuhave been
conducted to study the cluster thermodynamics for the sulfuriecaasidonia system (Kurtén et al.,
2007; Nadykto and Yu, 2007Torpo et al., 2007; Ortega et al., 2012; Chon et al., 2014). To our

knowledge, however, only very few studies have yet reported exqreaity determined dimer

concentrations for this system (Hanson and Eisele, 2002; &tn 2014).In order to model NPF for

the ternary system involving ammonia it is essential tebetiderstand the thermodynamics of the

clusters involved in the nucleation process. Cluster propertieeddrivm measurements can be used

for a comparison with the theoretical studies. Such a comparison providesistercy check for both

the models and the measurem

Here we present experimentally derived dimer evaporatites for the binary system {80,

H,0) at temperatures of 208 and 223 K. The measurements of thacsatfid monomer and dimer
were made with a Chemical lonization Mass Spectrometd$Cat the Cosmics Leaving OUtdoor
Droplets (CLOUD) chamber. The data are discussed and compmaméviously published dimer
evaporation rates for the binary system (Hanson and Lovejoy, 2006gr Dieasurements are also
available for the ternary system &0O,-H,O-NHj3) at 210, 223, and 248 K and some ammonia mixing
ratios (< ~10 pptv). The thermodynamic#i(dnd & of the HSO,*NH; cluster were retrieved from
comparison of the measured monomer and dimer concentrations veth ghedicted using a simple
model. Furthermore, neutral cluster measurements using Cheonézdtion-Atmospheric Pressure
interface-Time Of Flight (CI-APi-TOF) mass spectromedrg presented for the binary system at 206
K for clusters containing up to 10 sulfuric acid molecules.

2. METHODS

2.1 CLOUD chamber
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CIMS monomer and dimer measurements were conducted primarihgdhe CLOUD5 campaign in
October and November 2011. Additional CI-APi-TOF measurements werde during one
experiment in November 2012 (CLOUD7). The CLOUD chamber has tbeseribed in previous
publications (Kirkby et al., 2011; Almeida et al. 2013; Riccobonalet 2014). The 26.1 n
electropolished stainless-steel chamber provides an ultra-aleanrement for studying new particle
formation and growth. A well-insulated thermal housing and temperatintrol allow measurements
down t0-86—2°€C193 K with a stability of a few hundredth of a degree. For cleaning pesptie
chamber can be heated up #60—=€373 K and flushed with ultra-clean air at a high ozone
concentration. Pure neutral nucleation was studied by applying a higiger¢t30 kV) to upper and
lower transparent field cage electrodes (termed clearirdjHigh voltage or CFHV in the following).
Sampling ports are located around the mid-plane of the cylindrical chanfigg the clearing field is
at 0 V. Grounding the electrodes allows measurements of ion-induclkedtiurt. In the absence of a
clearing field galactic cosmic rays produce ion pairs ata of ~2 cii s*). Much higher ion pair
production rates can be achieved by illuminating a sectidmeotliamber (approximately 1.5 m times
1.5 m) using a defocused pion beam from CERN'’s proton synchrotiguligBy et al., 2010). Ultra-
clean gas is provided to the chamber by mixing nitrogen and oxygmncfiyogenic liquids at a ratio
of 79:21. Different relative humidities (RH) can be achievedpagsing a portion of the dry air
through a nafion humidification system. The temperature andet#rost point inside the chamber
are monitored continuously; the RH is calculated using the ieqaagiven by Murphy and Koop
(2005). A fibre optic system (Kupc et al., 2011) feeds UV light ineodchamber, which initiates the
photolytic production of sulfuric acid when,®, O,, O;, and SQ are present. Two mixing fans
continuously stir the air inside the chamber assuring its homogeneity (Vidigtlat al., 2011).

The CLOUDS5 campaign was dedicated to experiments investigatmgangicle formation at low
temperatures (down to ~208 K) for the binary,$8-H,O) and the ternary @#$0O,-H,O-NHs)
systems. The particle formation rates at low temperatilrde reported in forthcoming papers; this
publication focuses on measurements of the sulfuric acid monomehersdiifuric acid dimer. One
future paper will also focus on the determination of the ammoriiangn ratios at the low
temperatures. These were evaluated from a careful chazatitariof the CLOUD gas system, which
delivers ammonia diluted in ultra-clean nitrogen and air to tt®@WD chamber. The gas system was
characterized by measurements with a LOng Path AbsorptiomrRéir (LOPAP, Bianchi et al.,
2012), an lon Chromatograph (IC, Praplan et al., 2012) and a Proton Tr&®esfetion-Mass
Spectrometer (PTR-MS, Norman et al., 2007).

Table 1 gives an overview over the main findings relevanhit gtudy obtained from the two

different campaigns.

2.2 Chemical lonization Mass Spectrometer (CIMS) and Chemid lonization-Atmospheric

Pressure interface-Time Of Flight (CI-APi-TOF) mass spectrmeter
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During CLOUDS aChemicaltenizationMassSpectromedr{CIMS) was used for the measurement of

sulfuric acid monomers and dimers (Kurten et al., 2011). Using nitnaseNGQ; (HNOs)y=0., Sulfuric
acid can be selectively ionized; detection limits belowdfi® (referring to the monomer of sulfuric
acid) can be reached for short integration times, therehyliegehigh time resolution (Eisele and
Tanner, 1993; Mauldin et al., 1999; Berresheim et al., 2000). The instrumerdlibested before and
after the campaign using a system that produces a known concentfasiulfuric acid (Kurten et al.,
2012). In this way, the recorded ion signals — for the primary @mmsthe reactant ions — can be
converted into a concentration of sulfuric acid.

HSO, (the product ion from the sulfuric acid monomer) and HEQSO,) (the product ion from

the sulfuric acid dimer) are formed by reactions such as

NO; (HNOg)x + (HeSQp)1.2X — HSO(HaSOs)04(HNO3), + (X-y+1)(HNOs) + X. (R1)

The compound X is, in most cases, water, but in the case trtiary system, both experiments and
qguantum chemical calculations suggest that dimers could alsousel bo ammonia (Hanson and
Eisele, 2002; Kurtén et al., 2007). Ammonia (or X) is expected tpoezte rapidly after the
ionization (Ortega et al., 2014). It should be noted here that V¢ did not evaporate after the
ionization it would probably be removed in the CIMS collisiorsdiation chamber (CDC). In the
CDC any remaining water molecules are stripped off from tine mns and the NQQHNO3),.; ions
yield mostly NQ™ due to the declustering. Therefore, the monomer and dimer sulaiit

concentrations are estimated to be:

_ . CRyy
[HZSOA] N Lmonomer ln (1 + CRGZ)' (1a)
c CR
[(H,S00),] = =—"In (1+ ﬁ) (1b)

Here,CR denotes the count rate for the primary i0B& atm/z 62 for NQ'), the HSQ ions CRgy
at m/z 97), and the HSEX(H,SOy) ions CR 105 at m/iz 195), respectively. The constabtis derived

from a calibration and has been evaluated as 1'1&x&® with a typical uncertainty of ~30¢Kurten

et al.,, 2012). The same calibration constant is used for the mormahéhe dimer because it is not
possible to calibrate the dimer signal. Since botB® and (HSQy), are thought to react with the
nitrate ions at the collision limit this assumption is waétified. The factors monomer@aNd Lgimer take
into account the penetration through the sampling line from the CLEhdnber to the CIMS ion
source. A sample flow rate of 7.6 standard liters per minute @heh a sampling line length of 100
cm were used to calculate the transmission. The diffusiorfideat has been calculated for the
respective temperature and RH for the monomer from the dega by Hanson and Eisele (2000). It
was assumed that the diffusivity of thgdrateddimer (see Henschel et al., 201@juals 0.060.01
cnt st at 298 K, and varies with temperature as (298K/T)
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Some dimer dissociation in the CIMS CDC section cannotuted out, although the HSO
(H.SQOy) ion has a very high bond energy (Curtius et al. 2001). Howegedescribed in the next
section, this effect is very likely minor, and, to the extlat it occurs, it is taken into account in the
characterization of the dimer detection efficiency.

During the CLOUD7 campaign sulfuric acid and its clusters wegasored with twaShemieal
lonizationAtmeospherie-Pressure-interfatane OfFFlight{CI-APi-TOFR mass spectrometers (Jokinen
et al., 2012; Kirten et al., 2014); theS®, monomer was also measured by the CIMS. However,
during CLOUD?Y it was not possible to measure the dimers thighCIMS due to instrumental
problems. The CI-APi-TOF has an almost identical chemical ionizathurce as the CIMS but it uses
a time of flight mass spectrometer with high mass resolutimuifd 4500 Th/Th) and mass accuracy
(better than 10 ppm). These features as well as the wide arags (up to around 2000 Th) enable
detection and unambiguous identification of the elemental compositiolusters. As will be shown
in Section 3.4 neutral clusters containing as many as 10 sulfulicredécules were detected during a
binary experiment at 206 K.

2.3 Quantification of sulfuric acid dimer concentration

As it is not possible to calibrate the CIMS or the CI-ARIF with a known concentration of sulfuric
acid dimers, a different method was chosen to allow the quatitificof the dimer concentration. To
estimate the relative sensitivity towards the dimevz (95) in comparison to the monomewZ 97)
ion-induced clustering (IIC) during calibration can be evaluatédhd sulfuric acid monomer
concentration is large enough efficient formation of H8@SO,) can occur due to clustering of
HSO, and HSO, within the CIMS ion drift tube (Hanson and Eisele, 2002). The astiindimer
count rate through this process is (Zhao et al., 2010; Chen et al., 2012)

e CR
CRissiic = 5" K1 treace " CRoy * €+ In (14 G2). @

The reaction timé.a.is approximately 50 ms in our case (Kirten et al., 2012). A value of'8xf

s™ was used fok,,, the rate constant for reaction between WHSMd HSO, (Zhao et al., 2010). The

measured count rateRgs was compared to the expected count rate during a calibration ih whic
high concentration of sulfuric acid monomers was presentdtet€IMS. From this comparison, we
concluded that the dimer signal is suppressed by a factor of 1i2adtathe monomer signal. The
discrepancy can either be due to mass discrimination or doent fsagmentation in the CIMS CDC.

In any case, it means that the measured dimer signal needmtdtiptied by a factor of 1.2 (with an

estimated statistical uncertainty of less than 10%) when its coatientis evaluated.

The background signal, e.g., from electronic noise, is always stdutrdbefore the dimer
concentration is evaluated according to equation (1b). The backgrasadiained by averaging
over a certain period just before the experiment startedhéetore the UV lights were turned on and
the SO, was produced. In addition to the background, the contribution from BGbisacted from
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the dimer signal (Chen et al., 2012). This effect becomes relavabbut 1x10cm? for the sulfuric

acid monomer under the conditions of this study.
2.4 Sulfuric acid dimer evaporation rate

The goal of this study is to determine sulfuric acid dimepevation rates from data obtained by
monomer and dimer measurements. In order to derive a foronulaef evaporation rate it is useful to
start with the basic equations governing the loss and the produdtitre aclusters. Since low
temperature conditions (208 and 223 K for the binary system) arsidered in this study the
assumption is made that only the smallest clusters (dimerriamet)t have appreciable evaporation

rates (Hanson and Eisele, 2006). The balance equation for the dimer atiwemirthis case is

dn
d_tz =05GyqKig NE+kse N3 — (kz,w + kg + Xi=1 Goi Ky - Ny + k2,e) "N, (3

whereN,; is the concentration of the cluster containirsglfuric acid molecules The evaporation rate

ki refers to the evaporation of one sulfuric acid molecule frotluster containing sulfuric acid
moleculesand-k —is-its—evaporation—+rateln a chamber experiment such as CLOUD, three loss
processes are relevant for neutral particles; these indhadesdll loss rate;,, the dilution rateky;
through the replenishment of the chamber air (independent of paitiele and coagulation with the
coefficient K;; describing collisions between the clustéraind j. The factorG;; represents an
enhancement in the collision rates due to London-van der \itaaks (McMurry, 1980; Chan and
Mozurkevich, 2001). In order to derive an expression for the dimgroeation rate, we assume
steady-state (d/dt = 0). Equation (3) can then be written as

ko = 0.5G11'K11'N? | K3e'N3
2¢ = + —
’ Nz Nz

(ko + ki + Ty Goi Ko ;). 4)

It is useful to estimate the relative importance of theetteems on the right-hand side of equation (4).
The numerator in the first term describes the production radevafrs from monomers. The collision
constant for two monomers is approximatéic2.8x10' cnt s at 208 K If the enhancement factor
G due to London-van der Waals forces is included, this valu@.92x10°-° cm® s* (McMurry, 1980;
Chan and Mozurkevich, 2001). As an example, at 208 K under binary condifrensmallest
monomer concentration evaluated is 2@, at which point the dimer was evaluated as 1xt9?
(Section 3.3). These values yield 02far the first term. The second term is significantly snnahan

the first term, so it can be neglectedthe—following—diseussiaiue to the reasons listed in the

following. The trimer concentration (although it was not measured)dteusmaller than the dimer

concentration because the trimer is produced from the dimeroMatethe trimer evaporation rate is
expected to be lower than the dimer evaporation rate (e.g., £.6%f6r the trimer, and 0.3'Sfor the
dimer at 208 K and 20% RH, see Hanson and Lovejoy, 2006). The thirdnecdes losses due to
walls, dilution, and coagulation. The wall loss rate for a dismapproximately 1.5x1ds?, while loss

due to dilution is ~1x16s* (Kiirten et al., 2014). The loss due to coagulation depends on theeparticl
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size distribution, and can be important when the dimer evaporat®is rsthall. Loss of dimers due to
collisions with monomers (i.e., growth to form trimers) then uhates the coagulation term, which is
usually on the order of 70s* (e.g.N; = 1x10 cm® and G K, ; = 4x206.9x10°-*° cn?® s1). All
elements of the third term are, thus, small compared witHirgteterm, and so these can also be
neglected. For the conditions of this study, consistent withektmpolated data by Hanson and
Lovejoy (2006), the evaporation rates are however larger thars*10rhis means that evaporation
dominates over the other losses; therefiargcan be approximated by

_ 05Gy 1K1 1°N?

e ©)

The concentrations used in _equation (5) are averages over pefieds conditions are close to

steady-state. These periods are defined by conditions where thetigmodunel loss rates for the dimer

and the monomer are almost identical and the concentrationofigibject to significant changes

anymore.If losses by processes other than evaporation were not idgliggtrieval of evaporation
rates would require use of a numeric model that also incliadgsr clusters since coagulation loss
depends on concentrations of all other clusters. Neverthelegg| walculations simulating cluster
and particle concentrations are needed to evaluate otfeetsefelevant to this study, as will be
discussed in the next sections.

Comparison of the rate constants used for the reactions lbel&® and HSO, (Section 2.3)
and between 50, and HSO, yields that the neutral-neutral collision rateslightly-fasterthaabout
the same athe charged-neutral collision rate. This is due to the relgtiarge enhancement factor
from London-van der Waals forces for the neutral-neutrals rgdcMurry, 1980; Chan and
Mozurkevich, 2001) and the observation that the reaction between tifatbison and sulfuric acid
seems not to proceed at the collisional rate (Zhao et2@l(). Further discussion about the

consequences this has on the present study is provided in Section 3.8.

2.5 SAWNUC model

The Sulfuric Acid Water NUCleation model (SAWNUC) of Lovejey al. (2004) simulates ion-
induced nucleation in the binary system. Cluster growth is tresqatitly by a step-by-step addition
of sulfuric acid molecules while equilibrium with water nmlées is assumed due to the relatively

high concentratiorand evaporation ratef H,O compared to 50, SAWNUC takes into account

sulfuric acid condensation and evaporation, coagulation, and lossés walls and dilution (Ehrhart
and Curtius, 2013). In SAWNUC, evaporation rates of small, negaiihelrged clusters are based on

measured thermodynamiaesd partly on quantum chemical calculatighevejoy and Curtius, 2001;

Froyd and Lovejoy, 2003). More detailed information on SAWNUC cafobed in Lovejoy et al.
(2004), Kazil and Lovejoy (2007), and Ehrhart and Curtius (2013).
As this study focuses on neutral binary nucleation, we nediectharged-cluster channel, and

only simulate the neutral channel. Coagulation coefficients hase t&lculated according to Chan
9
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and Mozurkewich (2001). They quantified London-van der Waals formrepdhticles in the binary
system based on the theory by Sceats (1989). Within this studiclefation at low temperatures, only
dimer (and sometimes trimer) evaporation has been taken intorac€be exact input parameters are

specified in the following sections.

2.6 Dimer transmission through the sampling line

Previous dimer evaporation rates were evaluated with tRES@bnization source integrated within a
temperature-controlled flow tube (Hanson and Lovejoy, 2006). This setagpred that the

temperature did not change between the times when the dimersonmed f and when they were
ionized. In the present study, the dimers formed inside the CLERdMber, which is very precisely
temperature-controlled. However, the monomers and dimers had tankpdrted from the chamber
to the CIMS through a 100 cm long sampling line. The first ~8®@ftthis line were held at the same
temperature as the chamber because it protruded through the theusiaghand into the chamber.
Moreover, the sampling line was enclosed by an insulated copper tubea$inge part of the copper
volume was placed inside the thermal housing, the cold temperaasrenaintained over the full

length of the copper tube due to efficient heat conduction evenstuorasection of the tube that was
located outside the chamber, while the insulation minimizedtheafer to the surrounding air. The
CIMS ion drift tube was connected to the tip of the copper jadkeampling line by means of a short
tube that was not temperature-controlled, exposing the last A6 ¢m(the measured length is closer

to 15 cm but to be conservative we took into account a somewhat kistzacepf the sampling line

to warmer temperatures. In this region the dimers could in principle haveesuifem evaporation.

To estimate the evaporation effect, a finite difference ntetbas used to calculate the temperature

profile, as well as the dimer concentration across the samplinguardts full length. The differential

equations for the monomer< 0) and dimeri(= 1) concentrations_were solved as a function of the

radial and axial coordinatesandz (Kirten et al., 2012):

dc; . (1 Jdc | 0% 62ci) 2Q | ( rz) L dcq
—at D; o T Yoz TR? 1 xz) 5, TS0 (6)

whereD,; is the diffusivity,Q is the flow rate and is the radius of the tube. A parabolic flow profile

was assumed and the geometry was divided into small areas inasidére the differential equations

by a finite difference method. The source tesnsiclude evaporation and production of dimers and

loss and production of monomers due to self-coagulation and reti@poof dimers. Further reactions

(coagulation with larger clusters/particles) were not takémaccount since the time is rather short (<
10
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1s forQ =7.5 sim,R = 0.005 m, and. = 1 m) and the other loss terms are dominant. A similar

differential equation is used to determine the temperature ittedieibe before the concentrations are

calculated. This temperature is used to calculate the evapoddtdimers in each of the small areas.

The time-dependent equations (tithere repeatedly solved until a reasonable degree of convergence

is reached.

__Figure 1 shows the results for a chamber temperature of 223 Kvdllseof the first 80 cm of the
sampling line were held at 223 K, while the last 20 cm were heR9& K (which was a typical
maximum day-time temperature in the experimental hall duhegai. OUD5 campaign). It should be
noted that this is an extreme case because, in realityeripetature would slowly approach 293 K
over the last 20 cm due to heat conduction along the walls of thplisg line. However, the
calculations performed here are used to obtain an upper-bound estiindhe error due to
evaporation. The temperature of the walls is indicated by tlo bialor (223 K) and the grey color
(293 K). Figure 1 shows the normalized concentration of dimees dafitializing the monomer
concentration to 1x¥0cmi®; the dimer was assumed to be at equilibrium initiallywéts further
assumed that both monomers and dimers are lost to the walts difusion, and that at the same
time dimers are formed due to collisions of monomers, but sEnewvaporate. Larger clusters or
particles were not taken into account. The dimer evaporatiorasage function of temperature was
taken from the literature at this stage (Hanson and Lovejoy, 2006).

The profile shown in Fig. 1 indicates that, during the first 80 dimers are lost primarily via
diffusion because, in this section, they are essentially inlieduin regarding formation and
evaporation; only over the last 20 cm does evaporation havemecable effect on the dimer
concentration. However, only the region close to the walls ofdngpling line shows a rise in the gas
temperature; the center of the sample flow is essentiafigffected. The estimated overall
transmission efficiency for dimers is 0.228 at a flow rate7.6 sIm in the half-inch tube (inner
diameter ~10 mm). If the temperature were held constant at 2@&Kthe entire tube length, the
transmission would increase to 0.475 because only wall lossesl takd place. Since the dimer
concentration is corrected for the effect of diffusion lose @quation (1b)), the additional loss factor
due to evaporation would be (1/0.228)/(1/0.475) = 2.08. However, this is anhqpet estimate of
the error introduced through evaporation since the temperaturereslity, gradually changing over
the last 20 cm instead of increasing as a step functiomatased. For the lower temperature of 208
K, the effect is even smaller. From the estimations predentahis section it can, therefore be
concluded that, while the sampling conditions are not ideal, the maxienror introduced is very
likely smaller than a factor of 2 (see also error discussion in Sec#dn 3.

3. RESULTS AND DISCUSSION
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3.1 Neutral vs. ion-induced experiments

Figure 2 (upper panel) shows the measured monomer and dimer catwesitfrom a binary

experiment at 208 K. The experiment is started when the UV lgghtturned on (at 14:16 UTC). The
first stage is conducted in a neutral environment with the\CEihbled. At 16:00 UTC (marked by
the dashed vertical line) the electrodes are grounded andigalzsiic rays (GCRs) lead to a build-

up of ions in the chambewhile the monomer concentration is not affected significantlihbyGCRs

because the small ion concentration is generally only on the afrdezouple of thousand (Franchin et
al. 2015) and the HSQions are not efficiently being detected by the CIMS (Rondo.e2@14), the

dimer concentration M/hie—the—tnonremer—concentration—is—not—affectedby-EERs—the—dimer

concentration—isFor the neutral conditions the dimer signal above background is doeutml
(H2SOy),. During the GCR stage of the experiment, the dimer signal gradually increlasesodid be
due either to neutral dimers being charged in the CIMS or chargext dims forming within the
CLOUD chamber.

Unfortunately, there was no ion filter installed in the CIM$gling line during CLOUDS to
eliminate the ion contribution to the CIMS signal. However, evidexigs that the additional signal
during GCR conditions is caused by a buildup of chamber ions rathefattmaation of additional
neutral dimers during the ion-induced experiments. Recently, it wasedpbat HS@ ions clustered
to large oxidized organic molecules (OxOrg) can be efficientlgated by the CIMS (Rondo et al.,

2014).Those experiments were conducted for the ternary system-of sulfuric atet, amd pinanediol

When both ions and sufficientb80, are present in the chamber, HS8,S0;), with n> 1 will be
formed (Eisele et al., 2006); these ions are apparently beingetbtycthe CIMS as dimers to some

extent. The light HS@ ions will be rapidly lost to the walls of the CIMS samgliline, whereas the
larger HSQ (H.SOy)»1 ions will have a lower loss rate. Therefore, the larger tensl to have a
higher chance to survive the transport to the CIMS where theye eventually detected as artifact
dimers. If this were the case, some of the observed dimel sigmathe GCR stage in Fig. 2 might
not be related to the neutral dimers, and should be discarded.

The Atmospheric Pressure interface-Time Of Flight (APi-TQEnninen et al., 2010) mass
spectrometer measured the ion composition during the first foire €LOUDS campaign. Figure 2
(lower panel) shows the HQ@H,SOy), (n = 0 to 8) cluster ion signals during a binary beam

experiment at 223 K. In addition, the apparent CIMS dimer concemtratidisplayed. The dimer
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signal is well correlated with the H@H,SO;), signal forn > 5 (e.g. Pearson’s correlation coefficient
between the dimer and the HS®1,SOy)s signal is 0.93), indicating that the dimer signal due to ions
arises mostly from larger cluster ions (hexamer and lamgeigh, at least partly, fragment to H§O
(H.SQ,) before they reach the mass spectrometer. It is, howeveneaotwhether only the relatively
large charged clusters fragment, or if only these large cdustach the mass spectrometer due to an
enhanced transmission. The study by Rondo et al. (2014) inditaesons need to be relatively
heavy (or have a low enough electrical mobility) in order tahethe CIMS ion drift region. It is,
therefore, also possible that ions that are smaller than xaenlee could, in principle, contribute to the
CIMS dimer channel, but since they are not efficiently reachireg CIMS, their contribution is
negligible. Either possibility would lead to the large chargedters contributing to the dimer signal
(Fig. 2).

Another interesting observation is that the dimer sigmahes mainly from the neutral clusters

when ammonia is present in the chandds
experimentswhen—ammeonia—is—presentin-the-chamliecent publications on the ternary ammonia
system investigated at CLOUD showed that the API-TOF detéS0 (H,SOy)n(NHz)m with m> 1
whenn > 3 (Kirkby et al., 2011; Schobesberger et al., 2015). Our findings suppaotskevation that

the mixed sulfuric acid ammonia ion clusters are more sthhle pure sulfuric acid clusters because
they do not seem to fragment to the same extent. As aaqueisce of the observations discussed in
this section, only neutral experiments were considered foevakiation of the dimer evaporation

rates in the binary system.

3.2 Effect of fragmentation during neutral experiments

In the binary system, large cluster ions can fragment anditmatetto the measured dimer signal. In
this section the maximum error due to the observed fragmentatssritl in Section 3.1 is
estimated. For neutral cluster measurements, this procéssiisver, different from that described in
the previous section. Under ion-induced conditions the ions ardlylissenpled from the CLOUD
chamber. Therefore, a relatively low concentration of clustes can contribute significantly to the
dimer signal because the ionization process in the CIMS drift tube is not neetiezlrfdetection.

In a worst-case scenario all cluster ions larger than the dimein@iing from neutral clusters after
ionization) would fragment and yield one HS®I,SO,) thereby increasing the apparent dimer
concentration. It is important to note that even a very large charged clugdtéioaly yield one HSQ
(H.SQO,) because the clusters carry only one negative charge. Theraostentrations (dimer and
larger) can be calculated using the SAWNUC model. In any, 8aseluster concentrations decrease
with increasing size, so the potential contribution decrea#bsincreasing cluster size. Figure 3
provides an upper bound estimate of the magnitude of this effect. émaanple calculation for a

temperature of 223 K, a sulfuric acid monomer concentratic?xd® cni®, and dimer and trimer
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evaporation rates from the literature (Hanson and Lovejoy, 200&)sad, while all other evaporation
rates are set to zero. The model yields concentrationthéoneutral dimer and all larger clusters.
IntegratingSummingthe concentrations from the dimer up to a certain cluster aizd normalizing
the sum with the dimer concentration, yields the results shawFfig. 3 which indicate that the
contribution of the larger clusters to the dimer is, at mofactor of 3 larger than that of the dimers,
even as one considers the contributions from very large dusigain, in this estimation it is
considered that even a large fragmented cluster can contribut@malidSQ (H,SO,) because all
clusters are singly charged. For this reason the cluster numegntrations arextegratedsummed
and not the number of neutral dimers in a cluster.

The estimated factor in this section is an upper limit. dinigkely that all clusters will fragment, or
that they always yield HSQH,SQ,) as the product. Instead, HSOmight result from the
fragmentation, because, not being an equilibrium process, fragmentatidd not always yield the
most stable cluster configuration. Moreover, since evaporatiols the cluster, evaporation of neutral

sulfuric acid molecules from the largest clusters may bampéete.Another argument why the data

from Fig. 3 provide an upper estimate is due to the reductiomamsmiission efficiency for the

components of the mass spectrometer that is generally observed wa#sing masdn summary, the

maximum effect of fragmentation is very likely on theardf a factor of 2, or lower (see also error

discussion in Section33).

3.3 Binary (H,SO,-H,0) dimer concentrations and evaporation rates

Figure 4 shows the steady-state dimer concentrations astaifuof the monomer concentrations at a
temperature of 208 K. The datags segregated into binary neutral (solid circles) and ion-induced
(open triangles). The color code indicates the relative huniiglit}) overicesupercooled wateiThe
black lines show the results from the SAWNUC model assumingdiffarent dimer evaporation
rates between 0 and T gndicated in the legend of the figure). Comparison between theledode
curves and the experimental data gives an indication of the magofttide dimer evaporation rates,
but the actual values are calculated with equation (5) andeviliscussed in the context of F&J.
While the model curves for 0.1 and 1 are straight lines with a slope of two on a log-log-plot, the
lines for 0 and 0.01sshow a pronounced curvature with a slope that approaches aofaine for

the high monomer and dimer concentrations. This curvature inditetes: full model calculation
would be required in order to derive even smaller evaporattea than those observed in this study.
If the evaporation rate is comparable to the other loss, ritese mechanisms need to be taken into
account when estimating . Only when the evaporation rate dominates dimer loss over tharige

of [H,SQ,] can other mechanisms be neglected. The neutral binary data i# Fidicate that the
dimer evaporation rate varies between 0'%@ ~12 % RH and 0.04”sfor 58 % RH at 208 K.

Therefore, relative humidity has a relatively strong effent that is more strongly pronounced than
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the higher temperature (232 to 255 K) data of Hanson and Lovejoy (20§§9ssusee discussion
below). Our signal-to-noise ratio was, however, not high enough toifyuidwet dimer at temperatures
above 223 K for direct comparison. Figure 4 also gives an idéeeahagnitude of the ion effect on
the CIMS dimer measurements (open triangles). As discuss@elction 3.1, the ion-induced binary
experiments show systematically higher apparent dimer condéensrathan do the neutral
experiments. For this reason they are discarded when deriving dimer evapaiso

Figure 5 shows the monomer and dimer data for a temperat@28df. Again, the data show a
pronounced influence of relative humidity. The dimer evaporatiorisapproximately 8 Sat 12 %
RH and 0.6 $ at 50 % RH. The ion enhancement effect can be divided into twoesgbne in which
it seems to be limited by the availability of sulfuriéch@nd a second one in which it is limited by the
availability of ions and reaches a plateau where the dimealsigases to increase with the sulfuric
acid monomer concentration (open triangles).

The evaporation rates derived herein can be compared with tdeeregported by Hanson and
Lovejoy (2006) after some unit conversions. The equilibrium constaptor sulfuric acid dimer

formation from monomers in the presence of water has been reportechasr{ldad Lovejoy, 2006)

— _p — 1 . A —
ea = Gt = pa” &P (F-8) (67)

with A = (92104+930) K, and = 31.4+3.9 for the temperature, 282T < 255 K, and a relative
humidity of 20%over supercooled wateGiven the reported values férandB the thermodynamic
properties are estimated to b d -18.3+1.8 kcal mai and &= -39.5+7.8 cal mai K™* (Hanson and
Lovejoy, 2006). Equationéf) provides the equilibrium constant in units of*Psince the partial

pressurep of the monomers and dimers are used. In order to calculate evaporationisatesassary
to convert the equilibrium constant to units of’crand to further apply the relationship between
equilibrium constant, evaporation rate, and collision constanthfe dimers (Ortega et al., 2012),
leading to:

G1,1K11

ke, =05 ——+—
€ kg T10%Keq

(#8)

wherekg is the Boltzmann constantye converted equilibrium constants reported by Hanson and

Lovejoy (2006) to evaporation rates using equation (8). Hanson andoi.of#2006) determined

evaporation rates at 20% RH; while our measurements were indiffier®nt RHs. Because RH has a

significant influence on the dimer evaporation further analysieigssary to make the two data sets

comparable.
Figure 6 shows the evaluated dimer evaporation rates ast@iuotthe relative humidity (with

respect to supercooled water) for two different temperati2@® and 223 K). The rates from this

study are based on the data shown in Figures 4 and 5 and equatidre(8atd 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 RH. Qualithtitieis is in agreement with a previous

experiment (Hanson and Lovejoy, 2006) and quantum chemical calculatioms éDal., 2003).
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However, Hanson and Lovejoy (2006) reponted -0.5, where the exponepthas an uncertainty of

+100%. Our data indicate a somewhat stronger influence of RH @véporation rates, which also

seems to be dependent on temperature.

The evaporation rates from Figure 6 with RH between 10 and 38% normalized to 20% RH

using the reported slopes. Figure 7 shows the data from this stddfycen Hanson and Lovejoy

(2006). Fitting the combined data set for 20% RH gives the follovarmmtlation for the equilibrium

constant

1
_Keq ~ Pa

((10109i609) K

209K _ (35.03+ 2.61)). )

The black line in Fig. 7 shows the dimer evaporation rates derived from equatibhgQ)ncertainties

in_equation (9) are based on 95% confidence intervals. Ovdmltwo data sets are, within errors,
consistent with one another, and vield d -20.1+1.2 kcal mdl and & = -46.7+5.2 cal mal K. We
caution that in this study the assumption is made tHatl@es not vary with temperature; generally

this variation should, however, be small. These data are slijffilyent than what has been reported

by Hanson and Lovejoy (2006). However, our data agree within errtiisr@gults from guantum

chemical calculations, taking into account the effect of medpor (Ding et al., 2003). According to

measurements by Hanson and Eisele (2000) and guantum chemicalicals{lB¢melso et al., 2012;

Henschel et al. 2014) the sulfuric acid monomer and dimer canicomater molecules. Therefore,

the data from Ding et al. (2003) taking into account the effectatér vapor are relevant for this

study. Table 2 shows a comparison between different studies dedlinghe sulfuric acid dimer

formation. Regarding the effect of water vapor it should be notedthmaexperimentally determined

evaporation rates represent an average for dimers containingeuliffermbers of water molecules.

The exact distribution of water associated with the dimdidw a function of relative humidity and

temperature, which cannot be taken into account explicitly instiidy¥e-cenverted—eguiibrivm
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3.4 Neutral cluster measurement with CI-APi-TOFin the binary system

During the CLOUD7 campaign, experiments were conducted at ~206 K bimdey conditions. In
addition to the CIMS two CI-APi-TOFs were deployed (Jokineal.e2012; Kirten et al., 2014). The
two instruments are labeled CI-APi-TOF-UFRA (instrumeatfithe University of Frankfurt) and CI-
APi-TOF-UHEL (instrument from the University of Helsinklp contrast to the CIMS used during
CLOUDS5, the sampling lines of the CI-APi-TOFs were notgerature-controlled. Therefore, dimer
evaporation was likely more pronounced. For this reason, we didtteobpt to quantify the dimer
evaporation rate, although the dimer signals are quantitatively consistteitte data shown in Fig. 3.
However, the CI-APi-TOFs have a much wider mass range thaCit{i§, i.e., a maximum of
approximately 2000 Th. This increased mass range allowed latgdersl to be measured; indeed,
neutral sulfuric acid clusters containing up to 10 sulfuric acid ratdsci.e., HSQ(H.SQy), (n from

0 to 9) were detected (Fig8). Eisele and Hanson (2000) previously reported detection of neutral
clusters containing up to eight sulfuric acid molecules in a fidwe-texperiment using a quadrupole

mass spectrometeHowever, their measurements were conducted at much higher sudftidc

concentrations (~focmi®) whereas in this study the conditions were atmosphericallg meevant

(sulfuric acid monomer concentration ~1.7%4@1°). Therefore, the data presented in the following

indicates that atmospheric binary nucleation should be direb#igreable at low temperature, e.g.,

during aircraft measuremenWater molecules associated with the clusters were nottdétesith the

CI-APi-TOFs; these were most likely evaporated during ion fiearisto the high vacuum section of
the instruments. No ammonia was detected in any of the cle#tees, even though ammonia can, in
principle, be observed with a similar instrument that meastivagged clusters (Kirkby et al., 2011),
so it can be concluded that the experiment was, indeed, under pure binary eenditio

The upper panel of Fig-8 shows the time-resolved signals from one of the CI-APi-T@Rging
from the monomer (HSQ i.e., S1) up to the decamer (HS®I.SQy),, i.€., S10); all of these signals
clearly increase following the start of the experimert@02 UTC. From the time-resolved data, the
steady-state signals for the different clusters were olatdoreboth instruments (red and bleeles
symbolsin Fig. 78, lower panel). It was not attempted to derive concentrations finentount-rate
signals due to the unknown influence of cluster evaporation withigaimpling line and transmission
within the mass spectrometers. However, the CIMS, whichopasated in parallel to the CI-APi-
TOFs with its own dedicated sampling line, yielded a monomer concentrafiorxa0 cm?>.

For this experiment we calculated the extent to whictiridneed clustering (1IC) could contribute
to the signals. The equations provided by Chen et al. (2012) wedetausstimate the maximum
contribution from IIC (Fig#8, lower panel). The dashed red line indicates what cluster sigoalsl
be expected if all neutral cluster concentrations (dimer agdrjawere zero, and the only cluster ions
were formed by addition of 40, monomers to the HSOions within the CIMS drift tube. The large
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discrepancy between the observations @iedlesliamond} and the dashed red line (it falls off very
steeply with increasing cluster size) shows that the conwibuiiom I1IC is negligible. Using
SAWNUC together with the dimer and trimer evaporation réites this study and from Hanson and
Lovejoy (2006), respectively) allows us to predict all cluster entrations and then calculate the
expected signals (black curve). While the expected signals from the modéhtafcare substantially
higher than the measured ones from the CI-APi-TOF-UFRA, the slidpe black (modeled) and the

red (measured) curve is very simil@ihis suggests that cluster evaporation rates of the tanall

larger clusters are not high enough to significantly affect tlweincentrations at this low

temperatur&hi

RS y a e-for the
dhe slightly steeper slope of the measurements

could be due to a decrease in the detection efficiency as a funttiaass of the CI-APi-TOF-UFRA.
In this context it is also important to note that the BFAOF-UFRA was tuned differently than in a
previous study (Kurten et al., 2014) in which a relatively steep dir the sensitivity as a function of
mass was observed. The tuning in this study might have led tweaaonstant detection efficiency as
a function of mass. The fact that the measured trimer signal is lower thitrémeer signal is thought
to result from fragmentation of the trimers. Similarly, thexamer appears to suffer some
fragmentation. The CI-APi-TOF-UHEL was tuned to maximize thaals in the mass range up to the
pentamer. Consequently, in comparison to the other CI-APi-TOF, thisolesubstantially higher
signals in the mass region up to the pentamer, with a pronourgadriaximum around the tetramer
(blue curve in Fig#8). However, for the larger masses the signal drops, reachiets lthat are
comparable to those from the CI-APi-TOF-UFRA.

Because so many questions remain regarding fragmentation, clustgficpteon, and the effect of
evaporation in the sampling line, the CI-APi-TOF signals are didgussed qualitatively in the
present study.

3.5 Sulfuric acid dimer concentrations in the ternary (HSO,-H,O-NH3) system

During CLOUDS, ternary nucleation experiments were conductednageratures of 210, 223, and
248 K. The addition of relatively small amounts of ammoniiifrg ratios below ~10 pptv) led to a
significant increase in the sulfuric acid dimer concentratioosmpared to the binary system
confirming the enhancing effect of ammonia on new particle formatioh€Bal., 1999; Kirkby et al.,
2011; Zollner et al., 2012; Jen et al. 2014). In the presence gfaNfiraction of the sulfuric acid will
be bound to ammonia. However, we assume that the sulfuric aciohmo and dimers will still be
ionized by the nitrate primary ions at the same ratehasptire compounds. The ammonia will,
however, evaporate very rapidly after the ionization (HansohEisele, 2002). For this reason it is
not possible to determine directly the fractions of eithersulfuric acid monomer or the dimer that

contain ammonia. Therefore, in the following we assume that ¢@sumed monomer is the sum of the
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pure sulfuric acid monomer and the sulfuric acid monomer bound to @iagntiee same assumption is
made for the dimeit has been suggested that the sensitivity of a nitrate C8d&ding the sulfuric

acid measurements could be affected by the presence of anmooiber bases like dimethylamine),

which cluster with sulfuric acid (Kurtén et al., 2011; Kupiaine@&tia et al., 2013). However, recent

measurements at the CLOUD chamber indicate that this yslikety a minor affect (Rondo et al.

2015).

Figure8-9 shows the measured sulfuric acid dimer concentration as aciurctthe sulfuric acid

monomer concentration for three different temperatures (210, 88248 K), and several ammonia
mixing ratios (< ~10 pptv) under ternary conditions. Two limitiragpes that bracket the possible
dimer concentrations and the influence of ammonia are indi¢atettie solid black line and the
dashed black line. The solid black line shows the case in whiekiegoration rates are set to zero in
the SAWNUC model (the kinetic limit); the dashed black linedatéis the case for binary conditions
at 40% RH. It can be seen that, at the lowest temperature (210ekdimer concentrations are close
to the expected concentrations for kinetically limited cluggmation, as has been previously
reported for the ternary sulfuric acid, water and dimethylamsyséem at 278 K (Kirten et al., 2014).
The ammonia mixing ratio is ~6 pptv in this case (Ei@. upper panel). At 223 K two different
ammonia mixing ratios were investigated. It can clearlydss shat the dimer concentrations increase
with increasing ammonia mixing ratio. Different ammonia mixingoga{~2.5 to 8 pptv) were also
studied at 248 K, but in this case the variation in the ammamieeatration was smaller than for 223
K; therefore, the dimer concentration variation is also l@®sounced. In addition, the relative
humidity changed from experiment to experiment (RH is indicatetthddpmall numbers written next
to the data points); it apparently influenced the dimer cond&mtravhich is not surprising given the
results described in Section 3.3, and those of Hanson and Loveje).(ZBur data show that very
small ammonia mixing ratios (pptv range) can strongly enhance r dim@nation under
atmospherically relevant sulfuric acid concentrations and low teropesat

3.6 Fhermodynamics-of- the HSO,2NH - clusterAcid-base model

In order to better understand what influences the dimer concentmattbe ternary system, we have

developed a simple model (Fig. 10). This heuristic model is metiviay recent studies which have

simulated acid-base nucleation of sulfuric acid, ammonia, amdea with similar methods, i.e.,

without simulating every possible cluster configuration explidi@hen et al., 2012; Paasonen et al.,
2012; Jen et al., 20148- j }

ak2014) Following the notation of Chen et al. (2012), a sulfuric acid moleculen®teA, while the

base ammonia is termed B. Dimers, @ A;B) may form via two different routes: (a) two sulfuric
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acid molecules A can collide and form a pure sulfuric acid d{gy@r which can further collide with
B and form AB, or (b) a sulfuric acid molecule can collide with an ammonideoule and form an
AB cluster, which can further collide with A (or another ARister) to form AB (or A;B,). The
model further assumes that trimers can either contaity sal#furic acid (A), or are associated with
ammonia (AB,).
For all larger clusters we make no distinction between pulferie acid clusters and ammonia
containing clusters. We further assume that the clusters cannaincombre bases than acids, so
reactions like AB + B are not considered as the extra basepected to evaporateuch moreery
rapidly_than it can be gained through collisions at the relatively lowe besncentrations
(Schobesberger et al., 2015)

The model differs somewhat from that used by Chen et al. (20i®)Jen et al. (2014). They

considered two separate schemes; in their first scheme, thayed that two different dimer versions
exist — a volatile dimer, and a less volatile dimer thébrisied through collision between the volatile
dimer and a base molecule. The less volatile dimer can fomimar or a tetramer (through self-
coagulation), which are assumed to be stable. This scheme lsr $orpathway (a) described above.
Their second scheme assumes that the sulfuric acid monoméorom a cluster AB, which can be
turned into a stable dimer. This dimer can then form a triheri¢ allowed to evaporate at a rather
slow rate (0.4 S at 300 K). Once the size of the tetramer is reached therdsisissumed to be stable.
Except for the evaporation rate of the base-containing trinierscheme is identical to route (b)
described above. Our approach combines the two channels becagsestlikely that dimers can be
formed through the two different pathways at the same tinig. @0), especially when the
temperature is low and the evaporation gfid\relatively slow. In addition, we assume that the only
base-containing cluster that can still evaporate at thes¢eloperatures (248 K and colder) is AB.
Quantum chemical calculations (Ortega et al., 2012), and the measuseof Hanson and Eisele
(2002) support the assumption that the cluster containing two suHgiit molecules and one
ammonia molecule is stable even at relatively high temperé@i® K in the Hanson and Eisele
(2002) study). Furthermore, since the evaporation rate of thecbatgning trimer reported by Chen
et al. (2012) is quite small at 300 K (0.4),swe assume that, at the very low temperatures of this
study, this evaporation rate becomes negligible.

The quantum chemistry data from Ortega et al. (2012) supporagfiemption that a trimer

containing at least two bases is relatively stable (evapornatierbelow 0.1 §at 300 K). However, it

predicts that the trimer containing only one ammonia molecideattdgh evaporation rate regarding

an acid molecule (~1000'sat 300 K); additional ammonia in the trimer will lower the mmtion

rates. For this reason the trimer concentration will styodgpend on the ammonia concentration,

which controls the cluster distribution. Therefore, the Cheal.g2012) value can be regarded as a

best estimate for the overall trimer evaporation ratettieir experimental conditions. Herb et al.

(2011) also simulated the effect that one water moleculeohathe acid evaporation rate from
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(HoSOy)3(NHa)1(H,0)o.1 clusters. While the water molecule lowers the evaporatienthe absolute
evaporation rate is higher (2.9X1€} at 300 K) than for the Ortega et al. (2012) data.

3.7 Thermodynamics of the HSO,sNH; cluster

Under these assumptions, the model of Bid0 was used to probe the kinetics using the measured
sulfuric acid monomer, and ammonia concentrations, along Wwéhdimer (A) and trimer (A)
evaporation rates as a function of relative humidity and teryserrom this study and from Hanson
and Lovejoy (2006). The only free parameter in the model is theretaporation rate of AB; we
adjusted this until the modeled dimer concentration matched #asured one under steady-state
conditions. From the evaporation rates at the different tempesattue thermodynamicsHdand &)

of the cluster AB were retrieved from a least-square fifieglogarithm of the equilibrium constant
vs. the inverse temperature) which yield$ € -16.1+0.6 kcal mdl and & = -26.4+2.6 cal mol K*

for H,SOpeNH3.

Unfortunately, the number of data points used to derive lthardl & values is quite small. At
210 K the measured dimer concentrations are very close to rle¢ickiimit estimation, so the
evaporation rates must be very low. This indicates that sraa#itions in the monomer and dimer
concentration can lead to a large variation in the evaporattenofaAB. These data points were,
therefore, neglected. On the other hand, the effect of theveetaimidity on the evaporation rates of
ammonia containing clusters is not known, so only those expesrtigaitwere conducted at similar
RH, i.e., 8625%, were considered.

Figure 8-9 also shows the calculated dimer concentrations using the modlethgitevaporation
rate of AB inferred using the derived thermodynamics (open colored trizxnbeserror bars reflect a
variation of the evaporation rate fop$0O,*NH; by-a-factor-of- Zand0-2according to the uncertainties

of the dH and dS value$he lowest dimer concentrations result if the error of dhiniglemented in

the positive direction and the error of dS in the negativection. The highest dimer concentrations

result by reversing the signs in the error calculatibme good agreement between measured and

modeled values indicates that the model successfalbgribegeproduces theimer concentrations
over a wide range of conditionsurthermore, wé/e have also simulated the experiments of Hanson

and Eisele (2002) for the ternary system involving ammonia, wé aisulfuric acid concentration of
1.9x10 cmi® and an ammonia concentration of 3.8k&01° at a temperature of 265 K and an RH of

~10%. Our calculated dimer concentration agrees with their measuregkmoation within about

40%. Table 3 shows a comparison with the cluster concentrationer(th pentamer) measured by

Hanson and Eisele (2002) and the ones from this study using the seidibdel described abo@air

ed dimer concen on-aarees with their measmecken on-withidpetter thars orof
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Table 4 compares ouHdand & values as well as the corresponding evaporation rates foteselec

temperatures with other data obtained from gquantum chemicallatadas (Torpo et al., 2007;
Nadykto and Yu, 2007; Ortega et al., 2012; Chon et al., 2014) and from one flowxpeienent (Jen

et al., 2014). Overall, the agreement is good. However, it is difficubke into account the effect the

model assumptions have on the outcome of the values from wiy. $h addition, only a small

number of data points have been taken into account in this study.

One also needs to keep in mind that the cluster formatiombssved at ~25% RH (with respect

to supercooled water) in this study, while most of the thieatestudies did not take into account the
effect of water except the one by Nadykto and Yu (2007). Theirsdatgest that the evaporation rate
of H,SO»NHze(H,0), increases when the number of associated water moleculeaseciiéhe study

by Henschel et al. (2014) indicates that about one water molecateached for the RH relevant of

this study. However, Henschel et al. (2014) reported their resuilysfor a temperature of 298 K,

whereas the temperature of this study is 248 K and lower. Whéthewvaporation rate is increasing

with increasing RH cannot be concluded from our data, however, one toekedsp in mind that

similar to the dimer in the binary system, the reported evdporedtes and thermodynamic data for

the HSO,*NH; represent average values that can include clusters with attachedholeteules.

The comparison in Table 4 also lists the experimental diydien et al. (2014) who determined

the evaporation rate of .HO,sNH; at ~300 K from a transient version of their second scheme

(formation of dimers only via AB, see above). The extrapdlat@lue from the present study is,

however, in relatively good agreement with their value. The somewhat ésaporation rate of Jen et
al. (2014) could be explained by the fact that they did not considdoriimation of dimers by self-
coagulation of A. Furthermore, they assumed that the trimer hesagoration rate of 0.4'sBoth

these assumptions require a slower evaporation rate for ABotlmastudy suggests to explain the

measured dimer concentrations at a given monomer and base concentration.

Overall, our measurements in the ternary system yield vafué® thermodynamic properties of

the HSO,sNH; cluster that are in rather good agreement with the resols uantum chemical

calculations. However, since the number of data points is linthedJncertainty is rather higkable
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378 Uncertainties

The error bars shown in Fig. 4 and 5 include the standard variatibe ofdividual data points and a
30% (50%)systematiauncertainty in the monomer (dimer) concentration. The two eomponents
are added together in quadrature. The systematic errorstiarated based on the uncertainties in the

calibration coefficientC for the monomesnd-the-sampling—tine—taamission Due to the higher
uncertainty of the sampling losses for the dimer, and the umtgrtef the transmission correction

factor (Section 2.3) a somewhat higher uncertainty has been clmosemparison to the monomer.

The error bars in Figs-7 are obtained when using Gaussian error propagation on equatiam (8¢ f
monomer and the dimer concentration.

In addition to these errors, the effects of evaporation dlither in the sampling line (Section 2.6)
and fragmentation (Section 3.2) have been discussed above. Baebeéffects is very likely on the
order of a factor of two or smaller. These processes piplrahience all of the dimer data to some
extent. However, these errors work in opposite directions: evaporaill lead to a reduction of the
dimer concentration, while fragmentation of larger clusterd tend to increase the apparent
concentration. Therefore, the two effects partially comperesth other, so they were not taken into
account in the calculation of the error bars.

One additional uncertainty is introduced by the assumption tha i€ detection efficiency is
independent of temperature. The study of Viggiano et al. (1997) inditsteshe collision rate
between nitrate primary ions and sulfuric acid is only akvieaction of temperature between 200 and
300 K. Therefore, we expect that temperature only has a siffalit en the sulfuric acid
concentrations.

The exact values of dimer evaporation rates depend on thes affdig 1K, 1, i.e., on the overall

collision rate between two neutral dimers and is therefore gulsj@n additional uncertainty because

this value is based on theoretical calculations. However, theddgnamic data derived in this study

does not depend on the value @&f*K;; because both the data from this study and the one from
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Hanson and Lovejoy (2006) in Fig. 7 were calculated using the same factorsofighembdien deriving

dH and G the collision rate cancels out in the calculations (cf. equations (5) and (8))

In contrast to the exact value Gf ;°K, ; the charged-neutral collision rétg between HS@ and

H,SQO, is important because its value scales the dimer condensrand evaporation rates from this

study while leaving the data from Hanson and Lovejoy (2006) unaffe¢he reported value of 8X10

0 cnt st for ko from Zhao et al. (2010) suggests that this charged-neutral reactiongsoceeding at

the collision limit (value of ~2x1® cn? s'). When using the faster reaction rate for the charged-

neutral collision limit some of the dimer concentrations wandeed the kinetic limit (cf. Fig. 9,

upper panel) because all dimer concentrations would need toleé spaby a factor of 2.5; therefore

the faster rate seems to be implausible. However, using the limpjdor the collision rate results in
dH = -23.0+1.6 kcal maland &&= -58.5+6.9 cal mai K™

The estimates of the thermodynamic properties of #&0OHNH; cluster rely on the assumptions
made in the model (Section 3.6). One of the important assumptiate im¢hat the base-containing
trimer and tetramer do not evaporate significantly. The diafartega et al. (2012) suggest that the
evaporation rates of the;B; and the AB; clusters are not negligible, even at temperatures at and

below 248 K.However, the presence of further ammonia molecules in thertam tetramer can

lower the evaporation rates and water should have a simiéuot €¢Ortega et al., 2012; Herb et al.,

2011).In contrast, the base containing dimegBAhas a very small evaporation rate. No experimental
data have been found that support the relatively high evaporatemafithe base containing trimer
and tetramer. Instead, the study by Hanson and Eisele (2002)a@edic¢hat the critical cluster in the
H,S0O,-H,O-NH; system very likely contains two sulfuric acid moleculed ane ammonia molecule
at temperatures up to 275 K. In addition, an evaporation rate &f @of the base-containing trimer
could explain observed atmospheric nucleation rates at rejatisagin temperatures of 300 K (Chen
et al.,, 2012). This evaporation rate should decrease further et l®mmperatures. Significant
uncertainties remain regarding the evaporation rates of thegersjulsirther experiments will be

needed to reduce these in the future.

4. SUMMARY AND CONCLUSIONS

A Chemical lonization Mass Spectrometer (CIMS) was usethéasure the concentrations of the
neutral sulfuric acid monomer and dimer during nucleation experinantise CLOUD chamber.
These experiments were conducted at temperatures as |I@08a&, making them relevant to
conditions in the free troposphere. Both, the binanS®-H,0O) system, and the ternary system
involving ammonia (HSO,-H,O-NHs) were investigated.

Comparison of neutral and ion-induced nucleation experiments indicgt¢he CIMS detected a

significant number of fragmented ion clusters. This confirms ¢heatied “ion-effect” on the CIMS
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measurements that was recently described by Rondo et al. (2014).ddowkie Rondo et al. (2014)
observed that fragmented HS&xOrg clusters contributed to the CIMS sulfuric acid monomer
measurement, we observed a similar effect for the CIMBrguhcid dimer measurement/g 195).
Interestingly, the ion effect on the CIMS dimers was almabsent as soon as ammonia was present in
the CLOUD chamber. This is consistent with the observationatmhonia stabilizes sulfuric acid
clusters and, thereby, enhances nucleation (Kirkby et al., 2011; Schobesbalg@045).

From the measured monomer and dimer signals dimer evaporatem wate derived and
compared to previous flow tube measurements made by Hansoroeeiy (2006) for the binary
system. Their measurements were performed over a tempawaigeeof 232 to 255 K. The data from
the present study were obtained at lower temperatures, 208 to Z2géther, the two data sets yield
a shghthrrevised version of the Hanson and Lovejoy (2006) formulationhferdimer equilibrium
constant at 20% RH withHi= -20.1+1.2 kcal maland & = -46.7+5.2 cal mal K™. Due to the wide
temperature range (208 to 255 K) covered by the two data sets, Whisstimate provides a high
degree of confidence when being used at the very low temperathees binary nucleation can be
efficient. Regarding the formation of dimers in the binary systtanson and Lovejoy (2006) stated
that an increase in the relative humidity leads to an inergathe dimer equilibrium constant {k
RHP) with a power dependency pfoetween 0 and 1. The best estimate for the power dependency was
reported to be 0.5 (Hanson and Lovejoy, 2006). Our data indicate thaptireat isclose-t@roundl
at 208 K and around 1.6 at 223ike., at the upper end of what has been previously assumed.

The ternary experiments involving ammonia$8,-H,O-NH;) showed that the addition of very
small amounts of ammonia (in the pptv range) strongly enhances the sulididinaer concentration.
The dimer concentrations are systematically higher than tfayséhe binary system at a given
temperature and sulfuric acid monomer concentration. Furthermose,intease with increasing
ammonia mixing ratio. This confirms previous suggestions that aanaxts as a stabilizing agent,
even for the very small sulfuric acid clusters. In contrasthe previous experiments, the present
results were obtained at atmospherically relevant concemtsatif sulfuric acid and ammonia, and at
low temperature. For the first time the thermodynamiahefhSO»NH; cluster was experimentally
investigated from measurements of the monomer and the dimem@&asurements were made at
temperatures of 210, 223, and 248 K, with ammonia mixing rati@svbel0 pptv. Using a revised
version of a simple conceptual model first proposed by @hah (2012) we were able to derive the
thermodynamic properties of the$0,*NHj; cluster. The obtained values dfi & -16.1+0.6 kcal mol
and & = -26.4+2.6 cal mdl K* are in good agreement with results from quantum chemical
calculationsUsing the proposed model, measured dimer concentrations in they teyaeem can be

reproduced with a high accuracy for the conditions of this diisilyg-the-propesed-medel—measured

FATEeeRetREn e ain oo np cove o enn bosendieladaeith o hich o fapyevious study

suggested that the §80,),*NHj; cluster is thermodynamically stable (Hanson and Eisele, 2002).
this observation, the model can be used to calculate nucledtsnnahe ternary system, which relies
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on experimentally determined thermo-chemical data and orsghengtions that ammonia containing

trimers and tetramers have insignificant evaporation ratethé conditions of this studifith-this
which

Finally, large neutral sulfuric acid clusters containing asynas 10 sulfuric acid molecules were
observed for the binary system at 206 K. These clustersmesasured with two Chemical lonization-
Atmospheric Pressure interface-Time Of Flight (CI-APi-TOfRpss spectrometers. Since these
measurements were not made with a temperature-controllgdirsgiine the absolute determination
of the cluster concentrations was not attempted. However, igmals are consistent with the
assumption that cluster growth is essentially kineticallytroiled for all of the observed clusters
above the dimer. The observation of these large clusténg afpper end of atmospherically relevant
sulfuric acid monomer concentration of ~1.7%&67° shows that observation of nucleating clusters in
the atmosphere should be feasible. In the future, aircraft ope@timeasurements at high-altitude
stations using CI-APi-TOF could provide insight into the importarideir@ary vs. ternary ammonia

nucleation in the free troposphere.
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TABLES

Campaign Instruments Binary system Ternary system Main 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 ~10t0 60% 248 K, measurements (Section 3.1)
ammonia b) binary system: thermodynamics
between ~0.5 of sulfuric acid dimers (Section
and 8 pptv 3.3)
c) ternary system: thermodynamics
of H,SO*NHj5 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, instrumeeand main findings relevant to this study from the

CLOUDS5 and CLOUD7 campaigns.
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Study dH ds ky.at 208 K kroal 223 K

(kcal mot")  (cal mot* K™ (sh (Y
| this study (20% RH) 201+12  -46.7452 0.15 3.9
| Hanson and Lovejoy (20% RH) -18.3+1.8  -39.5+7.8 0.32 6.0
| (H;S0)(H,0) + (H,SO)(H,0)" -17.8 -48.3 89.3 1550
| (H2SO)(H;0), + (H,SO)(H,0Y -21.1 -51.7 0.17 5.0
| (HoSO)(Ho0), + (H,SO,)(H,0),° -25.6 -55.7 2.4x10° 1.5x10°

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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cluster Hanson and Eisele (2002) acid-base model, this study

N, (total dimer) 1.1x10 cmi® 7.0x10 cmi® (-36 %)
Nj (total trimer) 6.5x10 cm® 5.6x10 cmi® (-14 %)
N, (total tetramer) 6.6x10 cmi® 4.7x16 cmi® (-29 %)
N; (total pentamer) ~4x10 cm® 4.1x16 cm®

Table 3. Comparison between measured cluster concentrabipndanson and Eisele (2002) and simulated

cluster concentrations using the acid-base modsrieed in Section 3.6.
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Study H ds keat 210 K k.at248 K k.at 300 K

(kcal moi*)  (cal mol* K™ (s (sh (sh
this study -16.1+0.6 -26.442.6 0.11 36 9.8x10°
Torpo et al. (2007) -15.81 -28.57 0.63 200 4.7x10"
Nadykto and Yu (200%)  -16.72 -30.01 0.15 64 2.1x10
Nadykto and Yu (2007),  -15.91 -30.23 1.1 370 9.2x10
H,SO,(H,0) + NH,

Nadykto and Yu (2007), -15.27 -30.49 6.0 1.5x10° 3.1x10°
H@AHZQ)Z*'—NF%

Nadykto and Yu (2007), -15.44 -32.30 10 2.7x10° 5.8x10°
H;S0y(H,0); + NHg

Ortega et al. (2012) -16.00 -28.14 0.32 107 2.8x10*
Chon et al. (2014) -15.43 -29.63 2.7 720 1.5x10°
Jen et al. (2014) - - - - 400 to 2500

Table 4. Thermodynamic propertiesidand 5) and evaporation rates of the30,*NH; cluster from this study
and from the literaturéExperiments conducted a8625% RH (with respect to supercooled watéﬁl‘)lo effect

of water vapor consideretExperiment conducted at ~30% RH.
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Fig. 1. Simulated transmission of dimers through the CIMS samplingalireetemperature of 223 K
for the incoming air. The temperature of the sampling lirfixésl to 223 K for the first 80 cm (black
color at top axis) and to 293 K for the last 20 cm (grey cdléo@axis). Wall loss is the dominant
loss process over the first 80 cm, whereas evaporatam aglditional loss process for the last 20 cm.
The overall transmission (diffusion loss and evaporation) is 228%flow rate of 7.6 liter mih
while it is 47.5% when evaporation is neglected (diffusion loss only).eSe#ot details.
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Fig. 2. Upper panel: observed ion effect on CIMS sulfuric acid dinmér {95) measurements at 223
K. The first part of the experiment is under neutral conditionsseleend part is a GCR run with ions
present in the chamber. The increase in the dimer signal duri@CRestage is due to ions detected
by the CIMS and not due to neutral dimers. Lower panel: compabstween the API-TOF signals
and the CIMS dimer measurements for a different ion-inducedimemgrat 223 K. The ion clusters
(S6, i.e., HSQ(H.SOy)s and larger) show a clear correlation with the apparent diigaal, which
indicates that fragmented cluster ions contribute to the CIMSerdimeasurement (Pearson’s
correlation coefficient between dimer and S6 is 0.93).
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ks.= 0.056 ; all larger evaporation rates are zero). The cluster otrati®ns arentegratecsummed

up to a certain number of sulfuric acid molecules in a cluséetirgy with the dimer concentration.
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Fig. 6. Dimer evaporation rate as a function of the RH for two giffetemperatures (208 and 223 K).

Power law fit curves are shown and the slgpese indicated in the figure legend.
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Fig. 78. Cluster measurements for the binary system at 206 K and ald3kl to 100% over ice
measured with two CI-APi-TOFs (UFRA and UHEL instrumentshe Tupper panel shows the
monomer (S1) and the cluster signals {$i,2) normalized by the nitrate ion signals as a function of
time (1 minute time resolution) for the CI-APi-TOF-UFRA. Tlosver panel shows the measured
steady-state signals as well as expected signals using miiffessumptions as function of the cluster
size. See text for details.
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Fig. 89. Sulfuric acid dimer concentrations as a function of the sulfgictmonomer concentration at
three different temperatures for the ternary system invohangnonia (ammonia mixing ratio
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slightly offset to the right in order to improve readability.
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Fig. 910. Reaction scheme for the sulfuric acid dimer formation in tdreary system at a low
temperature. ‘A’ denotes a sulfuric acid molecule, and Baesmmonia molecule. ‘Monomer’ is the
sum of the concentration of the pure sulfuric acid (A) and tiferg acid bound to an ammonia
(AB). ‘Dimer’ is the sum of all clusters containing two suifusicid molecules (A+ A;B + A,B,) and

the same applies for the ‘trimer’ with three sulfuricdaaiolecules. The arrows indicate the relevant
reactions and whether only collisional growth (single-ended ammowyowth as well as evaporation
(double-ended arrow) are important. Losses due to walls, dilutioncagailation are included in the

model but not indicatedSmall numbers represent concentrations for an example aticubt a

temperature of 248 K, a [monomer] of 1%10n° and a [NH] of 2x1¢° cmi®. See text for details.
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