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We thank the referees for thie careful reading of the manuscript and their positive and constructive
comments, which are repeated in full below (in black font). Our replies are giv@ne font directly after
the comments; text that has been added/modified to the manuscript is shown in red fontreUieed
manuscript with track changes can be found below the responses to the referees.

Responses to anonymous refereé

This study investigated low-volatility organics formed during alpha-pinenatemadn the CLOUD chamber
using a nitrate CIMS and a PTR-MS. The paper explores how HOM yietgswhh temperature as well

« Z}YA 8Z u}o po <[ A}o 3]o]bpesature. HPM $i¢liZddp with decreasing temperature,
however, the yields of ultra low volatility products increase with decreasing temperature (due to the
dependence of volatility on temperature). The study also investigates how nucleation tftthgpmene
oxidation products is impacted by temperature, and it shows that the yield of ultra latilityoproducts
better explains nucleation rates than HOM yields.

YUl]S (E vIoCU 8Z]e % % & ] E 00C PE 33X /5[ Zp%eEhaPlhave Vv}A oU
heard people suspecting for the past several years. | recommend publication once some minor somment
have been addressed.
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see it in the main text. | *think* the standard is to re-define it.

We deleted autoxidation in this sentence as it is not necessary. However, tbeifal sentences will
introduce the term autoxidation followed by the definition of HOM=sd their volatility distributn
accordingly (added to line 94 of the manuscript).

The dominant monoterpene emitted E}u A P § §]}v ~ XPXU }inen& jaceodntng for ]« r
~34 % of the total global monoterpene emissiad®st of its oxidation pathways lead to oxidized volatile
organic compounds (OVOCs) with a low degree of oxygenation; they are characésrizeermediate-
volatility or semi-volatile organic compounds (IVQQ,r O % ;0 us® J%’ %and SVOCrau O

oW ;O urr %’ %where % ;is the effective saturation concentration, respectively),}A A -EU r
pinene has an endocyclic carbon double bond; oxidation of this functionality by ozonstee & rapid
oxidation process, known as autoxidation (Crounse et al., 2048pxidation proceeds by repeated
intramolecular hydrogen shifts (H-shift) of weakly bound hydrogen atoms within pesakcals ( ¢).

Each H-shift is followed by rapid addition of molecular oxygent@dorm multifunctional peroxy radicsl

with a high degree of oxygenation, while preserving the radical functionditgler low NO conditions
(Berndt et al., 2018a), these radicals terminate into organic products with adeigiee of oxygenation

and therefore low volatility. Although multifunctional gradicals formed in autoxidation process are an
important intermediate class of compounds in atmospheric chemistry (Rissaran 2015), knowledge
about their complex formation mechanisms and kinetics remains far from completes{ihn 2017).



The autoxidation pathway leads to highly-oxygenated organic molecules (H®ithsmolar yields of
several percent (7 % at 20 °C (Ehn et al., 2014); 3.2 % at 5 °C (Kirkb80di63). This class of oxidation
products spans a wide range of volatilities from low-volatility and extrenogiyblatility towards ultra-

low volatility organic compounds (LVOG,8r°°0 % ; O rau F%EEVOCU ®r°=0 % ; O

u ®’° J%’°%and ULVOCW: ; O us8’= J %’ & respectively). While the LVOC and ELVOC classes

mainly contribute to the growth of embryonic clusters in the atmosphere, e nlass ULVOC refers to
molecules with sufficiently low saturation vapor pressure that enables them to reach supersatuaatio
drive pure biogenic nucleation (Donahue et al., 2012; Bianchi et al., 2019; iShtard Donahue, 2019).
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slow people down for a moment.

We have changed it to HVCF accordingly.

€ Y while operating the mixing fans at a high speed and periodically activating the tblVi&Rove all
charged aerosol particles efficiently.

L242: /5[ Ju%}ES v3 8§} P]JA §Z puv]se (}JE ~"Dz]_ Z & +]v SZZ]uV]]S*Vv U %o
IV u 8§ Z u% +]JoC SA v HAnd@&EdeRZS v o (8

I 4is defined as mass of the molecule i given in g/mol. We have added this inforraatiordingly.

The diffusion coefficientsg,for each qare approximated with the expressiofy>..¢ ¢°?L r & s®
| 2587

g where / 4[g/mol] is the mass of the molecule.

L266:tZ & } » §Z Ai_ «5 v (}JE Jv WZdiM

A PTR3 is the most advanced version of PTR-MS instruriéataumber i Jv ] § ¢ SfdrmderS Z
E](S Su Z e v & %ipole corSisting* of three rodsMore detaik can be found in
Breitenlechner et al. (2017).
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The sentence has been modified as suggested:

While the additional oxygen in the -OOH group @g-2.4) has an almost neglidgbeffect in reducing
the saturation vapor pressure compared to the -OH group@bg-2.2), neither covalently bound dimers
nor the ability of hydroperoxide and peroxy acid functionalitiesdon intramolecular hydrogen bonds
are included in the non-linear termss and > g(Donahue et al., 2012; Kurtén et al., 2016)
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happening in the atmosphere (at an appreciable rate) most of the time.

Typical refers to the saturation ratios established in the atmosphere. Thisis bec8s ~y>sK _ & VvP -
would ideally be defined by gas-phase saturation ratios and not saturation concensakiowever, the
saturation ratio depends on the steady-state gas-phase concentration and thus on bothotihgction

rate and the loss (condensation) rate. Defining this without getting losuamce is problematic, and so

A <Ju%o](] 38Z +v3v 3}*YucC (( 83]AoCvpo 3§ X_

However, ELVOC will condense on any particle of any size with negligible re-ewapdratimay not
contribute significantly to nucleation itself, while ULVOC in contrast may efficiently nucleate

L410:Wo + PJA 3Z %% E}AJu & SJu « }( AZ §[« JvP « E] ~®IPZZ + v§
not it only shows up in the first sentence, but it would be useful throughout the paragraph).

We have added the information as suggested to the paragraph.

After the precursors reached a steady-state concentration23®JTC in Fig. 1), the mixing fans were
switched from 100 % to 12 % speed, reducing HOM and clustelossltates by a factor of two to three
Consequently, a new steadys 3 v vSE& Spineng (oxidation product monomers ifC and
dimers (Go) was established on the wall-loss timescale. Due to the increased gas-phase catiareofr
condensable material, a new-particle formation event was initiated. Moleculstears started to form

and grew into aerosol particles. After the particle formation rate had reached steatsy wtder neutral
conditions (), the HVCF inside the chamber was turned off (15:38:40 UTC in Fig. 1). Due to natural
ionization at intensities of ground-level galactic cosmic rays, the ion concemtiatreased to > 1000 cm

3. Maintaining all other chamber parameters constant, we observed an enhancement of up to two orders
of magnitude or more in the nucleation rate of new particles due teifmluced cluster stabilizationd,),

(Kirkby et al., 2016)

During some stages, the UV light was also turned on to study its effect on the oxidagamistry by
comparing the results with (06:0@ 08:20 UTC in Fig. 1) and without (03:095:41 UTC in Fig. 1)
photochemical reactions under otherwise identical conditions. The particle formation sequence was then
repeated atvarious } v vSE $§]}pinehe and different temperatures over the range of atmospheric
interest. In the data analysis, we assume that the particles observed at 1.7 nm mobility diamesizidee
against evaporation and serve as a valid proxy for new-particle formation in the chamber.

Figure S3This was discussed extensively across several paragraphs. | think it would make seaise to
this a main-text figure since there are currently 7 main-text figures, which is not dergyor ACP.

We agree that this would improve the general readability and the clarity of #peip We have moved
this figure to the main text accordingly.



Figure 7, panel dThe fit line for -50 C seems to be incorrect.

We have changed the fit line accordingly.
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This phrase refers to the different HOM definitions in the past as well as the differttilitsoclasses
which are notable influenced by instrumentat.d., ionization technigque) and environmentad.g.,
temperature) conditions. As these effects are mentioned in the following sentencesemeved the
phrase to avoid confusion.

Figure 7(c) shows the neutral particle formation rates at 1.7 niand Fig. 7(d) the galactic cosmic ray
particle formation rates (a5 o + gg1 ° (pv S]1}v -p(nen& oxidation rate #invp_;,.cThis
representation }uvse (}& $Z Z vP v §Z Jpkdne dvthveshed to fémperature and
is independent of the concentration of the oxidation products and their uncertainties in deteloy the
instrument as well as the HOM definition and the volatility classification.

Figure S5Make this a main figure too?

We do not consider this necessary because this figure does not contaimfangation needed to
understand the main text and allows comparison to literature to a limited exteht on

L638:"e u_ eZ}puo Ne Ue

The sentence has been modified as suggested:

Furthermore, no photochemical reaction (degradation) seems to affect the total HOM yield.



Responses to anonymous referee #2

dZ]e u ve E]%3S JVA «3]P § « 5Z (( % }( 8 u% E 3pudEingne &4datioho po
products and new-particle formation rates. As far as | know, this is totdatmost systematic study of

the temperature dependency of pure organic nucleation and the underlying chgmizasses. The
manuscript is generally well written. | think it can be accepted for publicaftenthe authors address the
following comments and suggestions.

1. Section 3.2The authors show that the HOM yield decreases by about an order of magnitud& 286

to 0.7% from 25 degree C to -50 degree C. However, Quéléver et al. (2019),isvbited in this paper,
showed a much stronger temperature dependence of HOM yields. They reported that theyté{@V
decreased from 5.2% at 20 degree C to 6.3%¥0 at -15 degree C. What causes this tremendous
discrepancy?

Can you add a discussion of the reasons?

This is a good point and we believe that the discrepancy arises from a cormbipéilifferences in the
experimental and instrumental conditions between the two studies. Before we discuss theserti#fs
we first want to point out once more that the yield is calculated from @M concentration measured
with the nitrate CI-APi-TOF. It is important to note that the HOMs need at leasgden atoms (Fig. S1);
otherwise the nitrate ionization scheme cannot efficiently detect them.

Due to the height of the r@ction barrier, the unimolecular reaction (autoxidation) of the g radicals (H-
shift) proceed at much slower rates at low temperatures, while the bimolecular terromafithe radiced

is much less affected by the temperature (Ziemann and Atkinson, 2012; Frege 61.8)., Pherefore, at
cold temperatures, there is a higher chance that ang radical will be lost before it reaches a high
oxygenation and forms a HOM that can be detected by the nit@taPi-TOF. Besides the termination
reactions, relevant loss mechanism of g radicals are wall loss and uptake on particles. Especially under
cold conditions it becomes more likely that organic molecules with less@lietygen atoms can condense
on pre-existing or newly formed particles, due to their substantially reduceatiliyl. If this is the case,
they will not reach an oxidation level that enables them to be detected by the CI-APi-T@ferlwards,

the yield at cold temperatures drops dependent on the condensation sink.

Quéléver et al. (2019) use a 5 m3 Teflon bag chamber (AURA) in a batch mode withroad imixing,
while this study was performed in a 26 m?3 electropolished stainless-steel chamberLin@l¢ontinuous
flow mode with turbulent mixing induced by the mixing fans. Therefore, the chanvbB#rosss almost
comparable:y 103 s* in the AURA chambeg; 2.3-10° s* in CLOUD. However, Quéléver et al. (2019) use
asubstantial highermr-pinene precursor concentration by more than a factor of 10 compared with CLOUD.
This results in a much higher condensation sink forg radicas and HOMs to particles in the ACCHA
experiments  1-10' s') compared to the CLOUD chamber experimenys 2.3-10° s?) at cold
temperature. Also, the lack of internal mixing can lead to much higher condendasisnn a so-called
reaction plume than derived by the particle measurements and leads to a much higher varemBbada

et al. (2020) Therefore, the HOM vyield variation with temperature can differ significantly with the
conditions inside the experiment chamber.



Anather difference between the two studies is the design of the sampling probe. At CLOubsammpling
system was used, which was not deployed by Quéléver et al. (2019) and resu@itken ampling line
losses. While some of the HOM might be volatile enough not to beirio$te sampling line at warm
temperatures, the same/similar HOM might stick more efficient to the sampling linelétemperature.
This effect can also cause a bias towards lower determined yields at cold temperatures.

We addedhis information in the main text to line 239,

A fraction of 8.5 standard liters per minute (sIm) of the total flow in the iet (40 sim) is sampled from
its center. This setp minimizes the section length to 30 cm that transports the sample to the instrument
at the smaller flow rate, mudng the sampling loss rate of HOMs to less tha®a30

and to line 393, to draw the reader's attention to this crucial characteristic.

Note that the condensation sink in the CLOUD chamber is lower than in other chargeziments, where
similar experiments have been conducted

Moreover, we added a direct discussion to line 477,

However, Quéléver et al. (2019) reports a much stronger temperature dependence ddifieyiglds with
decreasing temperature, which may result from a combination of differences imxperimental and
instrumental conditions between the two studies. It is important to note that the HOMs regtileast 6
oxygen atoms (Fig. S1); otherwise, the nitrate ionization scheme cannot detgct them. The
unimolecular reaction of the gradicals proceed at much slower rates at low temperatures, due to the
height of the reaction barrier, while the bimolecular termination of the radicals ishness affected by
the temperature (Ziemann and Atkinson, 2012; Frege et al., 20b&yefore, at low temperatures, there

is a higher chance that an ¢radical will be lost before it reaches a high oxygenation and forms a HOM
that can be detected by the nitrate CI-APi-TOF. Besides the termination reactienant loss mechanism

of  gradicals are wall loss and uptake on particles. Especially under cold conditioespmes more
likely that organic molecules with less than 6 oxygen atoms can condense on pre-existavgy formed
particles due to their reduced volatility and can thereby increase the condensation sink compargd to hi
temperatures As a result, the HOM yield drops significantly depending on the condensation sigh, whi
tends to result in lower determined yields, especially at low temperatures.

2.Figure6:dZ pSZ}Ee+ u v3]}v 8Z § ~"§Z Z]PZ *3 v o0}A wi¥oyout@t }A E (o0},
the yields in the volatility bins outside the range of this figure? Specifichtlyyou add the yields in all

volatility bins < -11 to the bin of -11, or did you simply eegthese bins with the lowest volatility? |

suggest that the author add some inserts or some more panels to illustratectlaslity distribution of

ULVOC at even lower volatility bins. | speculate that at -50 degree C the volatlityution of ULVOC

could extend to a bin much lower than -12. This may help to explain why thealBFat -50 degree C are
significantly larger than those at warmer temperatures even for the same ULVOC concentrati@b)(Fig

The concentrations in the bins of lower volatilities<G11 are added to the last bin shown in the figure
Therefore, no condensable materiallower binsis neglectedHowever, in the revised version of Fig. é w



have added more information about the ULVOC range. Since the detecticiergffi of the nitrate CI-APi-
TOF (LODO%10* moleculesent®) is below the minimum concentration shown on the y-axes of the figure,
there are also non-zero bins corresponding to lower volatility that cannotséen. However, the
cumulative sum takes these bins into account and is therefore slightly larger thamstheédible bin with

the lowest volatility shown in the figure.

Also, why does PTR3 detect many ELVOC compounds under -10 degree C, but much fewer (aegven no
under -25 degree C and -50 degree C?

This effect can very likely be attributed to different sampling lines that weeel for the PTR3. During the
CLOUD12 campaign (+25 °C; -25 °C) a longer inlet line with somenasnased, while a straight sampling
line was applied during CLOUD13 (+5; -10; -50 °C). The straight line leagteampling line losses for
HOMs and ELVOCs. At temperatures above -10 °C, the PTR3 cannot detect ELVOCs, since only HOMs with
an O/C > 0.9 belong to this volatility class and the PTR3 ionizati@me is not suitable to detect these
(Fig. S1). The ELVOCs detected at -10 °C and below are close to the LOD of the PMRBti(&1wP
moleculescm®). Moreover, the overalk-pinene reaction rate at -10 °C (3L0° molec.-cm?-s?) is slightly
higher compared to -25 °C (218°molec.-cne-s?) or -50 °C (20°molec.-cm®s?), which leads to a higher
ELVOC yield and concentrations above the detection limit of the instrurSerde the ELVOC range at -10
°C is completely covered by the CI-APi-TOF within its uncertainties, we do notaxpsignificant change
to the cumulative sum at -25 °C, while at -50 °C the PTR3 shows higher coneesitoattLVOCs than the
CIAPI-TOF.
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Figure 6: Volatility distribution of the measured oxidation prodts for five representative
temperatures.

The mass concentration and volatility distributions of oxidation produds}Av Z & E §-8Z ¢ u r
pinene oxidation ratest(F u ®r «‘Z 1 ... —2% @& 9 and run conditions as data shown in Fig. 4. The
summed oxidation products concentration of each volatility bin is dividedtive nitrate CI-APi-TOF (dark

color) and the PTR3 instrument (light color), respectively. Each volatility d&fined at 300K, shifted and

widened according to their corresponding temperature. The solid lines for eacheteture represent

the cumulative sum of the volatility bins of both instruments towards higladatility, while the dashed

line represents the nitrat€FAPI-TOF only. Oxidation products detected by the nitrate CI-APi-TORZLOD

5-10* moleculessm®) below 110° moleculescm®are added to the cumulative sum. This resitslightly

higher concentrations of the cumulative sums when compared with the first visibleThe color bands



in the background indicate the volatility regimes as in Donahue et al. Y20t2Schervish and Donahue
(2019).

3. Section 3.5, Line 588-58%he NPF rates under ion-free conditions still have a large spread. Particularly,
the NPF rates at -50 degree C are still significantly larger than warmer temperatguesslthe ULVOC
distribution | mentioned in my last comment might be a possible reaso

We agree with the referee that Fig. 7b indicates a larger spread for neutral (ion-fregaced with GCR
conditions. The reason for this difference could be related to the variabilitheofolatilities within the
ULVOC class. Und&CRconditions, it seems, that the ion stabilizes the nucleating cluster efficiently.
Therefore, the cluster growth does not depend strongly on the exact volatititgnoadded ULVOC
molecule.

Under ion-free condition, nucleating clusters in the pure biogenic new-particle famare generally
less stable against evaporation. Therefore, the probability that a cluster grows, dneatoiving molecule

is strongly dependent on its volatility comparexthe GCRcase. Conceptually, the evaporation rate of a
cluster containing two different ULVOC monomers will be related to the average itlatithose two
monomers. We consider the ULVOC range to be the volatility range where it is incredikeiglthat a
cluster will grow, not evaporate, and thus nucleate. However, we estimate that the nieciaatte will
still likely be a function of volatility within the ULVOC (and partially théd) range. Additionally, the bin
assignment is uncertain by one bin (a factor of 10 in volatility). For the GCRisadso possible that the
stabilizing effect oanion essentially shifts the relevant volatility range by some number of bigs the
kinetic nucleation rate at a ULVOC concentration #6°lmoleculesent® would be approximately 300/s).
However, the ion effect is not considered in the VBS moide| (ve do not shift the bins due to the
presence of ions), which could result in a greater uncertainty (larger spread) at warreriznome, while
this effect is less apparent at colder temperatures. This means that the same ULVOC concentration can
nucleate lessn warmer temperatures and in the absence of ions compared to GCR conditions.

One additional point to consider is that the nucleation rates under neutral conditespecially at warmer
temperatures, are low, so the data are close to the lower detection limit of the measurableatiorm
rates in the chamber (see Dada et al. (2020) for more information about undétain calculating the
nucleation rates). Also, the effect of temperature on the operation of condensat#oticle counters
including the particle size magnifier is poorly quantified (Wimmer et al., 20183 could explain at least
some of the scatter in the data under ion-free conditions.

In conclusion, the volatility distribution within the ULVOC class matters especialifhdoneutral
conditions. Ideally, all lines of the nucleation rates for the different temafures would coincide into a
single line in Fig. 7b. Nevertheless, compared with panel a (total HO8&mwation) the use of ULVOC
concentration in panel b indicates that ULVOC is a much better description of the nucleating species than
total HOMs. However, as the referee points out, even within the ULVOC class the daslitie® can

matter.



We have added the information to section 3.5; starting at line 587:

The evaporation rate of a cluster containing two ULVOCs will conceptually be retatkd average
volatility of those two molecules. Due to the sufficiently low saturation vapor pressue consider the
ULVOC range to be the volatility range where it is increasingly likely thaterchkill grow, not evaporate,
and thus nucleate. This is consistent with the result shown in Fig.as(lif) unifies the new-particle
formation rates at all temperatures and shows that the ULVOC concentration provides a bettgr pr
compared to the total HOM concentratiomdeally, all lines of the nucleation rates for the different
temperatures would coincide into a single line in Fig. 7b. However, the nusiaatie will still likely be a
function of volatility within the ULVOC (and partially the ELVOC) range.

And to line 593:

Thus, we estimate that the bin assignment is uncertain by about one bin (a factor iofvifatility)
Further, the stabilizing effect of ions is not considered in the VBS modeér ibrdfree condition, the
pure biogenic nucleating clusters are generally less stable against evaporationo$siblg that the
stabilizing effect of an ion essentially shifts the relevant volatility rang®ine number of bins and results
in a larger uncertainty at warm temperatures, while this effect is less apparenia@grccemperatures in
absence of any ions for the same ULVOC concentration. The probability that a clasterugider ion-
free conditions, due to an arriving molecule, is strongly dependent on its wglatdmpared to GCR
conditions. Therefore, the exact volatility distribution can also be importitiiin the ULVOC class,
especially for the neutral conditions.

And to line 600:

In addition to the poorly quantified effect of temperature on the operationcohdensation particle
counters, including the PSM (Wimmer et al., 2015), another point to congdbai the new-particle
formation rates under ion-free conditions, especially at warmer temperatures, areDoe.to very low
particle concentrations in the chamber, the data are close to the lower detectiondfritie measurable
formation rates. Both factors lead to a higher uncertainty in the nucleatioa catculation (Dada et al.,
2020)

4. Figure 71n panels a and c, as temperature decreases, the nucleation rates remain roughly unchanged
from 25 degree C though 5 degree C to -10 degree C, but increase shdmbgratemperatures. Any
reasons?

Please see also the reply to the previous question. The sharp increase of updadievs of magnitude in
nucleation rate at temperatures lower than -10 °C only applies to neutral condiigs7c), while under
GCR conditions @i7d), the increase is much snal{less than 1 order of magnitude). However, it should
be noted that the nucleation rate under GCR conditions is also limyetidoion pair production rate in
the CLOUD chamber (dark gray dash-dotted line in Fig. 7). At low temperaturasgutral and GCR
nucleation rates are almost the same, while the difference between the two conditionsases sharply
with temperature, which is much easier to recognize from Fig. 7a. This reflects the incsetaisidit of



the neutral clusters against evaporation without any stabilizing agegt,{ons) at low temperatures and
the strong sensitivity of the pure biogenic nucleation to environmental conditmasthe concentration
of ions (Kirkby et al., 2016).

The non-linear behavior of the nucleation rates with temperature can be explainatiebincreased
concentration of LVOCs at lower temperatures (FigD@g to the strong reduction in volatility, also first-
order oxidation products (OVOCs) may enhance nucleation and certainly will take therinitial growth
of nucleation cluster at much smaller cluster sizes, while their oxidation rateds less affected by the
temperature compared to the autoxidation rate of HOMs.

We also have added this discussim section 3.5; starting at line 600:

While there is no significant change in the new-particle formation rate fr@ *C to -10 °C, a sharp
increase of up to two orders of magnitude jpoccurs at lower temperatures. This non-linear behavior of
the nucleation rates with decreasing temperature can be explained by the increased stdbiigyneutral
clusters against evaporation without any stabilizing agerg.(ions), along with the strong temperature
shift of the volatility classes. At low temperatures, more products belong to the Ukat@€ and the
increased concentration of LVOCs may enhance nucleation and certainly grow@).(Bige to the strong
reduction in volatility, also first-order oxidation products (OVOCs) will pakein the initial growth of
nucleatng clusters at much smaller cluster sizes, while their oxidation rate is much less affedtesl by
temperature compared to the autoxidation rate.

And to line 606:

This comparison shows that the neutral HOM clusters are relatively unstable and, espechati at
temperatures, have significant evaporation rates, which demonstrates the strong sensitivity of the pure
biogenic nucleation to environmental conditions and the concentration of iKinklfy et al., 2016).

5. As the author mentioned, this study covers a wide temperature range from ground level (25 @3gree

to the upper-free troposphere (-50 degree C). However, the experiments are all condaicetbnstant
pressure of 5 hPa larger than surface pressure while the pressures in the real atmosphere can decrease
from about 1000 hPa to about 100 hPa along with the temperature decr&¥élethe pressure change
significantly affect the temperature dependency of NPF rates? | would appreciate semessions
because this will affect how these results should be interpreted in the context of the real atmosphere.

This is an excellent question that has been brought up for decades by thaudgty. While we would like
to carry out experiments at reduced pressure, the practical challenge of operating the CLOUD chamber at
reduced pressure has prevented us from doing so.

From the physical perspective, there are two points to consider that emerge fraer lpressures (and
densities): (a) the reduced molecule/cluster collision rate at 100 hPa compared(0 hPa and
consequently (b) the reduced possibility to release the enthalpy of condensation (latett diea
nanocluster by condensatiahgrowth and phase change reactions to the bath gas (Wedekind et al., 2008
Yang et al., 2019), which can lead to a reduced cluster stability



The reaction rate to form nucleation clusters and particles depends on thisicoltate between gaseous
molecules and thus on tlreconcentration in the air. Unlike volume mixing ratios, the total concentration

is independent of the total pressure. Since our figures show nucleation rates as a fuottiotal
concentration, not volume mixing ratio, the effect on the collision rate of thedensable molecules is
removed and should yield the same rate even under reduced pressure. However, the HOM concentration
(e.g, 110" moleculessm®) at ground pressure Y1000 hPa) is reduced linearly by a factor of 10
proportional to the pressure in the upper troposphergl00 hPa)i(e., 1-10° moleculeszm®).

Concerning the reduced cluster stability due to the reduced possibility to release the entbialpy
condensation; the size and number of heavy atoms in the nucleating clustarswsi ULVOCs (mainly 20
carbon and several oxygen atoms) very likely allow for the efficient distribofidime additional energy
of the cluster formation in form of vibrational and rotational excitatiorthivi the cluster. Based on
considerations of simple unimolecular reaction theory (Rice-Ramsperger-Kassel-NRIRIS!) theory)
the cluster formation rates should be well into the high-pressure limiting regivem at 100 hPa in the
upper troposphere and so we do not anticipate a strong pressure dependence througledubplosphere
for biogenic nucleation involving HOMs.

In addition, if the reviewer is asking about change in nucleation rates due to increase in altitutthénkve
that other factors need to be considered as well, such as increased ionization capeciggsed absolute
humidity, decreased sinks and decreased availability of condensable gasegsartccle growth.
Furthermore, also some chemical oxidation reactions are pressure dependent, but compatteeirt
temperature dependence this is only a minor influence. Moreover, we believe that s 61OMs are
likely produced in the vicinity of their precursor sources, due to thagh reactivity with oxidants, and
then transported to higher altitudes by convective updrafts (Williamson eR@l9) or are produced by
second-generation chemistridowever, this is more or less speculative and needs to be examined more
closely in the future.

This information is also added to section 3.5; starting at line 597:

Moreover, the representation of the nucleation rates as a function of the total concentsatiart volume
mixing ratios, removes the influence of the pressure effects on the molecule/clustésion rates &
different atmospheric altitudes.

And to line 611:

While our experiments were carried out at ground-level pressuy870 hPa), we expect that our
concentration-based new-particle formation rates also apply to the upper tropospheranwiieir
uncertainties. The size and number of heavy atoms in the nucleating clasteening two ULVOCs allow
for the efficient distribution of the cluster formation energy in the form ofratibnal and rotational
excitation within the cluster. Therefore, we do not anticipate a strong pressure dependemeeyhout
the troposphere for biogenic nucleation involving HOMs.

However, there might be other factors affecting the new-particle formatiothe upper troposphere
These include the increased ionization capacity, the absolute humidity, thgutadion sink and the
availability of condensable gases for particle growth. Also, some chemical reactiornsres®ire



dependent, but compared to their temperature dependence this is mostly a minor effect. Moregeer,
believe that most of the HOMs are likely produced in the vicinity of their precsmamces, due to their
high reactivity with oxidants, and then transported to higher altitudes by convecpideatts (Williamson
et al., 2019) or are produced by second-generation chemistry. Howeveis thiieculative and needs to
be investigated in future studies.

6. Line 477-479This argument can be moved to the next section.

We agree that this sentence is a good introduction for the following section. We hawedhtize sentence
as suggested.

7.Lineb11tZz § & ~"}SZ E Z u] 0 *Ce*S ue_M Wo « o0 E](C

We agree this formulation is indistinct. The phrase should indicate other condensable gases froim organ
sources, but also inorganic sources, such as sulfuric acid.

Consequently, the nucleation and initial growth rate may be limited for eadividual HOM. Therefore,
further support from other condensable gases, such as sulfuric acid and ammonia may bedrémgrow
these clusters to larger sizes before they are lost to walls or pre-existing particles.
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Abstract. Highly-oxygenated organic molecules (HOMSs) contribute substantially to the formaatiogrowth of atmospheric
aerosol particles, which affect air quality, human h€atDQG (DUWKTV FOLPDWH +20V-pbddéed IRUF
autoxidationRl YRODWLOH RUJDQLF FR Rp$heng,ghé MostebdndanMmoRderpevie in the atmosphere. Due
to their abundance and low volatility, HOMs can play an importantfesién new-particle formation (NPF) and the early
growth of atmospheric aerosols, even without any further assistanceepfathvolatility compounds such as sulfuric acid.
Both the autoxidation reaction forming HOMs and their new-patrticle formation rates@ected to be strongly dependamt
temperature. However, experimental data on both effects are limited. Dedicated exzenere performed at the CLOUD
(Cosmics Leaving OUtdoor Droplets) chamber at CERN to address this quéstibis. study, we show that a decrease in
temperature (from +25 to -50 °C) results in a reduced HOM yield and reduiation state of the products, whereas the
new-particle formation rates {; ) increase substantially. Measurements with two different chemical ionizatios mas
spectrometers (using nitrate and protonated water as reagent ion, respeptiwatig the molecular composition of the
gaseous oxidation producend a 2-dimensional volatility basis set model (2D-VBS) provides thkgitility distribution. The

HOM vyield decreases with temperature from 6.2 % at 25 °C to 0.7 % at -Bfo%@ver, there is a strong reduction of the
saturation vapor pressure of each oxidation state as the temperaturecesdreduerall, the reduction in volatility with
temperature leads to an increase in the nucleation rates by up to three ontggaitide at -50 °C compared with 25 °C. In
addition, the enhancemeott the nucleation ratdsy ions decreases with decreasing temperature, since the neutral molecular
clusters have increased stability against evaporation. The resulting data duantifye interplay between the temperature-
dependent oxidation pathways and the associated vapor pressures affect hinggracticle formation at the molecular level.

Our measurementgherefore improve our understanding of pure biogenic new-particle formatiorafwide range of

tropospheric temperatures and precursor concentrations.



1 Introduction

75 Atmospheric aerosol particles play a key role in the regulation of climate by icifigedV KH (DUWKYV UDGLDWLYH
(Stocker et al., 2013). In order to affect the solar radiation bugigetting as cloud condensation nuclei (CCN), newly-formed
particles have to reach a size of 50 to 100 nm (Dusek et al., 2008heyeneed to grow fast enough to avoid coagulation-
scavenging by pre-existing particles. Furthermore, fine airborne particlesthffesit quality, are responsible for most air-
pollution-related diseases, and cause millions of premature deaths worldwide QWLE),

80 Around half of the global CCN originate from nucleation of organic @mganic atmospheric vapours (Spracklen et al., 2008;
Merikanto et al., 2009; Kulmala et al., 2013; Gordon et al., 2017). Neticle formation is observed in many environments
and under various conditions around the globe, from remote locatimhsas forested areas marine/coastal regions to
polluted urban areas; from warm environments, such as the tropics, motariéind alpine regions; and from Edftburface
to the free troposphere (Kulmala et al., 2004; Kerminen et al., 2018). Gasgfuni acid (Ball et al., 1999; Kuang et al.,

85 2008), ammonia (Kirkby et al., 2011; Kirten et al., @)amines (Kurtén et al., 2008; Almeida et al., 2013; Kirten et al.,
2014) iodine (O'Dowd et al., 2002; Sipila et al., 2016) and biogenic volatile organic conlp@BYVOCs)(Donahue et al.,
2013; Riccobono et al., 2014; Kirkby et al., 2016; Bianchi et al., 2048¢ been identified as key vapours involved in
atmospheric new-particle formation. The relative importasfceach these precursors, however, depends on the particular
ambient conditions. The chemical composition of the newly-formed parigckdso widely influenced by volatile organic

90 compounds (VOCs), which undergo atmospheric reactions to form segamdanic aerosols (SOA) (Jimenez et al., 2009;
Hallquist et al., 2009; Riipinen et al., 2012)

BVOCs emitted by vegetation comprise the dominant fraction of all VOCs, with an estigiabal emission rate of 760 Tg
(C) per year. Monoterpenes contribute approximately 11 % of all BVOC iemsgsSindelarova et al., 2014). THeminant
monoterpene from vegetation (e.g., cahil R XV W iHern&, accdlnting for ~34 % of the total global monoterpene

95 emissions. Most of its oxidation produdétsm-without-an-autoxidation-step,—resulting in lead to oxidized volatile organic
compounds (OVOCs) with a low degree of oxygenation; they are characterirg@ragediate-volatility or semi-volatile
organic compounds (IVOCurrO %urr ;O us® J%°% and SVOC,rau 0%+ ; O urr J%’ = where

o :is the effective saturation concentratioespectively). However,-pinene has an endocyclic carbon double bond;
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2019). Autoxidation proceeds by repeated intramolecular hydrogen (sthiffisift) of weakly bound hydrogen atoms within

peroxy radicals ( . Each H-shift is followed by rapid addition of molecular oxygep) (0 form multifunctional peroxy

radicals with a high degree of oxygenation, while preserving the radical functiobadgr low NO conditions (Berndt et al.,

2018a), these radicals terminate into organic products with a high degregehation and therefore low volatility. Although

multifunctional g radicals formed in autoxidation process represent an important intermediat@fctasapounds in

atmospheric chemistry (Rissanen et al., 2015), knowledge about their commpiexido mechanisms and kinetics remains

far from complete (Ehn et al., 2017).

The autoxidation pathway leads to highly-oxygenated organic molecules (HOMsholithyields of several percent (7 % at
20 °C (Ehn et al., 2014); 3.2 % at 5 °C (Kirkby et al., 2016)is Tlass of oxidation products spans a wide range of volatilities

from low-volatility and extremely low volatility towards ultra-low volatility organiemgmounds (LVOC,u ®&r’° O % ;0
rau J%ELVOC, u ®r°"0 % ;O us®’® J%’%and ULVOC, %" : O us®’= J%.’ % respectively). While
the LVOC and ELVOC classes mainly contribute to the growth of embryonic clirsteesatmosphere, the new class ULVOC

refers to molecules with sufficiently low saturation vapor pressure that enables tleanhcupersaturation and drive pure
biogenic nucleation (Donahue et al., 2012; Bianchi et al., 2019; Schervish anduBo?@h9).

7KH | DW HpRend\pkrbixy. radicals (e.g.1d815046.819 is mainly influenced by the presence of nitrogen oxides,{NO

hydroxyl radicals (  \HOy), or peroxy radicals ( RS.). Rapid bimolecular reactions terminate the autoxidation chain by
forming closed-shell products and consequently affect the chemical compositienosddation products and the molar yield

of HOMs (Presto et al., 2005; Ng et al., 2007; Ehn et al., 2014; Beradlt 2015; Rissanen, 2018). The reactions with NO
and |, HO.-mainly forms semi-volatile and low-volatility organic compounds, which are iitapbfor the growth of
particles with sizestovea few nanometer(Donahue et al., 2013; Wildt et al., 2018)nce NO concentrations are usually
low in areas where BVOC emissions predominate, the loss gRO-radicals in bimolecular reactions with NO can generally
be neglected. In contrast, the ; RO-cross-reaction can form higher-molecular-weight accretion products (ROOR) ([R2onahu
et al., 2011; Berndt et al., 2018b; Valiev et al., 2019). As shown byl Btdal. (2016) and Lehtipalo et al. (2018), these
gaseous dimeric compounds have the ability to condense irrevarsiblgtmospheric particles, or even to contribute to the

early-stage growth of molecular clusters, since they cover a wide rang&atiftydrom low to ultra-low vapor pressure.
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Furthermore, they are also potentially important for new-particle formation,igiypecenvironments dominated by biogeni
precursors, e.g., boreal forests (Mohr et al., 2017; Bianchi et al.,.2017)

The bimolecular termination reactions have little or no energy barrier. Tdtes are therefore only weakly affected by
temperatureln contrast, quantum chemical calculations suggest that the intramolecular isomerizatigh thrshift within

the peroxy radicals has a high activation barrieB4kJ/mol or more (Rissanen et al., 2014; Kurtén et al., 2015; Schervish
and Donahue, 2019). This results in a strong temperature dependéme@ofoxidation, which slows down the oxygenation
(HOM vyield) at lower temperatures. Consequently, the chemical composition afitlaé clustersthatformed from
monoterpene oxidation changes at colder temperatures. This was isherege et al. (2018) for ion-induced nucleation of
pure HOM particlesFurther, chamber studies showed that not only does the SOA formation rateatémene oxidation
havea strong temperature dependence but also the final HOM distribution igdffgcthe autoxidation rate (Saathoff et al.,
2009; Kristensen et al., 2017; Quéléver et al., 20A8ylitionally, a recent model study by Schervish and Donahue (2019)
showed that the first H-shift reaction of the peroxy-radical isomerization itédimiting step of total HOM formation.
Stolzenburg et al. (2018) showed that, despite of the reduotid®M vyield, there was no effect on the growth rate of new
particles at the lower temperatures. It was shown that the steep exponential tempepatudertte in the saturation vapor
pressure, as described by the Clausius-Clapeyron relation, counters the redutti®roxidation state in terms of their
volatility distribution. Recent measurements of particle compositioMé et al. (2019) showed that this leads to sufficient
condensation of even the low- and moderately-oxygenated organic products at lenatanegrherefere; t fie volatility of

the oxidation products is relevaintorderto characterize their ability to condense and participate in new-particle formation.
Fhus-tTheVBS model ighereforea suitable tool to track the volatility change of the oxidation of volatile organipaanas
with temperature.

Model simulations suggeshat highly-oxygenated organic molecules haveronounced effect on new-particle formation
(NPF) on a global scale, especially in pristine environments dominated by bipgesicsors such as the tropical rain forests
or at high altitudes as well as in the preindustrial atmosphere (Gordon et al.,R@tf1@more recent observations support
this conclusion, suggesting that oxidation products of BVOCs have a majortiompdee formation of CCN, especially at
high altitudes in the tropical convective regions (Williamson et al., 2019). Howéwe lack of knowledge about the
mechanisms and the accurate representation of NPF from BVOCs for difererdnmental conditions, especially thei
temperature dependence, remains a great challenge for atmospheric chemhiglimate models.

In the current study, we present a comprehensive investigation of the effaatb@dnt tropospheric temperature on the
PROHFXODU FR Pifdh& &Xitfdtieh@rdellicts and new-particle formation rates. The experiments wenetedrat
the CLOUD (Cosmic Leaving OUtdoor Droplets) chamber at CERN (Geneva, Switzetiaimd) ,atmospherically-relevant
concentrations of-pinene and ozone. To study pure biogenic nucleation, the additioreoftiatbe gases was avoided in this
study. Going beyond the results of Stolzenburg et al. (2018), thig fetagses on new-particle formation over a wide range

of tropospheric temperatures from ground level (25 °C) to the uppetrdpmsphere (-50 °C).
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2 Methods
2.1 The CLOUD experiment

The CERN CLOUD chamber is a 26.1 m3 electro-polished stainless-steel vessekfadyhef new-particle formation under
atmospherically relevant conditions. The use of boiled-off nitrogen andnXygm ultra-clean cryogenic liquids in a ratio of
79:21 minimizes the levels of contaminants (e.ga, 8s, NOy or volatile organics) inside the chamber. CLOUD is operated
at a slight overpressure (5 hPa) to avoid contamination at any time, especially viheneants are being connected or
disconnected. The relative humidity is adjusted with a temperature-contiafezh humidifier using ultra-pure Millipore
water. Ozone and other trace gases are introduced by individual gas lines; gas stidgiis are applied when necessary to
achieve the targeted mixing ratios.

To add monoterpene, dry nitrogen is passed through a tempefaRI@WUROOHG HYD SR U PpMERdSSIHRA W D L Q
Aldrich, 98%). Efficient uniform mixing of the gases and ions in the chaisbemsured by two magnetically coupled fans
located at the bottom and top of the vessel. The characteristic wall loss rates of @oledgarses can be adjusted by variation
of the fan speed.

The ion concentration in the chamber can be regulated to values that are repressdritegifall range of tropospheric and
stratospheric conditions by the controlled irradiation with a 3.5 G&¥hleam from the CERN Proton Synchrotron. This
simulates the ionizing muon irradiation in the upper troposphere and stratodpiméinermore, as the chamber is continuousl
exposed to galactic cosmic rays, a 20 kV etectricalhigh voltageclearing field (HVCF) can be imposed by energizing two
electrode-grids located at the top and bottom of the chamber, removingsallithin seconds. Thus, the CLOUD chamber
enables investigation of new-particle formation under fiea- conditions as well as ion concentrations that are found
throughout the troposphere.

Photochemical processes, such as the photo-dissociation of ozone to produzeicit$, can be controlled by homogeneous
illumination with UV light of adjustable intertgi The light from four 200W Hg-Xe UV-lamps (UVH LC8, Hamamatsu
Photonics K.K., Japan) is guided by a fiber-optic system into the chambeidaaydeat load from the light sources and to
establish near-homogenous illumination (Kupc et al.1201

A thermal housing surrounds the chamber to maintain a high temperaiforenity and to control the chamber temperature
in a range from -70 °C to 100 °C with a precision of +0.1 K. $tability is mandatory as many of the new-particle formation
and oxidation processes are highly sensitive to temperature. The temperstliegtia chamber is measured with several
arrays of thermocouples, while the chamber wall temperature is monitored bgfacalitrated Pt100 sensors (Dias et al.,
2017)

Similar to previous CLOUD experiments, statethe-art instruments are used to determine the chamber conditions, the
concentration of important gas species, and aerosol properties during noncdedtiearly-growth studies (Kirkby et al., 2016;
Lehtipalo et al., 2018; Stolzenburg et al., 2018). All key instruments are plated mid-plane of the chamber to ensure

sampling from well-mixed conditions inside the chamber. The sampling lmo¢sige 40 cm into the chamber to avoid
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sampling close to the walls and to reduce memory effects. Prior to chaogintgew chemical system, the chamber and the
sampling lines are rinsed with ultrapure water and subsequently heated up 1 i®@lean the chamber from residual
chemicals of previous experiments. Applying high ozone concentratiorsvienas hours during the cleaning helps achieving
subppt, contamination levels of inorganic and <150,pttotal organic compounds (Schnitzhofer et al., 2014). More details
about the CLOUD experiment can be found in Kirkby et al. (2011) and Bymtsal. (2016).

The experiments reported here were performed during the CLOUD10 (E8), Z0.0UD12 (Fall 2017) and CLOUD13 (Fall
2018) campaigns. Within these three campaigns, sets of expermémtsdifferent temperatures were performed to study
the HOM production and new-particle formation fronpinene oxidation -Pinene was added to the chamber at volume
mixing ratios ranging from 100-2000 ppivhile ozone levels were kept betwedh40 pplk. OH-radicals were mainly formed

by the R]R Q R O \‘gihaneRvith.an 80% yield (Chew and Atkinson, 1996) andtalddV -photolysis of ozone. The relative
humidity was commonly held at 40 % in CLOUD10 and CLOUD12 and 80 % in CLOUD13.

Before starting a new-particle formation sequence (the)CLOUD chambewascleaned from residual particles and organic
compounds by flushing the chamber with clean synthetic air for several dhle operating the mixing fans at a high speed
and periodically activating thelV CF elearing-fieldto remove all charged aerosol particles efficiently. The results reported
here were obtainaedithout any addition of S®)NOy or other trace gases in order to achiepere biogenic system, to isolate
the chemistry of biogenic precursors, and to avoid the interference wathpmttentialy nucleating compounds. Furthermore,
no OHfradical scavenger was used during the experiments to ensure a fiithfldtion of atmospheric conditions. The

instruments and methods relevant for the present study are described in the fakxutimgs.

2.2 Nitrate CI-APi-TOF

The nitrate CI-APi-TOF uses nitrate anions [ 7;,: 7 with n=02] as reagent ions which are produced by exposing a
nitric acid ( ) enriched sheath gas flow to a corona discharge (Kirten et al., 2011). Babedfiee-jet flow design of
Eisele and Tanner (1993) the nitrate reagent ions are electrostatically pushed gatmple flow in the center of the ion-
molecule reaction drift region without mixing of both gas streams. Afterciiaaaime of~50 ms within the sample flow,
the ions and charged clusters enter the atmospheric pressure interface of thpestemmeter (APi-TOF, Tofwerk AG,
Switzerland) where they are focused by two segmented quadrupole units andlems iassembly, while the pressure is
gradually reduced to arourid® mbar. In the timesf-flight region, the ions are separated according to their moasisarge
ratio and counted by a micro-channel plate detector. The data are procesaedlgred in IGOR Pro (WaveMetrics, Inc.,
USA) using the software package TOFWARE (Version 3.1, Aerodyne Inc., USA).

The chemical ionization with nitrate anions is selective towards strong Lewis acids, likeesadid (HLSQy) (Jokinen et al.,
2012) or iodic acid (HI@) (Sipila et al., 2016), but also for bases, like dimethylamine {({BH) ; when ion-clusters are being
formed, including the nitrate reagent ions (Simon et al., 2016). Higitdy functional groups, like carboxylic acids (COOH),
hydroperoxides (R-O-OH) and peroxy acids (R(O)-O-OH), which are ¢s¢ abundant functional groups in HOMs, can also
be detected (Hyttinen et al., 2015). While strong acids are mostly detectedasrmigpd anions (e.g., ), HOMs are

7
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charged mainly through ion-adduct formation  ;® 7? Here, the indexdenotes a specific HOM molecule (with a
specific exact mass). The concentration of the sample is achieved bglimation of the product ion count ratesr second

(cps) with the intensity of the reagent ions (cps) expressed by the folloyir{d)E

5 > ¢® 7?7
> L% @B, sq @Fs Exs -G (1)

ANer: 7h® 77

Three different correction factors are considered to obtain a concenfratiothe raw count rate. First, a general calibration
coefficient,C, of the mass spectrometer is applied, which is determined from a calibratigrsuuric acid as described in
Kirten et al. (2012). Here, we assume that all HOMs with an oxygen to carbo(Orétjoof * 0.6 have a collision-limited
charging efficiency when reacting with the nitrate ions similar to sulfuric acidddfition, we assume that the charging
efficiency of the nitrate CI-APi-TOF technique does not change significantly with temgeoatbumidity (Viggiano et al.,
1997). The estimated detection limit of the instrument for sulfuric acidist & 10* molecules crd, however, due to a better
signalto-noise ratio at higher mass-charge ratios, soen gcan even be quantified at lower concentrations. Second, the
mass dependent transmission efficiengy,of the instrument is considered by depleting the reagent ions byusar
perfluorinated acids according to the method described by Heinritzi et al. (B0d6kparate characterization experiment at
the beginning and end of the campaign. Third, a temperature-depeszaepling line loss correction fact(fs,.,_SQ_, is
considered. It depends on the sample flow rate, the diffusion coefficient ofgeertalecule and the length of the sampling
line. We assume laminar flow diffusional loss in the 120 cm sampling lineedie wall losses we applied a core-sampling
technique as described by Knopf et al. (2015) and Fu et al. (2019).tidrira€ 8.5 standard liters per minute (slm) of the
total flow in the inlet line (40 slm) is sampled from its centdihis set-up-esultsin-a-sheortsection{30-cm)-thattransports the
sample-to-the-instrument-at-the-smallerflowrate. minimizes the section length totB8tdmansports the sample to the

instrument at the smaller flow rate, reducing the sampling loss rate of HOMs tiodes30 %.

As the molecules detected by the nitrate CI-APi-TOF have typically very low saturationpvagsures, we assume that they
are irreversibly lost upon contact with a surface. The diffusion coefficigfter each gare approximated with the
eXpression&g>.. § 752L ras® g5uzwhere/ qla/mol] is the mass of the molecule. The wall loss rate inside the chamber

at each temperature is determined from the expression:

G ;6L % ji6 ®&& a )

where % ;;is an empirical parametefq ;j;is derived from dedicated sulfuric acid decay experiments at all relevant
temperatures and ranges betweeiry s f o rrgy... #5?43for - 50 °C to + 25 °C. For these experiments the measured
wall loss rate and the diffusivity of sulfuric acid £y z... $«?°at 298 K adt a relative humidity of 40 %), is scaled to the

chamber temperature by the parametrizationt { z ;°# (Hanson and Eisele, 2000he sampling line and the sheath flow
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of the ion source are thermally insulated and are operated at the same temagthti OUD chamber to avoid evaporation
or condensation due to changes in the thermal conditions during the emeasts. Note that ions formed in the CLOUD
chamber, e.g., from GCRs or from the CERN pion beam, are eshiiyvan electrostatic filter in the nitrate CI-APi-TOF inlet.
Therefore, ions from the chamber do not interfere with the ClI detectiomscRé@ally, the sample ion signals are background

corrected for a pure nitrogen sample without any VOC addition to the chamber.

2.3 PTR3-TOF

The PTR3-TOF-MS, or PTR3 for short, described in Breitenlechner et al. (26&3)proton transfer or ligand switching
reactions from hydronium water clusters to ionize the majority of orgampaonds, specifically those of which have proton
affinities larger than that of the water clusters. : ¢ ;i primary ions, produced in a corona discharge from humidified
nitrogen, are transferred through a source drift region into thderipwbere the ioarmolecule reactions take place. A core
flow of typically 2 sim drawn from the laminar sample gas (10 sIm) ertersipole reaction region through a critical orifice.
A pressure controller maintains a constant pressure of typically 70-80 hPadadtien region.

By applying a tunable radio frequency signal on the tripole rodspdssible to adjust the collision energy between ions and
sample gas molecules. Elevated collision energiegresp cluster ion formation of both primary and product ions but could
also lead to unwanted fragmentation of certain product ions. Low collision energtbe other hand increase unwanted
clustering of ions with water molecules and decrease the ionization efficiencylémutes with a proton affinity close to that
of water. During CLOUD experiments we adjusted the collision energy to E/N valuem(Ethe electric field strength and

N the sample gas number density) of 62-72 Td (1 Townsend equdl¥ £0¥) by using an RF-frequency of 10 MHz and an
RF-amplitude of 800-900 ) at a pressure of 75-77 hPa. With these settings even volatile organic compoitected
and humidity effects are minor. Primary and product ions were analyzed atigal OF (LTOF, Tofwerk AG, Switzerland).

All data were acquired using the TofDAQ recorder by Tofwerk and analyzed witfQR-Tracer software written by Lukas
Fischer running on Julia 0.6 (https://github.com/lukasfischer83/TOF-Tracer

Precursor molecules are calibrated using a gas standard. More oxidized moleculegitaiyetigher proton affinities; their
concentrations are estimated by using the sensitivity of 3-hexanone. Oxidigadicocompounds might undergo
fragmentation in reactions with; : ¢ ;i primary ions, especially when containing hydroperoxide groups (Bembaegt

al., 2017) Therefore, concentrations are lower limit estimates.

Furthermore, data are corrected for the duty cycle transmission effélesTOF and sampling line losses. In Breitenlechner
et al. (2017) a correction factor of 5 for the inlet line losses leddd ggreement with the nitra@-APi-TOF for most highly
oxygenated molecules containing more than 5 oxygen atoms ingimene system (Fig.1$ The compounds measured by
the PTR3 span several orders of magnitude of volatility, from volatile (VOCsjrenmexdy low volatiity organic compounds
(ELVOCSs). Therefore, the correction for sampling line losses of less oxidibéetules can only be done by changing the
LQOHW IORZ UDWH RU WKH IDQ VSHHG LQVLGHUWKMQ&/ 28 H V¥ WD BH HAWKIHR W QDA

for different compounds due to enhanced wall collisions. We then ap@@adesl sampling line loss correction factor ranging
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from 1 (no correction for VOCs, unaffected by changing the nammbwall collisions) to 5 (maximum inlet correction for
ELVOCSs), which decreased during the tests to 20 % (or less) of theirbeflue changed inlet flow or fan speed conditions.
Molecules that contain more than 5 oxygen atoms are considered ELVOCs amtbianagtiaally corrected by a factor 5 since
these compounds are often too close to the detection limit of the PTR3 to gatraabda response during the teBisrther

details about the method is givenStolzenburg et al. (2018).

2.4 Particle measurements and formation rate determination

The particle number size distributions in the size ranges between 1.2 nnuanth the chamber were measured by a series
of aerosol particle counting instruments. The concentration of the smallest particlesasasad with a particle size magnifier
(PSM, Airmodus Ltd., Vanhanen et al. (2011)). The PSM was operated inregamde for the determination of the particle
concentration at different cut-off diameters and for the particle nuritgedistributions between 1 and 3 nm (Wimmer et al.,
2013; Lehtipalo et al., 2014; Kirten et al., 2015). Additionally, a butanol @RC3776, TSI Inc.) with a fixed cut-off
diameter of 2.5 nm was used. A DMA-train measured the size distributiontimiggmm the 1.8 to 8 nm size range witth
second time resolution; it consists of six differential mobility analyzers (DMAs) V@1 Br CPC detectors that are operated
in parallel, each measuring a fixed size (Stolzenburg et al., 2017). A corahsganning nano-SMPS (nSMPS 3982, TSI
Inc.) resolved the particle size distribution between 8-63 nm. For larger particlesn(yB@0 additional SMPS systems were
used.

The ion concentration and the size distribution of charged clusters and srielkparf both polarities were measured using
a neutral cluster and air ion spectrometer (NAIS, Airel Ltd., Manninen et al. (20083)instrument determines the ion
mobility distribution in the range from 0.82 to 45 nm in mobikiyuivalent diameter, as well as the total particle size
distribution in the size range of 2.5 to 45 nm by charging all sampleddd&ith a periodically activated corodacharge
source

The particle formation rates used in this study were determined usindltparficle size distribution following the method
presented in Wagner et al. (2017) and Lehtipalo et al. (201pyactice, the particle formation rates at the cut-off diameter,
1.7 nm, was determined from the time derivatives of the total particle concergnatth diameters larger or equal to 1.7 nm.

The formation rates are corrected for the particle losses in the chamber sucticas ddagulation and wall losses.

2.5 Trace gas and water vapor measurements

Trace gas monitors were used to measure the concentration of ogohledfo Environmental Instruments TEI 49C), sulfur
dioxide (SQ, Thermo Fisher Scientific, Inc. 42i-TLE) and nitrogen oxides (NO, ECO Physibs/8DTR; NQ, CE-DOAS
(University of Colorado Boulder) and CAPS h@erodyne Research Inc.)). The water vapor concentration in the chamber
was monitored with a chilled dew-point mirror (EdgeTech Instruments) addeat tunable diode laser absorption

spectrometer (TDL-hygrometer, Werle et al. (2002)).
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2.6 Experimental errors

The overall scale uncertainty for the HOM and oxidation product (OVOC) measuseme8 %/-68 %. The uncertainty on
the formation rates were determined by using the error propagation methothafystematic and statistical uncertainties
including those associated with the particle concentration measurement (10 %),assheélldilution (10 %) and diffusional
(20 %) losses. The statistical errors include uncertaintyNsat dnd coagulation sink, which varied from run to run, depending
on the stability of the measurement conditions. The reproducibilitytéruan uncertainty) under identicabnditions is about

30 % as described in more detail by Kirkby et al. (2016) and Lehtipalo e0&8)(2

2.7 Volatility Basis Set Model

The ambient temperature and the concentration of the oxidation produdfcaigly determines their saturation vapor
pressure. HOM are mainly assigned to the volatility class of LVOC and ELVOC (Bianchi 20H). However, this
assignment depends strongly on the temperature. Since the definition of HOMd@strelation to their physical properties,
the volatility classification introduced by Donahue et al. (2011) is used ipré&sent study to discuss the contributidn o
different HOM and less oxidized products to new-particle formation. In prin¢f@esaturation vapor pressure of an organic
molecule is determined by its mass and its functional groumgsh affects the strength of the interaction with its neighboring
molecules, and on the temperature.

The determination of the exact volatility of the oxidation products is challehgicguse the individual compounds cannot be
isolated, as they are highly reactive and fragile species with extremely low saturation pvapsures. However,
experimentally derived volatilities from desorption thermograms measured with the RIGAEIter Inlet for Gases and
AEROSsols) inlet show a good agreement with the combination of semi-empigtabads and theoretical model calculaton
(Lopez-Hilfiker et al., 2014; Schobesberger et al., 2018). This was recerifigd/ in a complementary study of theinene
ozonolysis products examined here (Ye et al., 2019), in which the voldigitibution of molecules in the nucleated particles,
measured with a FIGAERO inlet over a wide range of temperatures, is in geethagt with those estimated 8tdzenburg

et al. (2018)

Here we follow the same approach as described in Stolzenburg et al. (2018). Weectmbsemi-empirical group-
contribution methods (SIMPOL, Pankow and Asher (2008)) with the two-dimensmatlity basis set (2D-VBS) introduced
by Donahue et al. (2011). It is based on the relationship between a typical molecipasitimm and its known volatility by

parameterizing the saturation vapor pressure of an unknown molecule actoitinmgass and oxidation state
1L t® F a 3)

(Donahue et al., 2012; Donahue et al., 20T8grefore, the volatility can be expressed as the logarithm of the saturation mass

concentration,Z ‘g/qp%g from the number of carbon atom¥; and oxygen atoms]s, within the specific molecule
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Based on Donahue et al. (2011) and a revised version given in Stolzenklir¢2018) the parametdf,= 25 represents the
baseline carbon backbone for a volatility ofd.m™ without the addition of any functional groups. The parameger 0.475
accounts for roughly a half order of magnitude decrease in satuvapon pressure per carbon atom according to the mass of
the molecule while>g = 2.3 considers a more than two orders of magnitude decrease in vghetilitxygen atom assuming

an equal proportion of carbonyl (=O) and hydroxyl (-OH) groupthémolecule. The carbon-oxygen nonideal interaction
>g < -0.3 is a non-linearity term that adjusts the volatility estimation from orgdoingnated by carbonyl (=O) and hydroxyl
(-OH) groups at low O/C ratios towards HOM, which mainly consist of hydosge(-OOH) and peroxy acid (-C(O)OOH)
groups at high O/C. While the additional oxygen in the -OOH groupQlog -2.4) is-hasan almost negligiblesffect in

reducing the saturation vapor pressure compared to the -OH group*(leg2.2), neither covalently bound dimers nor the
ability of hydroperoxide and peroxy acid functionalities to form intramdéedwdrogen bonds are included in the non-linear
terms > and >; g(Donahue et al., 2012; Kurtén et al., 2016). Therefore, a free paramgigs included to adjust the effect
of oxygen atoms in the molecule; and to account for the different functionalities. To obtain this parameeasured
monomer and dimer products with known chemical composition are fitted separatelhevighoup-contribution method
SIMPOL (Stolzenburg et al., 2018). A fit to the data ylek‘jg‘b' 0.904 for HOM monomers anEPbb: 1.139 for HOM
dimers. Consequently, the saturation vapor pressure of any oxigeitidnct measured in the CLOUD chamber can be

estimated based on its elemental composition.

In addition, the gas-phase saturation raﬁf.‘},for each oxidation product can be determined based on the quantitative vapo

phase measurement of the oxidized molecule concentration, ,7the molecular masd, 4 and the associated saturation

concentration,"/g(Donahue et al., 2013):
> ? -@9
o, 9 Ue, (5)

It should be noted that we can only estimate the volatility from the elemental dbamposhile two molecules with an
identical detected mass may have different volatilities depending on their exact chamnitales and functional groups. To
account for the dependence of the volatility on temperatiithe saturation concentratio@@‘, can be described according to

the Clausius-Clapeyron equation:

. %
2 J. . 5 . . Clg S L.
Z %% :6; L Z %% :urr B asr Ot PP (6)
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According to Donahue et al. (2011) and Epstein et al. (2009), we ceoxapate the evaporation enthaIQy*;—”as:

("> 252 Fway @Yiurr i Est{a (7)

Thus, a change in temperature of 15 to 20 K will result in a shift of the vgldiifitby one order of magnitude. This spud
focusses on the oxidation products classified as ELVOC and ULVOC, which will initiate clustethgend form new
particles. However, ELVOC will condense on any particle of any size with negligible re-evapodbationay not contribute
significantly to nucleation itself, while ULVOC in contrasil-efficiently-nucleate-under-typical-conditions may efficiently
nucleate To account for our incomplete knowledge of the exact chemical structures atidrfahgroups of the oxidation
products we assume an overall uncertainty of £1 bin in the volatility distribiecitwresponding to one order of magnitude in
wWiurr ).

2.8 HOM formation and its dependence on temperature

Two parameters# 23, , and CfSQ are used to describe and characterize the overall HOM formation. To accotir for
different oxidant concentratior ;?and > — Zamong the experiments and the temperature dependence of the initial reaction

rate coefficientR I-pinene by these oxidants (Fig. S2(a)) thginene oxidation rate is used as follows:
#Rup R'21. = &OL Gipg. @& ?@7E Gpg . @ @& —A (8)

Here, > 7and > ; 7are the measured gas-phase concentraf®hginene by the PTR3 instrument and ozone by a trace gas
monitor, respectively. The IUPAC recommended rate coefficidhts W-gikene ozonolysis reactionGt - s; L zAw®
sr’% @R 1«21 7554 and the reaction Rl -pinene with OH ( Gipg .. L sas@®® ®
R8O T . 7% .75 Ptare used. The temperature dependence of these rate coefiigishtsvn in Fig. S2(a) for
typical oxidant concentrations used in our experiment. The main sources’ciditdls are the ozonolysis ofpinene and
by UV photolysis of ozone. In dark conditions (UV otf)e temperature-dependent ozonolysis rate is a major source'of OH
radicals with a yield of 806 (Chew and Atkinson, 1996), with a resulting steady-state’ €@Hcentration off Aw F sax ®
sr 7t .. =¥ fhe formation of OHradicals depends mainly on the absolute humidity in the chamber since Binglet
oxygen, which is formed during the ozone photolyisisubsequeht recombired with H,O. The OHradical concentration
by UV was estimated from dedicated actinometry experiments, forming sulfuricdacidg the same campaign. The ©H
production by UV vyieldss F u ®r «'Zt.. 2% -Etw! , while at low temperatures the OHproduction is
comparatively smallQ s ®° «*Zt ... —ZF F wrt), due to the lower humidity in the chamber.

The total oxygenated organic fraction [OxOrg] can be estimated as follows
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The dilution loss rateGig determined by dividing the total flow into the chamber by its volug 1 t ®r’8 79
equaling total outflow at constant chamber pressure. Since the focus of thidssardgompounds that are relevant for
nucleation and early growth, we assume that oxygenated organics are irreVestilolye to condensatioon a wall or
particles. The chamber wall loss rate was determined ©§bg°L t ®r?7 <5 which is the major loss. An additional loss
is due to the condensation sin&{(y1 réas—‘ras®’ <3 to particles and the dilution los&{;;°1 ras®’ 79. The

total loss rates for oxygenated organics is tIGﬁpZ?rL t&ats® 7 <5 Note that the condensation sink in the CLOUD chamber

is lower than in other chamber experiments, where similar experiments haveobdentedBased on the production terms,

the cumulative sinks and the total measured 7y the nitrate CI-APi-TOF, the HOM yield['s s can be expresses

T >1T1EC

26
Fso¥ 7L L—LP e Ca??anM orr a (10)
vp_

3 Results and Discussion
3.1 Evolution of gases and particles during an experimental CLOUD run

A typical CLOUD experiment 3 U X @ ‘performed after establishing a constant level of ozone. Starting frofne®n-
conditions, .-pinene is addetb the chamber at a constant rate, as shown in Fig. 1 at UZ:3020th October 201®ue to
chemical reactivity, the ozone concentration varied betv@demd 40 pph $V V R R-Qinén¥ was added to the chamber,
peroxy radicals ( zRS.) and HOMs stadd to form. In contrast to previous CLOUD campaigns, in CLOUD12 and
CLOUD13 the fan was switched to 100% speed during theVilddR cpiriehe.The high fan speed increases turbulent mixing
in the chamber, and lead to a &asteposition of oxidation products and particles onto the Wadl)( Consequently, the
steady-state concentration of condensable material (ELVOC and UL W@@ shifted well below the nucleation threshold
by increasing the fan speed from its standard value (12%) to.I0@¥concentration of the peroxy radicals measured by the
CI-APi-TOF, however, is not much affected by the strong fan mixing. Reaetierconstants for highly functionalized RO
from .-pinene self and cross reactions are in a range ofslri& r’55... ¢ «* 7 1 ..75-Z5%t 300 K (Berndt et al., 2018a)
Due to thé& high reactivity, the lifetime of the ¢RO.-radicals is mainly determined by chemical loss rates, and relative
weakly by the wall loss rate

After the precursors reached a steady-state concentrati@®2BRITC in Fig. 1), the mixing fans were switched from 200

to 12 % speed, reducing HOM and cluster wall loss rates by a factor dbtthoee. Consequently, a new steady-state

concentration of.-pinene oxidation product monomersiCand dimers (&) wasestablished on the wall-loss timesc&lee

14



435

440

445

450

455

460

465

to the increased gas-phase concentration of condensable material, a new-particlenf@veatiovas initiated. Molecular
clusters started to form and grento aerosol particles. After the particle formatioretsd reached steadstate under neutral
conditions (), the H\CF ¢learing-fieldinside the chambeawrasturned off(15:38 +17:40 UTC in Fig. 1)Due to natural

ionization at intensities of ground-level galactic cosmic rays, the ion concentratieasad to > 1000 cfnMaintaining all

other chamber parametarsnstantwe observed an enhancement of up to two orders of magnitude enntiog nucleation
rate of new particles due to ion-induced cluster stabilizatjpg),(Kirkby et al., 2016)

During some stages, the UV light was also turned on to study its effect on théaxichemistry by comparing the results
with (06:00 £08:20 UTC in Fig. 1)and without(03:09 +05:41 UTC in Fig. 1)photochemical reactions under otherwise
identical conditionsThe particle formation sequence wihen repeated at various concentrations-pinene and different

temperatures over the range of atmospheric interest. In the data analysisiinmwe ted the particles observed at 1.7 nm

mobility diameter are stable against evaporationsane as a valid proxy for new-particle formation in the chamber.

3.2 Effect of temperature on .-pinene oxidation and HOM formation

Temperature has strong effecton peroxy radical isomerization and, consequently, on the production ratesefledbell
oxygenated products. HOM formation is, in principle, controlled by théumton rate and lifetime of the precursor peroxy
radicals, while the lifetime of the radicals is determined by the congpetaction of the unimolecular autoxidation and the
bimolecular terminations. The unimolecular H-shift reaction has a much highexponential term for the rate constant given
by the molecular vibration frequencies compared with that for the bimolecudeess which mainly depends on the
bimolecular collision frequency (Praske et al., 20k8)wever, the higher activation energy barrier of the H-shift reaction
partly or fully compensated this. Quantum chemical calculations for differepRO.- U D G L F D Opindrig Rxdation
suggest activation energies between 92 and 12d0k3 for the autoxidation process (Rissanen et al., 2015). Because of this
high activation energy barrier, temperature has a substantial effect on the intréandleshift and will strongly reduce the
autoxidation at lowr temperature. In contrast, the temperature dependence of the bimolecular gketionlecular dimer
formation) is much weaker or, in some cases, even exhiblightly negative dependence. Consequerlty competition at
lower temperatures between the termination reaction and the slower unimolecular autoradiatioftuences the oxidation
state of the products and their distributionisTiemperature-dependence of thpinene oxidation was previously observed
in the compositiorof naturally HOM ions charged by cosmic rays in the CLOUD chamber (Frege et al., 201B)s an
confirmed here for neutral HOMs and their gas-phase clusteskpws in Fig. 2. A strong decrease in the mean O/C of the
detected oxidation products can be observed as temperature decreasicréhige in O/C with decreasing temperature was
also observed in the particles phase by Kristensen et al. (2017) and Ye et alaf@Di&iyes to the question to what ekten
does the reduction of oxidation also affects new-particle formation?

In general, the HOM production rate is approximately linearly dependent oritiab finecursor concentration, while the
bimolecular termination of the ¢RO.radicals increases with a squared dependency. Molteni et al. (2019) showea that
LQFUHDYV hineie akidatibn. rate, and thus an increase in thgRO. radical concentration, leads to a slightly lower
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mean O/C of the detected products. However, this effect is ratheratn@IR Zpinene oxidation rates (< 1 - Afholecule
cn® s1) and could not be clearly recognized in our data.

However,-Aasimilar effect of gRO.radical concentration on the bimolecular terminations can be seen in the mean HOM

470 dimer (Gg) to monomer (@) ratio in Fig.S33 An elevated oxidation rate%%vp_,,qolor scale) leads to a slightly increased
HOM dimer formationIn addition, Fig.S3-3 shows that the ratio of HOM dimers to monomers is almost unaffatteder
temperatures and depends mostly on the formation @fRO. radicals This result alsoindicates that the bimolecular
termination has only a minor temperature dependence.

At temperatures belo@ °C, the ratio of dimers to monomers is about 20 %. It should be tragdespecially at the lowest

475 temperatures (-50 °C), dimer clusters from traditional oxidation producferaned, e.g., pinonic acid dimers, which do not
result from the autoxidation reaction (non-HOM dimer clusters). Due to loagmntation in the instrument, these dimers
can also be detected by the mass spectrometer. Since we cannot differentiate thetwettrese dimer clusters are included
in the overall gas-phase HOM dimer concentration. However, due itogtleaitly reduced saturation vapor pressure these
dimers also participate in new-particle formation.

480 At temperatures above°C, the gas-phase HOM monomer concentrations increase more thé@Nheimer concentration,
asseen from the decreasing dimer ratio of 20 % to less than 10 %S@Jg.This shift can be explained by two factors;
volatility and formation rate. At higher temperatures, the saturation vapor presbthedtHOM monomers are sufficient for
them to re-evaporate from surfaces (or particigb)le the dimers remain essentially irreversibly. This shift in saturation vapor
pressure is also consistent with volatility predictibpghe VBS model, as shown by the colour code in #gThis supports

485 ourconclusion that thelOM dimer molecules of accretion reactions play a decisive role in new-particle fornessjpatjally
at higher temperatures (Mohr et al., 2017; Lehtipalo et al., 2018).

At higher temperatures, tlencentration of ;HO,radicals can also strongly increase, as shown by theré#ation rate
coefficients in Fig. S2(b). In addition to their formation by alkoxy radica®)(fhe  sHO>radicals are mainly formed by
the reaction of OHradicals with ozone, while the G¥adical concentration depends mainly on the ozonolysis reaction rate

490 R -pinene. Both reactions have a positive temperature dependence. The higtertration of HO.-leads to an

increased competition with the § FRO-  gRO-:self-reaction, which reduces the formation of HOM dimers and increase
HOM monomers.
To summarize, the H G X-pikeBe ozonolysis rate at lower temperatures leads to lower concentoatiigisly-oxygenated
organic molecules. Furthermore, due to the strong temperature dependetiee ioftial H-shift in peroxy radical
|495 isomerization, the HOM yield per ozonolysis reaction will also be reduced. As shdwvig. 34(a), the overall HOM yield
drops dramatically as the temperature decre&sem the slopes of the linear fits of HOM measurement by the niGhte
| APi-TOF (Fig.34b) WKH WRWDO +20 #idrife DAdatiBrQedttions k@md.OH) provides the following HOM
yields: (P5596.2% at 25 °C(P5T L4.7 % at5°C,(PsT L2.9 % at10°C, (PEF L1.3% at25°C and (FEH LO.7%
at 50 °C. Whereas these yields 26 °C and 5 °C are consistent with earlier publications (Ehn et al., 2014; Jakiaén
|500 2015; Kirkby et al., 2016)here we extend the HOM yields to much colder temperatti@sever, Quéléver et al. (2019)
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reports a much stronger temperature dependence of the HOM yields with decteasrrature, which may result from a

combination of differences in the experimental and instrumental conditions betwesvotktudies. It is important to note

that the HOMSs require at least 6 oxygen atoms (Fig. S1); otherwise, the nitrate ionszagoe cannot fully detect them.

The unimolecular reaction of the gradicals proceed at much slower rates at low temperatures, due to the height of the

505 reaction barrier, while the bimolecular termination of the radicals is much less affgcted temperaturéZiemann and

Atkinson, 2012; Frege et al., 2018)herefore, at low temperatures, there is a higher chance thatgadical will be lost

before it reaches a high oxygenation and forms a HOM that can be detecteditiatk CI-APi-TOF. Besides the termination

reactions, relevant loss mechanism ofg radicals are wall loss and uptake on particles. Especially under cold conditions, it

becomes more likely that organic molecules with less than 6 oxygen atoms dansmion pre-existing or newly formed

510 particles due to their reduced volatility and can thereby increase the condensaticongiaiked to high temperatures. As a

result, the HOM vield drops significantly depending on the condensation siitk tehds to result in lower determined digl

especially at low temperatures.

515 states.

3.3 Change in the volatility distribution of . #inene oxidation products as a function of temperature

Despite the decrease in the total HOM vyield, F#cBshows an increase in ultra-low volatility products, indicating a more
important reduction in the saturation vapor pressure of all oxidation produgbsuewith the reduction of their oxidation

states.The definition of HOM is based diie chemicalmakeupcompositin, and is temperature-independent, whereas the

520 physical properties, in particular the volatility, do depend on temperaturesf@teerthe classification of a molecule as HOM
is inadequate for describing its nucleation properties over a wide temperaturd-igngsts shows a mass defect plot of the
oxidation products measured with the nitr@leAPi-TOF, where the colour code classifies them into the different volatility
bands according to the calculated saturation vapor pressueestaemperatureAccording to Section 2.7., the volatility
classes are based on a semi-empirical approach of the 2-dimensional volatility hasidedd2D-VBS modelDonahue et

525 al. (2011)) The area of the markers reflects the measured concentr@iggsexperiments with a simila# me,p_(g Fu®
sr ...%*%are included, to ensure comparability in terms-pinene oxidation rates and their temperature dependence. The
reduction in the mean oxidation sta@S:) with decreasing temperature is indicated by the shift of the detected products to
the left-hand edge (lower masses) of the different homologous sequeineéiatibn products, shown by the lines in Fig.
and the coloring in Fig.&3.

530 As seenn the 25 °C data in Figi5, most HOM monomers belong to the low-volatility (LVOC) or even sentatite class
(SVOC), which corresponds to the model results of Schervish and Donah@g ([Pdrefore, the loss rate of these oxidation
products from the gas-phase is low compared to the extremely-low volatilitygsodLVOC), which has already been

discussed based on thEDM dimer to monomer ratio in Fig3. At 25 °C, only the most oxygenated monomers have an
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extremely low saturation vapor pressure, while none of them meets the ULV&CHitavever, the majity of ELVOCs and
535 ULVOCs at 25 °C are HOM dimers. As temperature decreases, the saturation eapargw of the HOM monomers shift
| towards the ELVOC class, despite the decrease in their O/C. Consequetily/;@, almost allef the .-pinene oxidation
products detected by a nitrate chemical ionisation mass spectrometer are EbMOGLOCs.
When the concentration of an oxidation product exceeds its saturated c@apmentration, it becomes supersatdat
| (saturation ratio 5, P §. The saturation ratio of an oxidation produkereforeindicates to what extent this individual product
540 can condense from the gas-phase and contribute to new-particle formatgnowtid Based on the measured concentrations
and the volatilities derived from the VBS model, the steady-state saturation rageslfiondividual compound (a mixture of
isomers) can be determined according to Eq. (5). Accordingly, th@saturatio, §, for each identified oxygenated molecule
| ( 4 is given by the area of the marker in F8§. This presentation gives an indication of the ability to form embryonic
molecular clusteryy the different ¢as a function of temperature. Nucleation requires vapoursSuth 1, since they
|545 must overcome the Kelvin (curvature) barrier. The colour code irbEigdicates the concentration determined by the nitrate
CI-APi-TOF.
Due to their low volatility, the highest oxidation states of the reaction reach higls Evsupersaturations. However, their
total concentrations are low, so that their abundance is likely to be insignfficahe formation of clusters and subsequent
growth. Consequently, the nucleation and initial growth rate may be limitehdosinghy—oxygenated-compounds; each
550 individual HOM. Thereforefurther support from othethemical-systems-s condensable gases, such as sulfuric acid and

ammonia may beequired to grow these clusters to larger sizes before they are lost to vpalisexisting particles. However,

by summing up the saturation ratidg, of all oxidation products, the nucleation ability can be estimated. Based @b fi -
data in Fig.56, the proportion of the supersaturated monatesignificantly higher than the supersaturated monomers at
higher temperatures. Thus, despite the decrease in oxidation rate, it is expetctieel decrease in volatility with decreasing

555 temperature will increase nucleation and initial growth rates at given precurs6ede@b).

3.4CI-APi-TOF HOM detection and the combination to the PTR3 data set

Nitrate chemical ionization mass spectrometry quantitativedgsures highly-oxygenated organic molecules with a high O/C

(Hyttinen et al., 2017; Ehn et al., 2017)e\generally assume that the charging efficiency in the instrument for HOMsidd

to thatof sulfuric acid. We also assume that the charging efficiency does not changeaiggift different temperatures and
560 humidityies (Viggiano et al., 1997), but is mainly influenced by thésed volatile organic compounds (OVQCs

Kinetic simulations by Hyttinen et al. (20)Llshow that, for nitrate chemical ionization, HOMs are typically charged with the

monomer of the reagent ions ;® 7, since this cluster has a stronger binding energy than the dimer or dfirtrer

reagent ios : 71526 4. However, we find thaa small fraction (~10 %) of the HOMdo cluster with the dimer of the

reagent ionsAt low temperatures, this fraction increases due to the increased stabilitychhtiged clusters, resulting in an
565 enhanced survival probability of the charged nitrate dimer in th&RGITOF. At -50 °C, some of the detected HOMs even

form clusters with the trimer of the reagent ions. The BLGDW LR Q V WiteWerbXddRidn Waedbcts were most
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efficiently detected with a nitrate dimer ion. Hyttinen et al. (2015) showed that the HDMisd from cyclohexene oxidation
require at least two hydroperoxy groups, or other H-bond-donatingpg, in order to form an energetically more favourable
cluster than the nitrate dimer or trimer ion cluster. The reason why lgpofliow oxidation products to the reagent dimer or

570 trimer ion clusteis preferred is probably the distance between the interacting functional grotlygsadidation product and
the size of the reagent ion itself. As shdwrRissanen et al. (2015), the primary ozone attackpimene oxidation resulia
a ring-opening reaction, leading to a subsequent carbon-centered plkyhtical bearing functional groups at both ends of
the molecule. Due to the distancevbe¢nthese functional groups, a single nitrate anion can only interact anghof the
hydroperoxy groups, while the dimer or trimer reagent ion can bifdgelistance and form an energetically more stable ion

575 cluster.
Since both the oxidation state and the saturation ratio of the oxidation produetsl deptemperature, some of the less
oxygenated but nevertheless highly supersaturated OVOCs may be underestineatt undetected by a nitrate CI-APi-

| TOF. Figure56 should therefore be considered as a lower limit at low temperatures (-8 “&D&C), where most oxidation
products have a low O/Gurthermore, the saturation ratio of the oxygenated dimer pro@Dg)smay be underestimated,

580 even at relatively high temperaturdsieto their generally lower @.
The PTR3 instrument, which uses agOfireagent ions, is well-suited to measure the less highly-oxygenateciméigure

| S1 shows a comparison of the homologous groupsdfieidOx measured with both instruments. The concentrati¢hCil
dimer molecules did not exceed the limit of detection (LGD®r° ... 3% of the PTR3 instrument. Therefore, no direct
statement can be made here about the concentration and saturation ratiess theggenated dimer products. However, as

585 the concentrations are below the LOD, even though they can initiate new-particididor, they may provide only a small
amount of condensable mass to promote early growth. As pointed out in Btotzehal. (2018), the concentration of products
with an O/C of 0.6 to 0.% in good agreement between the two instrumergshown in Fig. S1, whilie nitrate CI-APi-
TOF lacks the less-oxygenated products. The different colour segomghts lower axes, however, show that the nitGite
APi-TOF can quantitatively measure especially the ELVOC and ULVOC products at naxiog in the ppgrange. Since

590 the ULVOCs are the most effective molecules for nucleation (Schervish and Donal®)e t12® nitrate ionization instrument

| provides acomplete_comprehensivaolecular understanding of new-particle formation over a wide range afspbpric
temperatures.

| Figureg7 shows all oxidation products distributed according to their volatility (inddfifesctors of ten) measured by the nitrate
CI-APi-TOF and PTR3 instruments @achtemperature. While these data are consistent with the results of Stolzenburg et al.

595 (2018), the present study covers a wider temperature range frot€ t6@5 °C. The dashed lines in Fi§7 represent the
cumulative concentrations, starting with the lowest volatility products meaisuibgdhe nitrate CI-APi-TOF. The solid lines
include the less highly-oxygenated products measuréd the PTR3 instrument, assuming the same volatility products for
each bin. While the nitrat€l-APi-TOF can completely quantify the ULVOC and ELVOC clas$aH P S H U 2SR Uhd V
molecules measured by the PTR3 contribute to the total ELVOC class at the lowest temp&@ti€). The ULVOC class

600 is fully represented by the nitrate CI-APi-TOF and is anti-correlated with temperatuaready shown in Fig4(c).
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Furthermore, Fig56 shows that, at low temperatur&@-C and 25 °C), almost all oxidation products detected by the nitrate
CI-APi-TOF are supersaturated at the indicated precursor concentration andneastatole embryonic clusters and small
particles. Due to the large decrease in volatility at these low temperatures, a large ffab#oless oxygenated molecules
also falls in the ELVOC class. While the ULVOC and ELVOC molecules are evenly distrituetied wide range of volatility

605 hins, an uncertainty in the saturation concentration of one-order ofitodgmould not alter this conclusion.

3.5 Effect of temperature on pure biogenic nucleation

The decrease in HOM volatility at reduced temperatures has a strong effecipartitie formation rates at 1.7 nny (), as

seen Bown in Fig. 78. Despite the decrease in autoxidation rate of the peroxy radicals and the associateuh riedd OM

yields at lower temperatures, the reduced volatility counteracts this effect and leads/trall increase in particle formation
610 rate

FigureZ8(a) presents the particle formation rate as a function of the total HOM concentnaasored by the nitrate CI-APi-

TOF. This figure shows that the same or higher nucleation rates are readH&@Mfaroncentrationa factor 100 loweHOM

concentrations-when-goeing-fromat -50 °C compare?bf@-te-50-C. At low temperaturesess-highly-exygenateniolecules

with less oxygenationandrive achieveahe same formation ragsmore higly oxygenated moleculas higher temperatures

615 However, the chemical definition ddOM does not reflect the saturation vapor pressure of the oxidation prod@ihigts
representation therefore underestiesdhe condensable mass at low temperatures where the high gas-phase concentration of

| the less-oxygenated products éamd contributdo sufficient supersaturation and new-particle formation (see Sect. 3.4).
The total HOM concentration depends mainly on tiren@nomer concentration, while thes@imers only account for 10 %

| to 20 %of that total depending on the experimental conditions (e.g..:HOz;RO:, temperature, precursor concentration).

620 Whereas most of thei&monomers have a saturation vapor pressure in the range of SVOC to LVQE nmperatures>(
5 °C), at low temperature (-50 °C) almost all of them belong to the ELVO@wardULVOC classAt higher temperatures,
dimerization (Go formation) can be the rate-limiting step for new-particle formation sincedfaélity not only depends on
the polarity of the molecule (functional groups), but agdts size (n/Z). Thus, a major fraction of the HOM dimei!
belongin the ELVOCto ULVOC range, even at 25 °C (see also Big. Thereforethis-class-of-meleculesthe ULVOC class

625 may providea more appropriate proxy to parameterize nucleation rates from monoterpeagonxespecially—at-higher
temperaturesNote that dimer clusters (non-covalently bonded clusters) may folowert temperatures (< -25 °C), which,
despite their low degree of oxidation, also have a low saturation vapor presstso may contribute both to new-particle
formation and to the total dimer concentration.
The continuous decrease in the autoxidatesetionratecoefficientwith decreasing temperaturessults-in-a-shift-ofreduces

630 the HOM concentratios in Fig.Z8(a)to-lewer-concentrationdor the same precursor concentratiaishoseuseadt higher
temperatures. Therefore, Fig8(b), shows the new-particle formation rate as a function of the sum of all neslénithe

ULVOC range~which-have-a-sufficienthy-low saturation-vapor-pressure-to-nucleate Thhigvaporation rate of a cluster

containing two ULVOCs will conceptually be related to the average volatility of those two rieslebue to the sufficiently
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low saturation vapor pressure, we consider the ULVOC range to be the volatfiliiy where it is increasingly likely that a

cluster will grow, not evaporate, and thus nucleate. This is consistent widstiieshown in Fig. 8(b) asunifies the new-

particle formation rateat all temperatures and shows that ULVOC concentratovides a geedbetterproxy compared to

the total HOM concentration. Ideally, all lines of the nucleation rates for the differepératures would coincide into a single

line in Fig. 8b. However, the nucleation rate will still likely be a function of vokatilithin the ULVOC (and partially the
ELVOC) range.—for-nucleatiorBased on the previous discussion, however, we can infer that both masenseters

underestimate some low-volatility products, especially at the two lowest temperatures. Fragmemdatiotiustering of the

oxygenated molecules inside the mass spectrometers could also lead to misinterpretagiowvahtility (Passananti et al.,
2019). In addition, the temperature dependence of the volatility classificatiobjéct to larger uncertainty as the temperature

decreaseslhus, we estimate that the bin assignment is uncertain by about one dto(eof 10 in volatility). Further, the

stabilizing effect of ions is not considered in the VBS modaler ion-free condition, the pure biogenic nucleating clusters

are generally less stable against evaporation. It is possible that the stabilizing edfedbmfessentially shifts the relevant

volatility range by some number of bins and results in a larger undersdinvarm temperatures, while this effect is less

apparent at colder temperatures in absence of any ions for the same ULVO@radioce The probability that a cluster grows

under ion-free conditions, due to an arriving molecule, is stronggmdent on its volatility compared to GCR conditions.

Therefore, the exact volatility distribution can also be important within the ULVOC eksscially for the neutral conditions.

Aveiding-any-classificationlFigure. 28(c) shows the neutral particle formation rates at 1.7 pinand Fig.Z8(d) theion-
induced-galactic-cosmic+aarticle formation rateby galactic cosmic ravs,eap- gt ,g§)| as a function of the-pinene

oxidation rate # ?m,p ol hisrepresentatiorms-

pinene with respect to temperature and is independent of the concentratiooxfien products and their uncertainties in

detection by the instrument as well as the HOM definition and the volatility classification. Mordw/representation of the

nucleation rates as a function of the total concentrations, not volume mixing retms/es the influence of the pressure

effects on the molecule/cluster collision rates at different atmospheric altitudes.

Higher precursor concentrations lead to an increase in supersaturated masmidubhe, and thus, to an increased new-
particle formation rate. This can be seen from the positive slope of ter{ew fits (lines) from the neutral new-particle
formation rates () in Fig.Z#8(c). The slopes are sensitive to the interplay between particle growth rates and wall loss rates, as

well as to the molecular composition of the critical clusters (Ehrhart and CurtiL®),. B0addition to the poorly guantified

effect of temperature on the operation of condensation particle countersingdlel PSM (Wimmer et al., 2015), another

point to consider is that the new-particle formation rates under ion-free conditspesially at warmer temperatures, are low

Due to very low particle concentrations in the chamber, the data are closeldavénadetection limit of the measurable

formation rates. Both factors lead to a higher uncertainty in the nucleatéoaiculation (Dada et al., 2020).

While there is no significant change in the new-particle formation rate from +25-kD °C, a sharp increase of up to two

orders of magnitude in; occurs at lower temperatures. This non-linear behavior of the nucleatemwith decreasing
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temperature can be explained by the increased stability of the neutral clusters agporsitiewn without any stabilizing agent

(e.qg.,ions), along with the strong temperature shift of the volatility classes. At low tetapes, more products belong to the

ULVOC range and the increased concentration of LVOCs may enhance nucleationt@nt @gowth (Fig. 7). Due to the

strong reduction in volatility, also first-order oxidation products (OVOCSs)takle part in the initial growth of nucleating

clusters at much smaller cluster sizes, while their oxidation rate is much less affetiedtémperature compared to the

autoxidation rate.

HOMs have high electrical polarizability, so that ions can stabilize the embryonic causteatso lead to a higher collision
rate with other HOMs. Figuréd(d) shows that ions (GCR conditions) enhance the new-particle formatiomyaipso two
orders of magnitude or more compared to neutral conditions, depemdihg precursor concentrations and temperature. At
higher levels of# me, »_»the neutral and the ion-induced cluster formation rates eventually coifiiergental grey line), as
the ion-induced nucleation rate is limited by the total ion-production rate (+#daics cnv s?) resulting from the galactic

cosmic ray intensities at ground level. This comparison shows that the neutralcld€ibts are relatively unstabland

especially at high temperaturdsave significant evaporation rateshich demonstrates the strong sensitivity of the pure
biogenic nucleation to environmental conditions and the concentration etepesially-at-high-temperatur@drkby et al.,
2016). The oxidation raterh(invp_)r@t which ,; and ¢ 5 gonverge, however, depends strongly on temperature. At -50 °C the

neutral and GCR nucleation rates almost coincide over the range of experimentaemeatjrreflecting the increased
stability of the neutral clusters at low temperatures. This strong temperature gghsitds to a high nucleation potential of
biogenic molecular clusters especially in cold regions (i.e., convective updmadnoterpenes to higher altitudeg)hile our

experiments were carried out at ground-level pressy®a@ hPa), we expect that our concentration-based new-particle

formation rates also apply to the upper troposphere within their uncertaiiesizé and number of heavy atoms in the

nucleating clusters containing two ULVOCs allow for the efficient distribution of the cligstaation energy in the form of

vibrational and rotational excitation within the cluster. Therefore, we do not anticipaia@@stessure dependence throughout

the troposphere for biogenic nucleation involving HOMSs.

However, there might be other factors affecting the new-particle formation inptrex troposphere. These include the

increased ionization capacity, the absolute humidity, the coagulation sink andithbikty of condensable gases for particle

growth. Also, some chemical reactions are pressure dependent, but complaegdeémperature dependence this is mostly a

minor effect. Moreover, we believe that most of the HOMs are likely produdbe ivicinity of their precursor sources, due

to their high reactivity with oxidants, and then transported to higher altitudesnbective updrafts (Williamson et al., 2019)

or are produced by second-generation chemistry. However, this idapecand needs to be investigated in future studies.

3.6 Influence of UV light on .-pinene oxidation and new-particle formation

In addition to ozone, OHadicals oxidise.-pinene and form HOM, albeit with a lower yield. The lower yield results fr@m
inability of OH-"to break the 6F DUE R Q U L-Qiderie molekuite, resulting in steric hindrané¢he subsequent (RO,
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isomerization (Ehn et al., 2014; Berndt et al., 2016; Kirkby et al., 20189 results in a higher energy barrier for formation
of the intermediate alkyl radicals (Rfpand thus slows down the H-shift rate, which decrease highly oxidisddqis with
low volatilities.
Figure $4 presents a mass defect plot showing the change betwebliVtba and UV-off conditions of the last two GCR
705 stages of the run shown in Fig. 1. The elevatedr@fical concentration induced by the UV light leads to products with higher
H/C ratio than found in dark ozonolysis experiments (Fig5)SThe initial reaction of OHradicals with .-pinene forms
reactive gRO:intermediate radicals of the chemical notatiayy 5. nppWhich also undergo several autoxidation steps
(Berndt et al., 2018a). The bimolecular termination of this propageltiaim leads to more HOM monomer molecules of the
chemical formula 5, 5.5< ,and subsequently more HOM dimer molecules of the tyge ;s (red and green trace,
710 Fig. S£6(d)-(e)), while products of the types, 55 yand g4 74 are reduced (blue trace, Figée&d)-(e)). We note that
nitrate ionization may have a reduced charging efficiencyHfoMs formed fromOH*oxidation compared with those from
ozonolysis, suggesting a possible measurement bias (Berndt et al., 2016).
Increasing the OFconcentration in.-pinene oxidation experiments not only alters the molecular structure of the itial R
radicals but also influences the lifetime of theg RO-radicals and the HOM vyield. The increase in‘@fflects the ,HOx
715 cycle and may increase gHO:radicalsThe gHO.radicalswill react with intermediate gRO.radicals and terminate
the autoxidation at an earlier stage, leading mainly to closed-shell products ofehg typ. -5 The gHO-radicals
also compete withthe s F  JRORO, cross-reaction and so reduce dimer formatiorother source of HOM monomers
may also be the subsequent reaction of primasginene oxidation products (e.g., pinanediol) with -Otddicals
(Schobesberger et al., 2013; Ye et al., 2018).
720 As a result, the nucleation rates can be significantly influenced by thedO.-relative to 5 RO,-concentrations
( s HOA gRO-ratio), especially at higher temperature where the dimerization may be the rate-limitiref ptep
biogenic nucleation. Compared to the atmosphere, in chamber experimentsgtiR.;  5HO--ratio is shifted in the
direction of the gRO--radical (Molteni et al., 2019). The difference between dark conditions and UMn#tion may
thereforebe less pronounced in our study than in the real atmosphere. Keepiogubat in mind, no pronounced variatio
725 in the overall HOM yield between UV illumination aitd absence can be seen in Rg. Furthermore, no photochemical
reaction (degradation) seero affect the total HOM yield. In summary, Fi&B shows similar nucleation rates between dark

ozonolysis andJV-illuminated conditions, as indicated by the orange-framatkerssymbels

4 Conclusions

Measurements made in the CERN CLOUD chamber with two mass spectromm@erssing nitrate chemical ionization and
730 the other a complementary proton transfer reactibave provided a comprehensive molecular understanding of new-particle
IR UPDW L R-Qindni¢ B&ween -50 °C and 25 °C. Using the mass spectrometry meassyemeemperformed two-

dimensional volatility basis set calculations and determined the volatility distributi@aclattemperature. While at high
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temperatures the HOM dimers appear to be crucial for nucleation, at lower tempeataurédM monomers and less-
oxygenated products also contribute.

Unimolecular autoxidation is key to the formation of HOMs from biogenic psecst. Intramolecular isomerization reactions,
including the H-atom shift that leads to increased oxygenation, are folnedviery sensitive to temperature. We observe a
continuous reduction in the oxidation level (O/C ratio) and yield of HOMs as thetaetage decreases from 25 °C to -50 °C.
However, despite the lower oxidation level and lower yield of HOMs, our measuremewtthat the reduction of volatility
more than compensates and, consequently, that the nucleation rates increase at |@nautesp

This study demonstrates that chemical ionization mass spectrometers can measurettial @emposition and distribution
of biogenic molecules over a wide range of oxidation states (O/C ratio) and at tempexafore as -50C. PTR and nitrate
chemical ionization mass spectrometers are mandatory in future field and aircyadiigrasrto study these processes in the
atmosphere. Our results underscore the potential importance of biogenic nudleadioghout pristine regions of the

atmosphere, and especially in cold upper tropospheric environments etpaosadective outflows.

Data availability. Data related to this article are available upon request to the corresponding authors.

Author contributionsM.Sim., L.D., MH., W.S., D.S,, L.F., AC.W,, B.R., AK.,, X.H., JA,, R.B., A.BA.Be., F.B,, S.Bra,,
L.C.,D.C,B.C, AD., JDu, ILE.,, HF, CF., LG, H®&.G., JH., V.H, CK, WK, HL., CP.L, K.L., M\LHM.,,
H.E.M., G.M., B.M., UM., AOn., EP., T.P., J.P., M.P, LL®.P.R., S.Scho., S.Schu., J.S., M.Sip., G.S., Y.S,, Y.J.T,,
ART., MV.,AV, RW, MW, D.SW.,, YW, SKW,YW.,&, PY.,QY,MZ, XZ,RC.F.,RV., P.MWand J.K
contributed to the development of the CLOUD facility and analysis instrumh/@sn., L.D., M.H., W.S., D.S., L.F., A.C.W,,
B.R., X.H., J.A.,R.B., ABa,, P.SB,, L.B., ABe., F.B.Bra., S.Bri,, L.C., AD., D.C.D., J.Du., L.E., HF.G, H.G., M.G,,
JH., VH, CRH, CK, WK, H.L., CP.L, KL, M, HEM, GM., RM., B.M., UM, LN., W.N., AQ.E.P., J.P,
L.L.Q., AR, M.P.R, S.Scha,, S.Schu.,J.S.,G.S.,Y.S,,CJT.,ART,, MV.,AV.,RW,, D.SW, YW, SK., YW,
M.X., C.Y., P.Y., M.Z., P.M.Wand J. collected the data. M.Sim., L.D., M.H.,, W.S., L.F., A.C.W., B.R., LGGK., GM.,
B.M., S.K.W., P.Yand RV. performed modelling and analyzed the data. M.Sim., L.D., M.H., W.S.,IDF5,A.C.W., B.R,,
AK., H.G., BM., UM, TP, MP.R, P.Y,, UB.,, J.Do.&RF., AH., MK., D.RW., N.M.D., J.K. and J.@ere involved in
the scientific discussion and interpretation of the resMitSim., L.D., M.H., W.S., AK., AV., U.B,, J.Do., R.C.F., N.M,

J.K. and J.Ccontributed to writing and editing of the manuscript.

Competing interestd.he author declares that there is no conflict of interest.

AcknowledgementdiVe thank the European Organization for Nuclear Research (CERN) for $agpOLOUD with

important technical and financial resources, and for providing a particle beanthedCERN Proton Synchrotron. We thank

24



P. Carrie, L.-P. De Menezes, J. Dumollard, K. lvanova, F. Josa, |. Kragieb&r, R. Kristic, A. Laassiri, O. S. Maksumov,

B. Marichy, H. Martinati, S. V. Mizin, R. Sitals, A. Wasem and M. Wilhelmssortheir contributions to the experiment.

770 Financial supportThis research has received funding from the German Federal Ministry gdtifsiuand Research, CLOUD-
12 (01LK1222A) and CLOUD-16 (01LK1601AWKH (& 6HYHQWK )UDPHZRUN 3URJUDRBH DQG
SURJUDPPH ODULH 6NARGRZVND &XUI715%,21VDQR QR 3& [-208RT 2BL”

MSCA-,) QR 3QPIPR -CRFUND grant no. 600377, European Research Council (ERC; projec828816
3'$02&/(6° QR 3&2%/%° QR 1$12'<1%$0,7C@G43@R$" QR -*B$70
775 QR 3*$63%55 & hé "SwiskVNational Science Foundation (projects no. 20020 152907, 200220217

20FI20_159851, 20FI20_172622), the Academy of Finland (Center a#llErce no. 307331, projects 299574, 296628,
306853, 304013, 310682), the Finnish Funding Agency forAi@oly and Innovation, the Vaisala Foundation, the Nessling
Foundation, the Austrian Science Fund (FWF; project no. J3951-N36, projé21R95-N20), the Austrian research funding
association (FFG, project no. 846050), the Portuguese Foundation for Scientecandlogy (project no. CERN/FIS-

780 COM/0014/2017), the Swedish Research Council Formas (project number 20)]15-ét¢nskapsradet (grant 2011-5120), the
Presidium of the Russian Academy of Sciences and Russian Foundati@sifoRBsearch (grants 02-91006-CERN, 12-
02-91522-CERN), the U.S. National Science Foundation (grants AGS1136479, AGS84ABX51439551, CHE1012293,
AGS1649147, AGS1602086, AGS1801280, AGS1801329, AGS1801574, AGSI30h@9IWallace Research Foundation,
the US Department of Energy (grant DE-SC0014469), the NERC GASSP proje02MPS52/1m, the Royal Society

785 (Wolfson Merit Award), United Kingdom Natural Environment Research Council §afi€015966/1, Dreyfus Award EP-
11-117, the French National Research Agency the Nord-Pas de Calais, EuropeaioMHRed®nal Economic Development
(Labex-Cappa grant ANR1-LABX-000501).

References

Almeida, J., Schobesberger, S., Kirten, A., Ortega, |. K., Kupiainen-Maatta, AarPrapP., Adamov, A., Amorim, A.,

790 Bianchi, F., Breitenlechner, M., David, A., Dommen, J., Donahue, N. M., DowAarDunne, E., Duplissy, J., Ehrhart,
S., Flagan, R. C., Franchin, A., Guida, R., Hakala, J., Hansel, A., Heinritajevischel, H., Jokinen, T., Junninen, H.,
Kajos, M., Kangasluoma, J., Keskinen, H., Kupc, A., Kurtén, T., Kvashin, A.ddksonen, A., Lehtipalo, K., Leiminger,
M., Leppé&, J., Loukonen, V., Makhmutov, V., Mathot, S., McGrath, .MNieminen, T., Olenius, T., Onnela, A., Petaja,
T., Riccobono, F., Riipinen, I., Rissanen, M., Rondo, L., Ransk, T., Santos, F. D., Sarnela, N., Schallhart, S.,

795 Schnitzhofer, R., Seinfeld, J. H., Simon, M., Sipila, M., Stozhkov, Y., Stratnfanfiomé, A., Trostl, J., Tsagkogeorgas,
G., Vaattovaara, P., Viisanen, Y., Virtanen, A., Vrtala, A., Wagner, P. E., Weiagan Wex, H., Williamson, C.,
Wimmer, D, Ye, P., Yli-Juuti, T., Carslaw, K. S., Kulmala, M., Curtius, dlitdBsperger, U., Worsnop, D. R., Vehkaméki,
H., and Kirkby, J.: Molecular understanding of sulphuric agidine particle nucleation in the atmosphere, Nature, 502,
359, 2013.

800 Ball, S. M., Hanson, D. R., Eisele, F. L., and McMurry, P. H.: Laboratodieof particle nucleation: Initial results for
H2S04, H20, and NH3 vapors, Journal of Geophysical Research: Atmosphdre237@»-23718, 1999.

25



805

810

815

820

825

830

835

840

Berndt, T., Mentler, B., Scholz, W., Fischer, L., Herrmann, H., Kulmalaahtd Hansel, A.: Accretion Product Formation
from Ozonolysis and OH Radical Reaction .ePinene: Mechanistic Insight and the Influence of Isoprene and Ethylene,
Environmental science & technology, 2018a. 2018a.

Berndt, T., Richters, S., Jokinen, T., Hyttinen, N., Kurtén, T., OtlgeeY,., Kjaergaard, H. G., Stratmann, F., Herrmann, H.,
Sipila, M., Kulmala, M., and Ehn, M.: Hydroxyl radical-induced formatiohighly oxidized organic compounds, Nature
Communications, 7, 13677, 2016.

Berndt, T., Richters, S., Kaethner, R., Voigtlander, J., Stratmann, F., $pilkulmala, M., and Herrmann, H.: Gas-Phase
Ozonolysis of Cycloalkenes: Formation of Highly Oxidized RO2 Radicals and Their Reailoi¢O, NO2, SO2, and
Other RO2 Radicals, The Journal of Physical Chemistry A, 119, 10336-12R4R,

Berndt, T., Scholz, W., Mentler, B., Fischer, L., Herrmann, H., Kulmalaaktl Hansel, A.: Accretion Product Formation
from Self- and Cross-Reactions of RO2 Radicals in the Atmosphere, Angevzdaiige International Edition, 57, 3820-
3824, 2018b.

Bernhammer, A. K., Breitenlechner, M., Keutsch, F. N., and Hansel, A.: Techoieal@onversion of isoprene hydroxy
hydroperoxides (ISOPOOHS) on metal environmental simulation chamber walls, Atmos. Rinem.17, 4053-4062,
2017.

Bianchi, F., Garmash, O., He, X., Yan, C., lyer, S., Rosendahl, |., XRjsdanen, M. P., Riva, M., and Taipale, R.: The role
of highly oxygenated molecules (HOMSs) in determining the composition of ambienin the boreal forest, Atmospheric
Chemistry and Physics, 17, 13819-13831, 2017.

Bianchi, F., Kurgm, T., Riva, M., Mohr, C., Rissanen, M. P., Roldin, P., BerndtCfounse, J. D., Wennberg, P. O., and
Mentel, T. F.: Highly oxygenated organic molecules (HOM) from gas-phase autoxidatbring peroxy radicals: A key
contributor to atmospheric aerosol, Chemical reviews, 119, 3472-3509, 2019

Bianchi, F., Trostl, J., Junninen, H., Frege, C., Henne, S., Hoyle, QMdReni, U., Herrmann, E., Adamov, A., and
Bukowiecki, N.: New particle formation in the free troposphere: A questionerhigtry and timing, Science, 352, 1109-
1112, 2016.

Breitenlechner, M., Fischer, L., Hainer, M., Heinritzi, M., Curtius, J., and Halasd?TR3: An Instrument for Studying the
Lifecycle of Reactive Organic Carbon in the Atmosphere, Analytical Chemistrp824-5831, 2017.

Chew, A. A. and Atkinson, R.: OH radical formation yields®oW KH JDV(SKDVH UHDFWLRQV RI 2 ZLWK
Journal of Geophysical Research: Atmospheres, 101, 28649-28653, 1996.

Crounse, J. D., Nielsen, L. B., Jgrgensen, S., Kjaergaard, H. G¥amaberg, P. O.: Autoxidation of Organic Compounds
in the Atmosphere, The Journal of Physical Chemistry Letters, 4, 35183-363.

Dada, L., Lehtipalo, K., Kontkanen, J., Nieminen, T., Baalbaki, R., Ahdnemuplissy, J., Yan, C., Chu, B., Petdja, T.,
Lehtinen, K., Kerminen, V.-M., Kulmala, M., and Kangasluoma, J.: Formatiomgamwtth of sub-3-nm aerosol particles
in experimental chambers, Nature Protocols, 15, 1013-1040, 2020.

Dias, A., Ehrhart, S., Vogel, A., Mathot, S., Onnela, A., Almeida, J., Kirkbywilliamson, C., and Mumford, S.: Temperature
uniformity in the CERN CLOUD chamber, Atmos. Meas. Tech., 10, 5075;508§ .

Donahue, N. M., Epstein, S., Pandis, S. N., and Robinson, A. L.: A two-siiomah volatility basis set: 1. organic-aerosol
mixing thermodynamics, Atmospheric Chemistry and Physics, 11, 3303-3RlB, 2

Donahue, N. M., Kroll, J., Pandis, S. N., and Robinson, A. L.: A two-difealsvolatility basis sefPart 2: Diagnostics of
organic-aerosol evolution, Atmospheric Chemistry and Physics, 12, 61 2632.

Donahue, N. M., Ortega, I. K., Chuang, W., Riipinen, I., Riccob&noSchobesberger, S., Dommen, J., Baltensperger, U.,
Kulmala, M., and Worsnop, D. R.: How do organic vapors contribute tepaaticle formation?, Faraday discussions,
165, 91-104, 2013.

26



845

850

855

860

865

870

875

880

885

Duplissy, J., Merikanto, J., Franchin, A., Tsagkogeorgas, G., Kangasldgmammer, D., Vuollekoski, H., Schobesberger,
S., Lehtipalo, K., Flagan, R. C., Brus, D., Donahue, N. M., Vehkaméaki, HeidamJ., Amorim, A., Barmet, P., Bianchi,
F., Breitenlechner, M., Dunne, E. M., Guida, R., Henschel, H., Junninelirkby, J., Kirten, A., Kupc, A., Maéttanen,
A., Makhmutov, V., Mathot, S., Nieminen, T., Onnela, A., Praplan, A. P., RicocolfonRondo, L., Steiner, G., Tome,
A., Walther, H., Baltensperger, U., Carslaw, K. S., Dommen, J., Hansel, A., Het&#ila, M., Stratmann, F., Vrtala,

$ :DJQHU 3 ( "RUVQRS

5

& X UWLIXIWF W- RIDIQRQ VX R Q D\OXOO | Bplirtidle DF L G |

IRUPDWLRQ ([SHULPHQWDO GDWD D Ql&ssiear fruSl&atibh YhBogy, Zdutia o#@epQhiRsitd D O L

Research: Atmospheres, 121, 1752-1775, 2016.

Dusek, U., Frank, G., Hildebrandt, L., Curtius, J., Schneider, J., Waltethand, D., Drewnick, F., Hings, S., and Jung, D.:
Size matters more than chemistry for cloud-nucleating ability of aerosol particles, S8ENCcE375-1378, 2006.

Ehn, M., Berndt, T., Wildt, J., and Mentel, T.: Highly Oxygenated Moleculem fA&mospheric Autoxidation of
Hydrocarbons: A Prominent Challenge for Chemical Kinetics Studies, InternationalJofu@hemical Kinetics, 49, 821-

831, 2017.

Ehn, M., Thornton, J. A., Kleist, E., Sipila, M., Junninen, H., PullinerSpringer, M., Rubach, F., Tillmann, R., Lee, B.
Lopez-Hilfiker, F., Andres, S., Acir, I.-H., Rissanen, M., Jokinen, T., Bekloerger, S., Kangasluoma, J., Kontkanen, J.,
Nieminen, T., Kurten, T., Nielsen, L. B., Jorgensen, S., Kjaergaard, ,HC&Bagaratna, M., Maso, M. D., Berndt, T.,
Petaja, T., Wahner, A., Kerminen, V.-M., Kulmala, M., Worsnop, D. RldtW., and Mentel, T. F.: A large source of
low-volatility secondary organic aerosol, Nature, 506, 476-479, 2014.

Ehrhart, S. and Curtius, J.: Influence of aerosol lifetime on the interpretdtimucleation experiments with respect to the first
nucleation theorem, Atmos. Chem. Phys., 13, 11465-11471, 2013.

Eisele, F. and Tanner, D.: Measurement of the gas phase concentration of H2SO4 arelsulitiman acid and estimates of
H2S04 production and loss in the atmosphere, Journal of Geophysical Res¢amtpheres, 98, 9001-9010, 1993.

Epstein, S. A., Riipinen, I., and Donahue, N. M.: A semiempirical correlation betmtieslpy of vaporization and saturation
concentration for organic aerosol, Environmental science & technology434,48, 2009.

Frege, C., Ortega, I. K., Rissanen, M. P., Praplan, A. P., Steiner, G., Heinritahdnen, L., Amorim, A., Bernhammer, A.
K., Bianchi, F., Brilke, S., Breitenlechner, M., Dada, L., Dias, A., Duplissy, Ihaeth S., El-Haddad, I., Fischer, L.,
Fuchs, C., Garmash, O., Gonin, M., Hansel, A., Hoyle, C. R., Jokinedyrninen, H., Kirkby, J., Klrten, A., Lehtipalo,
K., Leiminger, M., Mauldin, R. L., Molteni, U., Nichman, L., Petgja, T., Sard¢laSchobesberger, S., Simon, M., Sipila,
M., Stolzenburg, D., Tomé, A., Vogel, A. L., Wagner, A. C., WagnerXRo, M., Yan, C., Ye, P., Curtius, J., Donahue,
N. M., Flagan, R. C., Kulmala, M., Worsnop, D. R., Winkler, P. M., bwn, J., and Baltensperger, U.: Influence of
temperature on the molecular composition of ions and charged clusters duengiggenic nucleation, Atmos. Chem.

Phys., 18, 65-79, 2018.

Fu, Y., Xue, M., Cai, R., Kangasluoma, J., and Jiang, J.: Theoretical padnegntal analysis of the core sampling method:
Reducing diffusional losses in aerosol sampling line, Aerosol Science and Techi20ibgy1-9, 2019.

Gordon, H., Kirkby, J., Baltensperger, U., Bianchi, F., Breitenlechner, Mtiu€ul., Dias, A., Dommen, J., Donahue, N, M.
and Dunne, E. M.: Causes and importance of new particle fdfbd&k Q LQ WKH SUHVHQW(GD\ DQG SU
Journal of Geophysical Research: Atmospheres, 2017. 2017.

Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simpsogl&eys, M., Dommen, J., Donahue, N. M., George,
C., Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoffmann, T.niauY., Jang, M., Jenkin, M. E., Jimenez, J. L.,
Kiendler-Scharr, A., Maenhaut, W., McFiggans, G., Mentel, T. F., Monod, AipP. S. H., Seinfeld, J. H., Surratt, J.
D., Szmigielski, R., and Wildt, J.: The formation, properties and impaetamindary organic aerosol: current and emerging

issues, Atmos. Chem. Phys., 9, 5155-5236, 2009.

Hanson, D. and Eisele, F.: Diffusion of H2SO4 in humidified nitrogen: Hydrat&DM2The Journal of Physical Chemistry

A, 104, 1715-1719, 2000.

27



890

895

900

905

910

915

920

925

930

Heinritzi, M., Simon, M., Steiner, G., Wagner, A. C., Kirten, A., Hansel, A.,Gurtius, J.: Characterization of the mass-
dependent transmission efficiency of a CIMS, Atmos. Meas. Tech., 9, ¥609-A016.

Hyttinen, N., Kupiainen-M tt |, O., Rissanen, M. P., Muuronen, M., Ehn, M., and kurT.: Modeling the charging of highly
oxidized cyclohexene ozonolysis products using nitrate-based chemical ionizagodournal of Physical Chemistry A,
119, 6339-6345, 2015.

Hyttinen, N., Rissanen, M. P., and Kurtén, T.: Computational Comparisdicethte and Nitrate Chemical lonization of
Highly Oxidized Cyclohexene Ozonolysis Intermediates and Products, The JournasicbP@hemistry A, 121, 2172-
2179, 2017.

Jimenez, J. L., Canagaratna, M., Donahue, N., Prevot, A., Zhang, ®, JKi., DeCarlo, P. F., Allan, J. D., Coe, H., and
Ng, N.: Evolution of organic aerosols in the atmosphere, Science, 3Z5,1528, 2009.

Jokinen, T., Berndt, T., Makkonen, R., Kerminen, V.-M., JunnikknPaasonen, P., Stratmann, F., Herrmann, H., Guenther,
A. B., and Worsnop, D. R.: Production of extremely low volatile organiegpoaunds from biogenic emissions: Measured
yields and atmospheric implications, Proceedings of the National Academy of Scleiit;e&]123-7128, 2015.

Jokinen, T., Sipila, M., Junninen, H., Ehn, M., L6nn, G., Hakal®e14ja, T., Mauldin lii, R. L., Kulmala, M., and Worsnop,
D. R.: Atmospheric sulphuric acid and neutral cluster measurements uskigi-CF, Atmos. Chem. Phys., 12, 4117-
4125, 2012.

Kerminen, V.-M., Chen, X., Vakkari, V., Petgja, T., Kulmala, M., and Bianchi, F.: Aihrergc new particle formation and
growth: review of field observations, Environmental Research Letters, 13, 1238

Kirkby, J., Curtius, J., Almeida, J., Dunne, E., Duplissy, Jth&t, S., Franchin, A., Gagné, S., Ickes, L., Kirten, A., Kupc,
A., Metzger, A., Riccobono, F., Rondo, L., Schobesberger, S., Tsagigas, G., Wimmer, D., Amorim, A., Bianchi, F.,
Breitenlechner, M., David, A., Dommen, J., Downard, A., Ehn, M., Flagag,, Haider, S., Hansel, A., Hauser, D., Jud,
W., Junninen, H., Kreissl, F., Kvashin, A., Laaksonen, A., Lehtipalo, K.alLim Lovejoy, E. R., Makhmutov, V., Mathot,
S., Mikkilg, J., Minginette, P., Mogo, S., Nieminen, T., Onnela, A., Pereira, P., Ret&&hnitzhofer, R., Seinfeld, J. H.,
Sipila, M., Stozhkov, Y., Stratmann, F., Tomé, A., Vanhanen, J., ViisaneNtéla, A., Wagner, P. E., Walther, H.,
Weingartner, E., Wex, H., Winkler, P. M., Carslaw, K. S., Worsnop, PB&ltensperger, U., and Kulmala, M.: Role of
sulphuric acid, ammonia and galactic cosmic rays in atmospheric aerosol nuchatioe, 476, 429, 2011.

Kirkby, J., Duplissy, J., Sengupta, K., Frege, C., Gordon, H., WlamC., Heinritzi, M., Simon, M., Yan, C., Almeida, J.,
Trostl, J., Nieminen, T., Ortega, |. K., Wagner, R., Adamov, A., AmoA., Bernhammer, A.-K., Bianchi, F.,
Breitenlechner, M., Brilke, S., Chen, X., Craven, J., Dias, A., Ehrhart, SarkI& C., Franchin, A., Fuchs, C., Guida,
R., Hakala, J., Hoyle, C. R., Jokinen, T., Junninen, H., Kangaslubpt@m, J., Krapf, M., Kirten, A., Laaksonen, A.,
Lehtipalo, K., Makhmutov, V., Mathot, S., Molteni, U., Onnela, A., Perdkyla, O., Pi€leRja, T., Praplan, A. P., Pringle,
K., Rap, A., Richards, N. A. D., Riipinen, 1., Rissanen, M. P., RohdoSarnela, N., Schobesberger, S., Scott, C. E.,
Seinfeld, J. H., Sipila, M., Steiner, G., Stozhkov, Y., Stratmann, F., Tomé, fan¥ir, A., Vogel, A. L., Wagner, A. C.,
Wagner, P. E., Weingartner, E., Wimmer, D., Winkler, P. M., Ye, P., Zbanglansel, A., Dommen, J., Donahue, N. M.,
Worsnop, D. R., Baltensperger, U., Kulmala, M., Carslaw, K. S., and €udtidon-induced nucleation of pure biogenic
particles, Nature, 533, 521-526, 2016.

Knopf, D. A., P|schl, U., and Shiraiwa, M.: Radial diffusion and penetration of gas molecules asdlgerticles through
laminar flow reactors, denuders, and sampling tubes, Analytical chemistB748¥-3754, 203.

Kristensen, K., Jensen, L., Glasius, M., and Bilde, M.: The effect efeubtemperature on the formation and composition
of secondary organic aerosol from ozonolysis of alpha-pireméronmental Science: Processes & Impacts, 19, 1220-
1234, 2017.

Kuang, C., McMurry, P. H., McCormick, A. V., and Eisele, F. L.: Dependeficeicleation rates on sulfuric acid vapor
concentration in diverse atmospheric locations, Journal of Geophysical Researabpl¢nes, 113, 2008.

28



935

940

945

950

955

960

965

970

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, HNiéminen, T., Petaja, T., Sipila, M., Schobesberger,
S., Rantala, P., Franchin, A., Jokinen, T., Jarvinen, E., Aijala, M., Kangasldgriakala, J., Aalto, P. P., Paasonen, P.
Mikkila, J., Vanhanen, J., Aalto, J., Hakola, H., Makkonen, U., Ransk, T., Mauldin, R. L., Duplissy, J., Vehkamaki,
H., Back, J., Kortelainen, A., Riipinen, 1., Kurten, T., JohnstonYMSmith, J. N., Ehn, M., Mentel, T. F., Lehtinen, K.
E. J., Laaksonen, A., Kerminen, V. M., and Worsnop, D. R.: Ditdxgervations of Atmospheric Aerosol Nucleation,
Science, 339, 943-946, 2013.

Kulmala, M., Vehkamaki, H., Petaja, T., Dal Maso, M., Lauri, A., Kerminen, V. Mmijrw., and McMurry, P. H.:
Formation and growth rates of ultrafine atmospheric particles: a review of obseryvatiorsal of Aerosol Science, 35,
143176, 2004.

Kupc, A., Amorim, A., Curtius, J., Danielczok, A., Duplissy, J., EinthS., Walther, H., Ickes, L., Kirkby, J., and Kirten, A.:
A fibre-optic UV system for H2SO4 production in aerosol chambers caosimignal thermal effects, Journal of Aerosol
Science, 42, 532-543, 2011.

s UWHQ $ %LDQFKL ) $OPHLGD - .XSLDLQHQ{OIIW®OLDPPVRQQK (%D

Breitenlechner, M., and Dommen, J.: Experimental particle formation rates sparopogpheric sulfuric acid and
ammonia abundances, ion production rates, and temperatures, Journal of {Babptesearch: Atmospheres, 121,
12,377-312,400, 2016.

Klrten, A., Jokinen, T., Simon, M., Sipila, M., Sarnela, N., JunninerAdtamov, A., Almeida, J., Amorim, A., Bianchi, F.,
Breitenlechner, M., Dommen, J., Donahue, N. M., Duplissy, J., Ehrhaftagan, R. C., Franchin, A., Hakala, J., Hansel,
A., Heinritzi, M., Hutterli, M., Kangasluoma, J., Kirkby, J., Laaksonen, A., LaldifK., Leiminger, M., Makhmutov, V.,
Mathot, S., Onnela, A., Petéja, T., Praplan, A. P., Riccobono, F., Rissanen, MhdR, Ro Schobesberger, S., Seinfeld,
J. H., Steiner, G., Tomé, A., Trostl, J., Winkler, P. M., Williamson\Wimmer, D., Ye, P., Baltensperger, U., Carslaw,
K. S., Kulmala, M., Worsnop, D. R., and Curtius, J.: Neutral molecular clisstaation of sulfuric aciddimethylamine
observed in real time under atmospheric conditions, Proceedings of theallattademy of Sciences, 111, 18015024,
2014.

Kdrten, A., Rondo, L., Curtius, J., and Ehrhart, S.: Performaneecofona ion source for measurement of sulfuric acid by
chemical ionization mass spectrometry, Atmos. Meas. Tech., 4, 437-443, 2011.

Kdrten, A., Rondo, L., Ehrhart, S., and Curtius, J.: Calibration &@hamical lonization Mass Spectrometer for the
Measurement of Gaseous Sulfuric Acid, The Journal of Physical Chemistry AG37B36386, 2012.

Kurten, A., Williamson, C., Almeida, J., Kirkby, J., and Curtius,Qh: the derivation of particle nucleation rates from
experimental formation rates, Atmos. Chem. Phys., 15, 4063-4075, 2015.

Kurtén, T., Loukonen, V., Vehkamaki, H., and Kulmala, M.: Amines are likely hamce neutral and ion-induced sulfuric
acid-water nucleation in the atmosphere more effectively than ammonia, Atmospheniistry and Physics, 8, 4095-
4103, 2008.

Kurtén, T., Rissanen, M. P., Mackeprang, K., Thornton, J. A., Hyttiden]agrgensen, S., Ehn, M., and Kjaergaard, H. G.:
Computational study of hydrogen shifts and ring-opening mechanismgiitene ozonolysis products, The Journal of
Physical Chemistry A, 119, 11366-11375, 2015.

Kurtén, T., Tiusanen, K., Roldin, P., Rissanen, M., Luy, J.-Hy, BA., Ehn, M., and Donahue, N.:Pinene Autoxidation
Products May Not Have Extremely Low Saturation Vapor Pressures Despite High O:C Ratidsufial of Physical
Chemistry A, 120, 2569-2582, 2016.

Lehtipalo, K., Leppé&, J., Kontkanen, J., Kangasluoma, J., Franchin,i;im@f, D., Schobesberger, S., Junninen, H., Pet4ja,
T., Sipila, M., Mikkild, J., Vanhanen, J., Worsnop, D. R., and Kulmala, \&thods for determining particle size
distribution and growth rates between 1 and 3 nm using the Particle Size Magnifeal, Bov. Res., 19 (suppl. B), 215-
236, 2014.

29



975

980

985

990

995

1000

1005

1010

1015

Lehtipalo, K., Yan, C., Dada, L., Bianchi, F., Xiao, M., Wagner, R., Stolzgntr, Ahonen, L. R., Amorim, A., and
Baccarini, A.: Multicomponent new particle formation from sulfuric acid, ammaania, biogenic vapors, Science
Advances, 4, eaau5363, 2018.

Lopez-Hilfiker, F. D., Mohr, C., Ehn, M., Rubach, F., Kleist, E., WildtMentel, T. F., Lutz, A., Hallquist, M., Worsnop,
D., and Thornton, J. A.: A novel method for online analysis of gdsarticle composition: description and evaluation of
a Filter Inlet for Gases and AEROsols (FIGAERO), Atmos. Meas. Tech., 7, 98320101

Manninen, H. E., Petdja, T., Asmi, E., Riipinen, I., Nieminen, T., MikdilaHdrrak, U., Mirme, A., Mirme, S., and Laakso,
L.: Long-term field measurements of charged and neutral clustersNisirital cluster and Air lon Spectrometer (NAIS),
2009. 2009.

Merikanto, J., Spracklen, D. V., Mann, G. W., Pickering, S. J., anda@arK. S.: Impact of nucleation on global CCN,
Atmos. Chem. Phys., 9, 8601-8616, 2009.

Mohr, C., LOSH](+LOILNHU ) ' <OL(-XXWL 7 +HLWWR $/ /XMW/]VIQHED MO BXLVYE
and Schobesberger, S.: Ambient observations of dimers from terpene oxidatiengas phase: Implications for new
particle formation and growth, Geophysical Research Letters, 44, 2958-2966, 20

Molteni, U., Simon, M., Heinritzi, M., Hoyle, C. R., Bernhammer, A.-K., BianchiBFejtenlechner, M., Brilke, S., Dias, A.,
and Duplissy, J.: Formation of Highly Oxygenated Organic Molecules from alpkad”idzonolysis, ACS Earth and
Space Chemistry, 2019. 2019.

Ng, N., Chhabra, P., Chan, A., Surratt, J., Kroll, J., Kwan, A., McahéNennberg, P., Sorooshian, A., and Murphy, S.:
Effect of NO x level on secondary organic aerosol (SOA) formation frenpliotooxidation of terpenes, Atmospheric
Chemistry and Physics, 7, 5159-5174, 2007.

O'Dowd, C. D., Jimenez, J. L., Bahreini, R., Flagan, R. C., Seinfeitl, Blameri, K., Pirjola, L., Kulmala, M., Jennings, S.
G., and Hoffmann, T.: Marine aerosol formation from biogenic iodinestoms, Nature, 417, 632, 2002.

Pankow, J. F. and Asher, W. E.: SIMPOL. 1: a simple group contribution nfethmedicting vapor pressures and enthalpies
of vaporization of multifunctional organic compounds, Atmospheric ChenastyPhysics, 8, 2773-2796, 2008.

Passananti, M., Zapadinsky, E., Zanca, T., Kangasluoma, J., Myllysissanen, M. P., Kurtén, T., Ehn, M., Attoui, M., and
Vehkamaki, H.: How well can we predict cluster fragmentation inside a mass spectro@ké&mn®al Communications,
55, 5946-5949, 2019.

Praske, E., Otkjeer, R. V., Crounse, J. D., Hethcox, J. C., Stolt,, Kjaergaard, H. G., and Wennberg, P. O.: Atmospheric
autoxidation is increasingly important in urban and suburban North Americeed®liogs of the National Academy of
Sciences, 115, 64-69, 2018.

Presto, A. A., Huff Hartz, K. E., and Donahue, N. M.: Secondary organisagroduction from terpene ozonolysis. 2. Effect
of NO x concentration, Environmental Science & Technology, 39, 7046; 2005.

Quéléver, L. L., Kristensen, K., Normann Jensen, L., Rosati, B., TeRveRaellenbach, K. R., Perékyla, O., Roldin, P.,
Bossi, R., and Pedersen, H. B.: Effect of temperature on the fornwdtitaghly oxygenated organic molecules (HOMSs)
from alpha-pinene ozonolysis, Atmospheric Chemistry and Physics, 19/88692019.

Riccobono, F., Schobesberger, S., Scott, C. E., Dommen, J., Ortega, énkqg, R., Almeida, J., Amorim, A., Bianchi, F.
Breitenlechner, M., David, A., Downard, A., Dunne, E. M., Duplissy, Xh&h S., Flagan, R. C., Franchin, A., Hansel,
A., Junninen, H., Kajos, M., Keskinen, H., Kupc, A., Klrten, A., Kvashin,N., Laaksonen, A., Lehtipalo, K.,
Makhmutov, V., Mathot, S., Nieminen, T., Onnela, A., Pet§ja, T., Prapla®, Santos, F. D., Schallhart, S., Seinfeld, J.
H., Sipila, M., Spracklen, D. V., Stozhkov, Y., Stratmann, F., Tomé, Aglkageorgas, G., Vaattovaara, P., Viisanen, Y.,
Vrtala, A., Wagner, P. E., Weingartner, E., Wex, H., Wimmer, D.,|I8&r«K. S., Curtius, J., Donahue, N. M., Kirkby, J.,
Kulmala, M., Worsnop, D. R., and Baltensperger, U.: Oxidation Products géBim Emissions Contribute to Nucleation
of Atmospheric Particles, Science, 344, 717, 2014.

30



1020

1025

1030

1035

1040

1045

1050

1055

Riipinen, 1., Yli-Juuti, T., Pierce, J. R., Petgja, T., Worsnop, DKRlmala, M., and Donahue, N. M.: The contribution of
organics to atmospheric nanoparticle growth, Nature Geoscience, 5, 453-448, 201

Rissanen, M. P.: NO2 Suppression of Autoxidattahibition of Gas-Phase Highly Oxidized Dimer Product Formation, ACS
Earth and Space Chemistry, 2, 1211-1219, 2018.

Rissanen, M. P., Kum, T., Sipill, M., Thornton, J. A., Kangasluoma, J., Sarnela, N., Junninen,igenkzn, S., Schallhart,
S., and Kajos, M. K.: The formation of highly oxidized multifunctional prodinctse ozonolysis of cyclohexene, Journal
of the American Chemical Society, 136, 15596-15606, 2014.

Rissanen, M. P., Kurtén, T., Sipila, M., Thornton, J. A., Kausiala, O., Garr@asKjaergaard, H. G., Petgja, T., Worsnop,
D. R., Ehn, M., and Kulmala, M.: Effects of Chemical Complexity on thim¥idation Mechanisms of Endocyclic Alkene
Ozonolysis Products: From Methylcyclohexenes toward Understandiigene, The Journal of Physical Chemistry A,
119, 4633-4650, 2015.

Saathoff, H., Naumann, K. H., Méhler, O., Jonsson, A. M., Hallquist, M., kéer®charr, A., Mentel, T. F., Tillmann, R.,
and Schurath, U.: Temperature dependence of yields of secondary aegasials from the ozonolysis of <i/i>-pinene
and limonene, Atmos. Chem. Phys., 9, 1551-1577, 2009.

Schervish, M. and Donahue, N. M.: Peroxy Radical Chemistry and the Volatility Besi®tmos. Chem. Phys. Discuss.,
2019, 1-29, 2019.

Schnitzhofer, R., Metzger, A., Breitenlechner, M., Jud, W., Heinritzi, M., Declelesy L. P., Duplissy, J., Guida, R., Haider,
S., Kirkby, J., Mathot, S., Minginette, P., Onnela, A., Walther, H., Wasem, A., Hansahd the, C. T.: Characterisation
of organic contaminants in the CLOUD chamber at CERN, Atmos. Meas. Tech5972268, 2014.

Schobesberger, S., D'Ambro, E. L., Lopez-Hilfiker, F. D., Mohr, C., Bmatnton, J. A.: A model framework to retrieve
thermodynamic and kinetic properties of organic aerosol from compoesésnlved thermal desorption measurements,
Atmos. Chem. Phys., 18, 14757-14785, 2018.

Schobesberger, S., Junninen, H., Bianchi, F., Lénn, G., Ehn, M., Lehkpdimmmen, J., Ehrhart, S., Ortega, |. K., Franchin,
A., Nieminen, T., Riccobono, F., Hutterli, M., Duplissy, J., Almeida, J., AmoAimBreitenlechner, M., Downard, A. J.,
Dunne, E. M., Flagan, R. C., Kajos, M., Keskinen, H., Kirkby, J., KApdKurten, A., Kurtén, T., Laaksonen, A., Mathot,
S., Onnela, A., Praplan, A. P., Rondo, L., Santos, F. D., Schallhart, S., SdenjtARg Sipila, M., Tomé, A,
Tsagkogeorgas, G., Vehkaméaki, H., Wimmer, D., Baltensperger, U., Carslaw, ®ur8us, J., Hansel, A., Petdja, T.,
Kulmala, M., Donahue, N. M., and Worsnop, D. R.: Molecular understarddimgmospheric particle formation from
sulfuric acid and large oxidized organic molecules, Proceedings of the National Acafd8aignces, 110, 17223-17228,
2013.

Simon, M., Heinritzi, M., Herzog, S., Leiminger, M., Bianchi, F., Praplan, A., Demni., Curtius, J., and Kdrten, A.:
Detection of dimethylamine in the low pptv range using nitrate chemical ionizgttiswspheric pressure interface time-
of-flight (CI-APi-TOF) mass spectrometry, Atmospheric Measurement Techniques3®2245, 2016.

Sindelarova, K., Granier, C., Bouarar, I., Guenther, A., Tilmes, S., StayrakoMdller, J. F., Kuhn, U., Stefani, P., and
Knorr, W.: Global data set of biogenic VOC emissions calculated by the MEGAN maatethavlast 30 years, Atmos.
Chem. Phys., 14, 9317-9341, 2014.

Sipila, M., Sarnela, N., Jokinen, T., Henschel, H., Junninen, H., Kontkan@&ic¢liters, S., Kangasluoma, J., Franchin, A.,
Perékyld, O., Rissanen, M. P., Ehn, M., Vehkamé&ki, H., Kurten, T., BeFndPetaja, T., Worsnop, D., Ceburnis, D.,
Kerminen, V.-M., KuP DOD O DQG 29'RZG-scéle evider@eHdt XetbBolparticle formation via sequential
addition of HIO3, Nature, 537, 532, 2016.

Spracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V. M., Sihto, S. L.,jiriip I., Merikanto, J., Mann, G. W.
Chipperfield, M. P., and Wiedensohler, A.: Contribution of particle formatiogldbal cloud condensation nuclei
concentrations, Geophysical Research Letters, 35, 2008.

31



1060

1065

1070

1075

1080

1085

1090

1095

1100

Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., BoschundNauels, A., Xia, Y., Bex, V., and Midgley, P.
M.: Climate change 2013: The physical science basis, Intergovernmental Parnghate Change, Working Group |
Contribution to the IPCC Fifth Assessment Report (AR5)(Cambridge Univ Press, N&)y X5r2013.

Stlzenburg, D., Fischer, L., Vogel, A. L., Heinritzi, M., Schervish, M., Simon,Whagner, A. C., Dada, L., Ahonen, L. R.,
and Amorim, A.: Rapid growth of organic aerosol nanoparticles over atmigespheric temperature range, Proceedings
of the National Academy of Sciences, 2018. 201807604, 2018.

Stolzenburg, D., Steiner, G., and Winkler, P. M.: A DMA-train for precision oreagent of sub- xQP DHURVRO G\QI
Atmos. Meas. Tech., 10, 1639-1651, 2017.

Trostl, J., Chuang, W. K., Gordon, H., Heinritzi, M., Yan, C., MolteniAtm, L., Frege, C., Bianchi, F., Wagner, R., Simon,
M., Lehtipalo, K., Williamson, C., Craven, J. S., Duplissy, J., Adamdy, Almeida, J., Bernhammer, A.-K,,
Breitenlechner, M., Brilke, S., Dias, A., Ehrhart, S., Flagan, R. C., Franchin, ghsFQ., Guida, R., Gysel, M., Hansel,
A., Hoyle, C. R., Jokinen, T., Junninen, H., Kangasluoma, J., KeskihgKkim, J., Krapf, M., Kirten, A., Laaksonen, A,
Lawler, M., Leiminger, M., Mathot, S., Méhler, O., Nieminen, T., Onnela, &taR, T., Piel, F. M., Miettinen, P.,
Rissanen, M. P., Rondo, L., Sarnela, N., Schobesberger, S., Senguptall&.MSjsmith, J. N., Steiner, G., Tome, A,
Virtanen, A., Wagner, A. C., Weingartner, E., Wimmer, D., Winkler, PYd,,P., Carslaw, K. S., Curtius, J., Dommen,
J., Kirkby, J., Kulmala, M., Riipinen, I., Worsnop, D. R., DonalNie\., and Baltensperger, U.: The role of low-volatility
organic compounds in initial particle growth in the atmosphere, Nature, 53 G6.

Valiev, R. R., Hasan, G., Salo,Vi.- . XEHpPND - TD:@ersystemdiolsings Drive Atmospheric Gas-Phase Dimer
Formation, The Journal of Physical Chemistry A, 123, 6596-6604.201

Vanhanen, J., Mikkila, J., Lehtipalo, K., Sipila, M., Manninen, H. E., SiivBlaPetaja, T., and Kulmala, M.: Particle Size
Magnifier for Nano-CN Detection, Aerosol Science and Technology, 45, 5332641.

Viggiano, A., Seeley, J. V., Mundis, P. L., Williamson, J. S., and MdRi¢\.: Rate Constants for the Reactions of XO3-
(H20) n (X= C, HC, and N) and NO3-(HNO3) n with H2SO4: Implications for Ajpheric Detection of H2SO4, The
Journal of Physical Chemistry A, 101, 8275-8278, 1997.

Wagner, R., Yan, C., Lehtipalo, K., Duplissy, J., Nieminen, T., KangasluJ., Ahonen, L. R., Dada, L., Kontkanen, J., and
Manninen, H. E.: The role of ions in new particle formation in the CLOUD chgrmAbaospheric Chemistry and Physics,
17, 15181-15197, 2017.

Werle, P., Slemr, F., Maurer, K., Kormann, R., Mlcke, R., and JaBkeédear-and mid-infrared laser-optical sensors for gas
analysis, Optics and lasers in engineering, 37, 101-114, 2002.

WHO: Ambient air pollution: A global assessment of exposure and burden of dReh8e2016.

Wildt, J., Mentel, T., Kiendler-Scharr, A., Hoffmann, T., Andres, S., BhnpKleist, E., Misgen, P., Rohrer, F., and Rudich,
Y.: Suppression of new particle formation from monoterpene oxidation by M@nqgspheric chemistry and physics, 14,
27892804, 2014.

Williamson, C. J., Kupc, A., Axisa, D., Bilsback, K. R., Bui, T., Qamano-Jost, P., Dollner, M., Froyd, K. D., Hodshire, A.
L., Jimenez, J. L., Kodros, J. K., Luo, G., Murphy, D. M., NaB. A., Ray, E. A., Weinzierl, B., Wilson, J. C., Yu, F.,
Yu, P., Pierce, J. R., and Brock, C. A.: A large source of clondatsation nuclei from new particle formation in the
tropics, Nature, 574, 399-403, 2019.

Wimmer, D., Lehtipalo, K., Franchin, A., Kangasluoma, J., Kreissl, F., KurterKukg¢, A., Metzger, A., Mikkila, J., and
Petdja, T.: Performance of diethylene glycol-based particle counters in tBengubize range, Atmospheric Measurement
Techniques, 6, 1793-1804, 2013.

Wimmer, D., Lehtipalo, K., Nieminen, T., Duplissy, J., Ehrhart, S., Almeid Rondo, L., Franchin, A., Kreissl, F., Bianchi,
F., Manninen, H. E., Kulmala, M., Curtius, J., and Pet&ja, T.: Technical Noteg étG-CPCs at upper tropospheric
temperatures, Atmos. Chem. Phys., 15, 7547-7555, 2015.

32



Ye, P., Zhao, Y., Chuang, W. K., Robinson, A. L., and Donahukl.Nsecondary organic aerosol production from pinanediol,
a semi-volatile surrogate for first-generation oxidation products of mqrestes, Atmos. Chem. Phys., 18, 6171-6186,
1105 2018.

Ye, Q., Wang, M., Hofbauer, V., Stolzenburg, D., Chen, D., Schervish/ddel, A. L., Mauldin, R. L., Baalbaki, R., Brilke,
S., Dada, L., Dias, A., Duplissy, J., El Haddad, I., Finkenzeller, H., Fidchéte, X., Kim, C., Kirten, A., Lamkaddam,
H., Lee, C. P, Lehtipalo, K., Leiminger, M., Manninen, H. E., MartenlVRntler, B., Partoll, E., Petgja, T., Rissanen, M.
P., Schobesberger, S., Schuchmann, S., Simon, M., Tham, Y. J., Vazquez;Rufl&8agner, A. C., Wang, Y., Wu, Y.,
1110 Xiao, M., Baltensperger, U., Curtius, J., Flagan, R., Kirkby, j., Kulmalavdkamer, R., Winkler, P. M., Worsnop, D.
R., and Donahue, N. M.: Molecular Composition and Volatility of Nucleated Particles.fi@imene Oxidation between -
50 °C and +25 °C, Environmental Science & Technology, doi: 10.1021/ad30&6%, 2019. 2019.

Ziemann, P. J. and Atkinson, R.: Kinetics, products, and mechanisms of sgcorgiaric aerosol formation, Chemical
Society Reviews, 41, 6582-6605, 2012.

1115

33



1120

(a)

— 100 — .
—] N GCR [=
S E | :
0 HI 1 !l I LI | |!I LI | |!| |!| 1 I LI | |!I LI L i i !
(b) 807 1290 7 __ ozone —— a-Pinene — neg. ions! P ; : : : [ 10 &
4 5 N — : e - i i B 2
— o | | —_
S 40— T 800 i ; : — 10" &
a 4 2 . ; ; s 3
- [ 1] | . w
o — c — I | —_
o 20 1 % 400 1 , | 10 g
0 - ® 0 |4 ' -
1007 | 5 5 ' Lo ' ¥
— 8- I I I I I I I
(C) E = i i 1 1 1 1
—- 4: i i i . I T I I L. me o
a 1 i i . I I I Lt et -1 ‘£
i i i i o 1 P R e B o
-E e i i I I I 0 T ._l: I 3 o
£ i i i ! Lo i S )
5 104 I I I i 1 1 B Tt s o
5 =l i i i TN i
& = i i ; ; ; z
BRI S z
o MR aON T IR III-III L T TN
1 _ 1'- 5'!I|I||i||||!|'Illlllllll'lllllll'
(d) 107 7o 10T —u; —CPC——CS - Ky | l H
— 2 0 1 1 1 1 1 | i =
T 107 E_ 100 — = i {---i Wi s
Y @ 0 T R v
T10°— o' | | (. i o
g e P ; ] 2
2 . S L | o ; ' 3
RPNt SN 3
a ! 1 | ! ! ! ! ‘:d
10° — 210'2 5'|:|||| |:f|||;| |E‘:|||| |;||||E|| =
() 10" 77— HOM C10 — C20 — RO, — ULVOC !
e . . —
e 10"
o
£
5
S 10°
10° — ||||'|||||||||||||||||||||||||||
12:00 14:00 16:00 18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00 10:00
20.10.2018 21.10.2018

Figure 1. Typical CLOUD experiment sequence of anew's DUWLFOH

three different precursor concentrations.
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ILIXUH VKR ZV-piDedDe HppagiceHformation run during the CLOUD13 campaign. The imemdris

conducted at a temperature of + 5 °C and at a relative humidity of 80 %. The verE#iditate a change of the experimental

conditions in the chamber (e.g. change of settings for fan speed, UV #ltimomnclearing field, etc.) marking a new stage
within the run. (A) Change of fan speed and UV light intensity duringuheN, GCR and CLEAN indicate neutral (high-

voltage clearing field on), galactic cosmic ray (high-voltage clearing field mdfckeaning (neutral periods including high fan
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1125 Combined size distribution of aerosol particles measured by the DMA-TRASNS('hm) and nanoSMPS 83 nm). (D)
Evolution of the nucleation rate at 1.7nm 4Jand the total particle concentration above 2.5 nm, measured with a scanning
PSM (1.7 nm) and a butanol-based CPC (2.5 nm). Furthermore, sheales to the chamber wallsyfk black dashed line)
and the determined particle condensation sink (CS, grey line) are shownvala)ida of total HOM concentration and
partitioning into HOM monomer (f5), HOM dimer (Go) and peroxy radicals ( RS:) as well the fraction of ultra-low
1130 volatility organic compounds (ULVOC) measured by the nitrate CI-APi-TOF.
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Figure 2: Mean oxygento-carbon elemental ratio (O/C) of HOMs at difl HUHQW WHPSHUDW X-pinébve DQG
oxidation rates.
1135 Mean O/C of HOMs detected by the nitrate CI-APi-TOF. HOMs are produced fromt@reni | -pinene (2002000 ppt)
and ozone (3#8 pphk) under dark (circles) and UV-illuminated (diamonds) conditions at five difféeemperatures ranging
from - 50 to + 25 °C. The marker symbols are slightly horizontallyeshiin the x-axis to ensure a better visibility. The higher
OH-*radical concentration due to the UV light influences the oxidation state of the HOM teelethe different initial
precursor concentrations lead to only a minor effect on the oxidation Tatigperature has an impact on the formation of

1140 HOM closed-shell products as the autoxidation proceeds slower at lower temperatures.
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Figure 3: Mean Codimerto Ci1o PR O R P HU U DhidéheRoxRlation at different temperatures.
The ratio of the detected sum of dimer produ@s,) versus the sum of monomer products of thginene oxidation

experiment measured by the nitr&eAPi-TOF. The color bar indicates thepinene oxidation rate. Elevated oxidation rates

result in a stronger increase in dimer products than monomer productswe 8 Q-RO, reactions. While the ratio between

monomers and dimers is stable for low temperatures (< 0 °C) it decvgatis@sgher temperatures. This is an indication that

some of the monomers are semi-volatile at higher temperatures and deversibly condense on a cluster or particle. Also,

the bimolecular termination of the autoxidation, due to an elevated concentration*cdiiidls, can cause this effect. No

pronounced effect due to the different ion concentration in the chambemesipisrcan be recognized.
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1[160 Figure34: 7TRWDO +20 DQG 8/92& \LHO G VWifkxhe dxidatighFatek & §veRlifferent temperatures.
The total gas-phase (a) HOM and (c) ULVOC yields measured by the nitrate Cl-ARA€EOFeing to Eq. (10). The color
code in panel (a) and (c) as well as the x axis in panel B shows the oxidaticorratéed for all losses and condensation sink
inside the chamber. (a) The total HOM yield decreases with decreasing tempetaunearker symbols for dark (circles)
and UV-illuminated (diamonds) conditions are slightly horizontally shifted enxtlxis to ensure a better visibility. (b) The

1165 mean yields are derived from the slope of the linear fits of the HOM ctratiens at the different temperatures. The measured
HOM concentration is linearly dependent on its precursor concentratiomijoxidate) as indicated by the double-logarithmic
fits with the slope of 1. Thus, there is no saturation effect in the chemazugtion rate nor an instrumental effect at all
temperatures. Overall systematic scale uncertaintiegl®6®4 for the .-pinene reaction rates and + 78068% for the HOM
mixing ratios are not shown.
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Figure 45: Molecular composition of neutral highly-exygenated-meleculesHOM s) at the five temperatures studied
and their corresponding volatility.
Mass defect (difference of exact mass to integer mass) versus m/z ofagasHibMs measured with the nitrate anion ClI-
APi-TOF. Data shown represent steady-state run conditions (production term baléthcalli loss rate). For clarity, other
signalsthan organigssuch as the reagent ions, are not shown in the plot. Each cirodseeis a particular molecular
composition. All molecules shown here are clustered to a nitrate ion monomeh&oeagent ion chemical ionization. Same
oxidation products clustered to different reagent ions (e.9. 7; 7 ®s54 55 .) are summed to the reagent monomer
cluster ion (7 ®s54 sg . 6 L P L-Piizhe oxidation ratest(F u ®r «‘Z1f..—2% @&79) are used for each
temperature to ensure better comparability. The area of the markers igtiprgbdo the logarithm of the concentration
measured by the nitrate CI-APi-TOF. The systematic scale uncertainty on the HO&htrations is + 786/i 68 %. The
lines represent a homologous group of oxidation products with the sanogégdo carbon (H/C) elemental ratio but with an
increasing oxygen level (e.gs54 55 7254- The group between 240 and 420 Th is referred to as HOM monamersy( Gs
- Cig), while the band between 400 and 620 Th marks HOM dimers (mainlZ4). The color indicates the corresponding
volatility range based on the volatility basis set model (VBS-model). ULVOC, ultra-ltatilitg organic compound (purple;
Uurr ;0 us®’* J%’ %); ELVOC, extremely low-volatility organic compound (gray ®r’~ O Uurr ;0
u ®7° J %’ 3: LVOC, low-volatility organic compound (redj ®’° O Y%urr ; O rau F%; SWOC, semi-volatile
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organic compound (greem,a u G:urr ;0O urrJ %0’ §; IVOC, intermediate volatility organic compound (bluer r O

1190  Yurr ;O us® J%’%.

| Figure 56: Composition of the measured gas-phase HOMs at different temperatures and their tagation ratio
distribution.

1[195 Same .-pinene oxidation ratest(F u ®r +‘Z 1 ... —=2% &9 and run conditiosas shown in Fig45. The area of the
markersis proportional to the saturation ratio of each detected HOM in the gas-phase azthbgdhe nitrat€Il-APi-TOF,
while the color reflects the measured concentration. The figure directly showsléwelemthat drive the nucleation and early
growth of embryonic clusters. Note that the concentrations of less oxidizeédcgs are likely underestimated by the nitrate
CI-APi-TOF and should therefore be interpreted as a lower limit. The lines represemiladpmus group of oxidation products

1200 with the same H/C but different number of oxygen atoms.
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Figure 67: Volatility distribution of the measured oxidation products for five representative temperatures.
The mass concentration and volatility distribution&i&fMs-oxidation produc KRZQ KHUH D UddinBné/ oxid&tian V D P H
ratest F u ®r «'Z%..—2% &9 and run conditions as data shown in Bi§. The summeéOM-oxidation product

concentration of each volatility bin is divided into the nitrate CI-APi-TOF (daltir) and the PTR3 instrument (light color),

respectively. Each volatility bin is defined at 300K, shifted and widened acgdalifheir corresponding temperature. The
highest and lowest bin are overflow bins. The solid lines for each temperatiegergphe cumulative sum of the volatility

bins of both instruments towards higher volatility, while the dashed linegepts the nitrate CIMS onl@xidation products

detected by the nitrate CI-APi-TOF (LOD5-10* moleculesen®) below 110° moleculesem® are added to the cumulative
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sum. This results in slightly higher concentrations of the cumulative suers eampared with the first visible bifihe color

bands in the background indicate the volatility regimes as in Donahue etl®) @ Schervish and Donahue (2019).
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Figure 78 New SDUWLFOH IRUPDWLRQ UDWH DV | X-QireneLaRiatienl ratesFor hipratuiz G
from 50 to + 25 °C.

Biogenic new-particle formation rates at 1.7n@,(. R {pinene oxidation versus (a) total measured gas-phase HOMs)and (b
ULVOC concentration under ion-freg, ( circles) and charged,d,,triangle) conditions. The color of the marker points
specifies the investigated temperatures. The experimental conditions aee2R00 ppt of .-pinene, 37148 pph of Os,
relative humidity 40 - 90 % and < 1 - %16m?3 H,SQu. Black marker strokes indicate dark conditions, while orange marker
strokes represent UV-illuminated conditions. Dash-dotted lings(d solid lines (. ,),are power law fits of the distinct ion
condition for each of the individual temperatures. The dark gray datsbddine indicates the upper limit of ion-induced
nucleation (4 9,from the GCR ion-pair production rate at ground level. (c) Neutrplad (d) charged, ,),new-particle

fRUPDWLRQ UDW H -finén®oxidafidn VateRaD d&l condition (circles) and UV-illuminated conditiomgdias).
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is not shown.
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