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Abstract. Secondary Organic Aerosol (SOA) particles have been foarmktefficient ice nucleating particles under the cold
conditions of (tropical) upper tropospheric cirrus cloudéether they also are efficient at initiating freezing ajtgliy warmer
conditions as found in mixed phase clouds remains undateanHere, we study the ice nucleating ability of photo-ciceity
produced SOA particles with the combination of the Manatreaerosol and Ice Cloud Chambers. Three SOA systems were
tested resembling biogenic/anthropogenic particles anmticges of different phase state. After the aerosol pladigvere for-
med, they were transferred into the cloud chamber wheressulent quasi-adiabatic cloud evacuations were perforsd.
ditionally, the ice forming abilities of ammonium sulfatedbkaolinite were investigated as a reference to test thererpntal
setup.

Clouds were formed in the temperature range of 2@ -28.6C. Only the reference experiment using dust particles showed
evidence of ice nucleation. No ice particles were obseruneany other experiment. Thus, we conclude that SOA particles
produced under the conditions of the reported experimentaat efficient ice nucleating particles starting at ligséduration

under mixed-phase cloud conditions.

1 Introduction

Clouds and their feedbacks are major sources of uncertairftyture climate predictions. Aerosol particles to a sfigaint
extent determine the condensation of water to form liquimptts and ice crystals. The transition into the ice phagmis
ticularly important, e.g. for formation of precipitatiobyt is yet poorly understood in detail. While certain aergsaticles
such as dust are known to be important ice nucleating pest{tNP), others are highly abundant, yet their ice formibi¢jtaes
remain poorly understood. One example for such partickesacondary organic aerosol (SOA). They originate fromédiog
and anthropogenic sources, e.g. from the oxidation of plaamass burning, and combustion emissions. SOA partizEas
exist in different phase states. The traditional undedtenconceived them as homogeneous well-mixed liquidsheyt tan
occur in amorphous semi-solid or solid states (Virtanen.e2810). The state of the particles is dependent on théivela

humidity and temperature (Koop et al., 2011). Amorphouglsalso termed glassy, particles have been observed tacbann
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an aerosol impactor, thus, the bounce of particles can lgetasafer their phase state (Virtanen et al., 2010). The @maus
phase state of these glassy particles has been shown tonicdltieeir ability to act as ice nucleating particles. Fomepke
Murray et al. (2010) have found glassy organic particlesstefficient ice nucleating particles in the depositional modthe
tropical tropopause layer. In their experiments, Murragle2010) found that glassy aerosol particles nucleatedigstals at
lower relative humidities (with respect to ice) than the samprosol in a non-glassy phase state. Furthermore, fewtariea
nucleated on the glassy particles, allowing higher in-dlbumidities. Shiraiwa et al. (2017) state that in the midudid upper
troposphere SOA should be mostly in the glassy state, whieph promote ice nucleation. They found SOA to undergo their
glass transition abovekzn altitude. Similarly, Mikhailov et al. (2009) state that a istare-induced glass transition may play
arole in the lower troposphere, depending on the relativeitiity.

Several studies have investigated the ice forming capabilidifferent SOA particles; however, the majority of teestudies
looked at cirrus temperatures (i.e. below 2@9) and only few investigations look at the temperature rangeiged-phase
clouds. One example of such a study is reported by Prenni @G9). They looked at the ice nucleating ability of alkeaé
-30°C and found them to be unlikely to participate in heterogeseuicleation. However, they formed the SOA particles by
dark ozonolysis of precursors. To our knowledge, the effimjeof photo-chemically produced SOA particles as ice ratoig
particles has not been determined.

The freezing and eventual sublimation of ice from the adrpadicle may change its properties (e.g. Adler et al., 2084
called cloud processing. Thus, such a freeze-drying cydhinincrease their ice nucleating abilities. Cloud preieg also
happens in warm clouds (e.g. Hoose et al., 2008), where tlos@eparticle characteristics can be changed e.g throddh a
tional uptake of atmospheric gases and chemical reactighgtve soluble part of the contained aerosol particle td&eein
the aqueous phase. Upon evaporation of the cloud, aerodmlgmare re-emitted and these particles have changedicak
properties and are larger than the initial particles (Pagper and Klett, 1997); therefore, the aerosol size digioh is also
affected by cloud processing. Comparison of size distidoudf interstitial aerosol within the cloud with the sizesttibution
below the cloud clearly indicates that the processing ofa@sol through (honprecipitating) stratus can lead teeiwsed
mass of the subset of particles which had served as cloudceosatdon nuclei (CCN; Hoppel et al., 1994).

This work aims to investigate the ice nucleating ability bbp-chemically produced SOA particles in the ManchestoAol
and Ice Cloud Chambers. Here, we report on the results of #asarements (Sect. 3, including the experimental setfip), a
an introduction of the chambers and instrumentation (2¢cthe results are discussed in relation to previous stuatie their

impact for atmospheric processes (Sect. 4) and summarighd conclusions (Sect. 5).

2 Facilities and Instrumentation

For the current study the Manchester Ice Cloud Chamber (N1E2d Manchester Aerosol Chamber (MAC) were used, which
are connected by a transfer pipe. The chambers and theunmshtation are described in the following, an overviewivgigy
in Fig. 1.
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2.1 Manchester Aerosol Chamber (MAC)

The Manchester Aerosol Chamber (MAC) is a photochemicalsméichamber comprising a 8 teflon bag (Hamilton et al.,
2011; Alfarra et al., 2013) surrounded by a temperature atadive humidity controlled housing. The teflon bag is heyd b
three frames such that the upper and lower frame can freel tocallow expansion and collapsing of the chamber durihg fil
cycles or sampling (and thus removing air) from the chamisgached to the chamber is an air system that contains asserie
of filters (Purafil, Purafil Inc., USA, charcoal; HEPA, Donsduh Filtration, USA), a humidifier, an ozoniser, and a seedndr
NO can be added (aS0) as well as the target volatile organic compounds (VOCsBHOA formation. The precursors are
introduced through injection into a heated glass bulb aausfierred into the chamber by a flow of filtered, high purityagen
(ECD grade, 99.997 %). Thus, the composition of gaseousimers and relative humidity can be controlled. Twd¥ Xenon

arc lamps and further halogen bulbs are mounted on the in§ithe bag’s housing to simulate the solar spectrum and enabl
photo-chemistry. Furthermore, the housing is covered meflective space blanket, in order to maximise the irraddandhe

bag and to ensure even illumination. The Xenon arc lamps aunted on two opposite sides of the enclosure at different
heights. The illumination setup has been tuned to mimic thesapheric actinic spectrum over the wavelength range 290-
800nm. Air conditioning ensures that the chamber is kept at anaijppey temperature of typically 28 during experiments
(under illumination). Further details on the chamber ahahilnation can be found in Alfarra et al. (2013).

The aerosol chamber is equipped with a set of instrumentsetmsare temperature, humidity, aerosol number, partizke si
distribution, mass concentration and chemical compasitiRelative humidity and temperature are measured at thieecen
and on the side of the chamber by a dewpoint hygrometer, antiemuple, and a resistance probe. A water condensation
particle counter (WCPC 3785, TSI Inc., USA; with a cut-off dieter at 5 nmmm) is used to measure the aerosol number
concentrations. A Differential Mobility Particle Sizer KPS, custom made) observes particle size and mass digtribufor
sizes between 40—646h with the sheeth flow taken from the chamber as well. A cheniil@scence gas analyser (Model 42i,
Thermo Scientific, USA) is used for measuriN@ andNO, mixing ratios and ozone was measured by a UV photometric gas
detector (Model 49C, Thermo Scientific, USA).

A transfer pipe connects the aerosol chamber to the cloutlloba(as indicated in Fig. 1). The pipe has a diameter of acte in

and is approximately 38 long.
2.2 Manchester Ice Cloud Chamber (MICC)

The Manchester Ice Cloud Chamber (MICC) is arilligh stainless steel tube ofildiameter which is contained in three cold
rooms (spanning over three floors; Connolly et al., 2012; iSioet al., 2015). The cold rooms can be temperature cdedrol
from room temperature to about -80. Two scroll pumps are used to evacuate the chamber in orderrtoclouds in these
experiments. The chamber can be refilled e.g. with filteredraair from the aerosol chamber via the transfer pipe (df. E).
MICC is instrumented to measure ambient conditions suclempéerature, pressure, and humidity, and furthermoredclou
particle and aerosol particle concentrations. The foll@pinstruments are in use: eight thermocouples (K type)fégrdit
heights, reaching alternating & (thermocouples Tc1, Tc3, Tc5, Tc7) orda (thermocouples Tc2, Tc4, Tc6, Tc8) into the
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chamber. The thermocouples were calibrated before theriexpets at temperatures between -785dry ice) and 100C
(boiling point). The thermocouples have a time constantbofua 63, see appendix for more detail. A modified (for lower
temperatures) Keller Lex1 pressure sensor with accura@y2é6FS monitors the chamber pressure. Humidity can be mezasu

at ambient pressure by a CR-4 hygrometer. For the measutewferioud particle properties such as number concentigtio
size distributions, and shapes, a Forward Scattering &peeter Probe (FSSP Dye and Baumgardner, 1984) and a Cloud
Particle Imager (CPI, version 1.0; Connolly et al., 2007)evgeployed.

2.3 Cleaning procedures

In order to clean the chambers the attached air system acedatgs three filters (see description in Sect. 2.1 and Fitp 1)
remove any particles and reactive gases.

The aerosol chamber is cleaned by several cycles of filliddglashing (at least 5 times) until the aerosol number comagohs
stayed constant below:m 2 (dark concentration). The cleaning procedure includesifgsthe pipes around the seed drum
and ozoniser. After the last flushing cycle ozone is addedthe chamber and left over night in order to oxidise any detr
reactants. Typically for this purpose, ozone concentnatere about 500-6@@b. The content of the chamber is then replaced
with clean air using a series of fill/flush cycles prior to tlx@eriment.

The cloud chamber is cleaned by repeated evacuations ofiimelzr to 200Pa followed by refilling from the air system with
filtered air until aerosol concentrations stayed constativio Icm—3. The number of necessary cleaning cycles is dependent
on the aerosol number concentrations left from a previopsément.

As the cloud chamber is fitted with several outlets/openindgch for evacuation are sealed off, there are sourcegs&ages.
These have been measured by evacuating the chamberli®2@0d leaving it at this pressure for approximately two hours.
A leakage rate of 0.1%Pamin~! was found, which should only allow introduction of a smalhmher of unspecified aerosol
from the lab air. An estimate including previous leak cheakd concurrent aerosol concentration measurements ssgges
introduction of less than 1c¢m 3 when leaving the chamber 5 minutes at RBA. (Less aerosol is introduced through leakages
at higher pressures in the cloud chamber.) The leak chetkdied the transfer pipe, i.e. the valve to the transfer pip¢he
cloud chamber side was open and just closed at the entratioe &r system. The refilling of the cloud chamber with ainiro
the aerosol chamber was performed as quickly as possibtedta@e time when MICC and transfer pipe are underpressured
and can potentially be contaminated (typically startedhinii minute). A transfer, i.e. the refilling of the cloud chaen from

the aerosol chamber to ambient pressure, takes about 1@esinu

The air system itself is a complex system with various fiirtherefore, it presents a further potential source fotaooimation
during transfers. This was tested by “clean bag” transfeh&re both chambers are cleaned and a transfer is perforitied w
(almost) particle free air from the aerosol chamber bag émesments are shown in supplementary material).

In addition to the cleaning procedures, MICC is regularlfragted to avoid build-up of ice on the sample line outletth®

cloud particle instrumentation that would eventually léagarticle losses.
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3 Experiments

The experimental programme was constructed to test thaeeific of SOA to act as ice nucleating particles at°2@o
around -28C, i.e. under conditions roughly resembling mixed-phased$owhere dust starts to become important as ice
nucleating particle. Three different SOA systems were ts@erform the experiments. They were chosen to be repiasent

of a typical range of SOA particles of varying sources foumthie atmosphere, including anthropogenic/biogenic atagel
particles of different phase state (bouncy/non-bounctigles; Virtanen et al., 2010). The SOA were photochemydalimed
from the following precursorsi-pinene (biogenic and bounby 1,3,5-trimethylbenzene (TMB; anthropogenic and bodijcy
and heptadecane (anthropogenic and non-bddinieyorder to test the experimental setup, the experimesitguSOA particles

for cloud formation were accompanied with experiments gigimmonium sulfate. Ammonium sulfate was chosen as it is a
well known system that does not nucleate ice under the cheagaerimental conditions. Furthermore, it can easily beetes
with a model to assess whether the ammonium sulfate measunteare meaningful (see Sec. 3.3. A further control expartm
was performed using dust (kaolinite) as this is known to b&eamucleating particle at the given temperature. SomeByst
have been tested with two different pump speeds during etimcuwhich alters the cooling rate. Cooling rates were abou
10.1K min—! and 6.ZK min~"! for fast and slow pump speed, respectively. An overview efgrformed experiments is given
in Table 1.

3.1 Experimental design

An experiment always followed the outlined procedure: Aftareful cleaning of the chambers and the air inlet systém, t
desired particles are created in MAC. To achieve this thatilelorganic compound (VOC) injection glass bulb is heated
and flushed with nitrogen. During the last filling of the MAG bag the precursor gases for the SOA afd, are injected.
By filling through the humidifier water vapour is added. Migimvithin the bag is ensured by the main filling air stream.
Photochemistry is started by switching on the lights. OzZernejected as well just after the lights are switched on asuace

of OH to speed up aerosol nucleation and to increase particle ensmbfter sufficient time for the photochemistry, the light
are switched off and the cloud chamber is evacuated to prdpathe transfer. Table 2 shows the initial concentratiand
other chamber conditions used for the formation of SOA plsi A typical development of the formation of a SOA system i
shown in Figure 2.

When aerosol particle mass reached equilibrium in MAC, asteanwas performed from MAC to MICC. For the transfer
MICC was evacuated to 20@a and then refilled from MAC to ambient pressure. Thus, therddsaerosol population is
transferred into the cloud chamber and slightly dilutedt®yremaining air in MICC, i.e. approximately8 air from MAC is
transferred to MICC and mixed with the approximatety®2remaining clean air. The transfer was then followed by meagu
aerosol total number concentration and size distributiddliCC (using the CPC and SMPS). Temperatures in MICC fluetuat
during a transfer, decreasing during evacuation and isargaluring refill, even above the target temperature ofiQ58s
the aerosol chamber is operated at room temperature, artcatisferred air needs time to cool. Therefore, further s@ro

1see supplement for more information on particle bounce.
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measurements were obtained after MICC temperaturesdéitiek to the target temperature. Immediately followingséhe
aerosol measurements, a cloud expansion was performe®Jli& was pumped down to 70®a with the cloud probes
sampling from the chamber as well. Two different pump speeele tested, a faster pump speed using both main pumps
and the pumps attached to the cloud probes, and a slower pomeg sising one of the main pumps only in addition to the
cloud probes. A faster pump speed, assuming adiabatidltyead to a faster cooling rate and higher supersaturatidiCC
was refilled again from MAC, to avoid further dilution of therasol by mixing with filtered air. Again, aerosol number
concentrations and size distributions were measured inQMI@ times and a further cloud expansion was performedelieth
was still enough air remaining in MAC, it was used to refill MEQvhich allowed a third cloud run.

Additionally, cloud expansions on background transfersavperformed. The background experiments normally coratthiof

the ingredients used in a typical SOA experiment with theepkion of the main precursor. They are conducted to quathtéy
contribution of background VOCs and oxidants to the ove3&lA formation and to ensure that the SOA formed during actual
experiments is a result of the oxidation of the precursoisgostudied (i.e. not originating from compounds comingtbf
chamber walls or from the air used to fill the chamber).

3.2 Results

Instead of showing data for all cloud expansions here, wkomlly illustrate in detail two examples, one using heptaiec

as precursor and one-pinene, as the latter looks fairly similar to the TMB expeent. For the sake of completeness, figures
for all other expansions can be found in the supplementatgniah An example for a cloud expansion on SOA formed on
heptadecane precursor with the faster pump speed is shawig.iB. The uppermost panel shows the aerosol size distibut
measured by the SMPS prior to the chamber evacuation, alithghe numbers for total aerosol concentration as obsdryed
the SMPS. Agreement of the size distributions observed afiasfer and before expansion shows that there is no signtfi
alteration of the aerosol size distribution as a resultettansfer and the time spend in MICC while the temperat@giesThe
mean mode diameter of the aerosol is located at abouti87@hile the second mode diameter is at about200Thus, these
aerosol particles are large enough to potentially act asuckeating particles. Simultaneously with the aerosolsuszments,
humidity was scanned in MICC. These observations show th&(Mvas saturated with respect to water (supersaturatéd wit
respect to ice), the dew point was at 292 .&fter the transfer and at 25X 7efore the expansion. The further panels in Fig. 3
show the time series of the cloud development, with the Siteilolition and mean volume diameter (MVD) of cloud paggl
(panel b) observed by the FSSP, total water content (TWC) amibar concentration (N; panel c), pressure and temperature
(panel d), and some example images taken by the CPI (pan€la)d particles observed just at the start of the expansion
potentially stem from opening the valve to the instrumeldtiand should not be considered.

At the beginning of the expansion (first 20 seconds) a smatiber of aerosol particles (approx.d30-3) activate to cloud
particles with sizes mostly below 18u The main activation takes place at 21 seconds, apparanttfre cloud particle size
distribution time series. High numbers of small hydrometesre observed that subsequently grow to slightly largeass(cf.
yellow colours showing the main particle size mode and sogeysed mean volume diameter (MVD, light blue) in the plot).
The CPI only detected spherical particles during the expan¥Ve would expect that potential ice particles would gitow



10

15

20

25

30

35

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1223 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 4 January 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

larger sizes than the observed sizes. Taking the sizes anch#iyed spherical shapes into consideration, it can beartabfy
assumed that the observed particles were water droplets.

Fig. 4 shows the example of a cloud evacuation run perform#davsiow pump speed om-pinene as SOA precursor. The
mean mode diameter of the aerosol is at abouh#lCActivation of aerosol to cloud particles starts at 8@o the cloud run.
Particle sizes stay below 201 the mean volume diameter reaches abouh @t about 90 seconds into the evacuation and
stays fairly constant until the cloud diminishes. Only opbegical particles had been imaged by the CPI. Given that thas

no further growth in particle size and particle sizes areeasmall, we conclude that the particles were in the lighidse and
not frozen. In case of frozen particles, we would have exgzktiiose to grow more quickly to larger sizes, e.g. as in tis¢ du
example below.

In order to show that ice can be formed under the experimeantalitions, dust particles were injected into the clouchther.
The kaolinite dust was injected into the cloud chamber wWithhelp of a dust generator (PALAS RBG1000) directly attdche
to the chamber (not via the air system). To ensure propemngixd the dust and air in the chamber an evacuation tb P8@@vas
performed directly after the injection. The results of thustdrun using the high pump speed is shown in Fig. 5. Dustgbesti
of a wide range of sizes were present (see SMPS size distriuirt first, small particles with mean volume diameters
between 4 and 10pn were observed that were presumably large (swollen) dusicies. Upon activation at 21 seconds,
small particles activated in the droplet mode (cf. yellowoowos in the size distribution time series), followed bytpae growth
and diminishing of the small droplet mode. The drop of cloadiple numbers at about 8ihto the evacuation are caused by
the growths of the larger ice particles, at the expense oéthall droplets (Wegener-Bergeron-Findeisen process).dmril
images show the presence of non-spherical particlesceqarticles.

The two successive cloud runs in each experiment can be a$ecktat activated fractions in order to see whether thesagro
properties change after one activation/deactivationecfa@bud processing). The activated fraction here is sirplgulated by
dividing the pre-expansion aerosol number concentratyothé peak cloud particle number concentration. Furtheemehen

a second experiment is available with a different pump spiésican be used to determine the effect of the cooling mate o
the activation of the aerosol. Fig. 6 shows the activatectifsas of five experiments: the already shown heptadecamee(u
left panel),a-pinene (middle right panel), and dust (lower right paneh)sraccompanied by their 'sister’-runs, plus a further
heptadecane experiment with altered pump speed (lowgrdatl) and a TMB experiment (upper right panel). Instruneerr
margins may lead to an activated fraction of more than 1. @kegump speed heptadecane experiment shows no significant
cloud processing, activated fractions of both runs are sgmjlar. In the slower pump speed experiment, however, ¢ecersd
heptadecane run shows a higher activated fraction thanrgteun. Thus, the aerosol becomes more efficient at actiyadi
droplets. The first run here exhibits lower activated fi@tsias the fast pump speed runs, the second run peak acfieatioh

is about the same as in the fast pump speed runsaipieene slow pump speed experiment shows the opposite ioeinav
the second cloud run has slightly lower activated fractiasishe first. The same is true for the TMB slow pump speed runs.
Caution needs to be taken with the outliers in the firgiinene run, which might be due to oversampling in the FSSB. T
dust runs were performed at different pump speeds, the detarusing the slower pump speed shows slightly lower atetil/a
fractions as the fast pump speed run.
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3.3 Model comparison for ammonium sulfate control experimen

The Aerosol-Cloud and Precipitation Interactions ModeCfAM; Connolly et al., 2012) has been chosen for testing ef th
experimental data of the ammonium sulfate control runs.mbdel is adapted to be used with chamber measurement data as
the ones reported here. The observed temperature and igresisves as well as the initial relative humidity and aerese
distribution and number concentrations are used to irggahe model. Figure 7 shows the results of the ACPIM sinanat

in comparison to the measurements of cloud droplet numbsrerdrations, LWC, and size distribution. The model predict
complete activation of the aerosol particles. The measemsshow some outliers which might indicate that the capatihe
instrument for measuring particle numbers has been reackhetbo many particles lead to overcounting which is apptin

the outliers. Apart from the outliers, the measured cloutigdla numbers are a little smaller than the modelled nustsggain

in high concentrations the instrument is prone to measuneg@ncidence errors, not only overcounting but also rpleti
particles in the sample volume at one time leading to a gémexdercounting. As all aerosol particles in ACPIM actiyate
they grow subsequently into a very narrow (theoretical sistribution. The simulated sizes are somewhat smaléer the
mean volume diameter measured by the FSSP. This could bedberr for the smaller LWC predicted than measured as well.
The simulation predicts cloud particle appearance edti@n the observations show, this is certainly due to boynkdger
effects in the cloud chamber. Due to e.g. wall heating, theeit to the walls may stay cloud free for longer than theriate

of the chamber where the cloud forms earlier on. As the salim@e are attached to the bottom and will first suck air from
the boundary layer, it will take time for the cloud to extermhwards to the bottom and be sampled. The observed cloud
particle size distribution is wider than the simulated ddeme aerosol particles might nucleate and subsequenithatacinto
cloud drops during the evacuation, leading to the widenirih®size distribution to the smaller sizes. Further effexdftnon-
uniformity in temperature and humidity might lead to furtieoadening of the size distribution. However, the sinmalaand

measurements are similar enough to conclude that the nesasnts behave reasonably as expected.

4 Discussion

Three different precursors were chosen for SOA formatighimstudy, to cover biogenic and anthropogenic as well astp
and non-bouncy particles. The photo-oxidised SOA pasiaglere transferred into a cloud chamber to study their icéatiog
abilities at temperatures of -20 to about -28C. The chamber was at water saturation at the start of the mexasats, thus,
providing the environment for cloud formation. The most artant finding from this study is that the used SOA particlesen
not efficient ice nucleating particles at the chosen tenmipezaange (i.e. in the mixed phase clouds regime). While¢hsis-
vity runs performed on dust particles, clearly show nuateedf ice, ice nucleation was not measurable in any of therddOA
or ammonium sulfate runs. Thus, even though abundant, S@&lpa might not play a role in ice formation at lower altiis,
contrary to previous findings at lower temperatures, wh&@a $articles were found to nucleate ice (see Hoose and Mohler
2012, and references therein). Measurements of ice nige@tr lack of ice nucleation) at higher temperatures asrcse
Prenni et al. (2009) also found no measurable ice nucleati@ontinuous flow chamber measurements af €3thowever,
they formed the SOA particles through dark ozonolysis o€prsors using excessive amounts of ozone, whereas in tg st
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photo-oxidation of precursors with less ozone were usedhErtmore, the residence time of the aerosol particles émir

et al’'s measurements in the continuous flow chamber arecimttier of seconds, compared to several minutes here. Even
if e.g. Mikhailov et al. (2009) and Shiraiwa et al. (2017) amgrect in assuming that glass transition plays a role atiemb
temperatures in the lower troposphere (above roughily)2these particles according to this study and Prenni e2@09) will

not be (efficient) ice nucleating particles.

There seems to be a twofold activation of cloud droplets enhtaptadecane experiments. Upon onset of activation a few se
conds after start of the evacuation, a smaller amount ofdcfmuticles are observed with a low LWC, until the second mode
of activation kicks in and larger numbers of particles atvand the LWC peaks. The mean volume diameter of the cloud
particles in the first activation mode is a little smallerrttiathe second mode, though not always clearly apparent.iAlthe
dust experiments two modes were observed in the size disoib Here, however, it is likely that the first mode comesis
larger (possibly swollen) dust particles and not cloudipkas. The latter appear in the second mode. The experimeatits:-
pinene and TMB precursors show a different behaviour willy hre main activation mode. These precursors are both lypunc
i.e. more viscous than the heptadecane. Thus, larger supersons are needed for these precursors to take on vwagieur
and grow due to diffusion limitations. A speculative exg@#an for this could be that the heptadecane particles,tbera
subset thereof, already start activating during the tean$he relatively warm air from the aerosol chamber flows the cold
cloud chamber and starts cooling, the relative humidityeases accordingly. Some vapour will condense onto thes walt

the relative humidity might increase enough to start atitveof aerosol particles that already made it into the chemibhese
activated particles then grow, while further later arrgyiparticles may stay unactivated. When the evacuation of lthelc
chamber starts, cooling will be much higher and all otherthdgcane particles will activate as well. However, the s@ro
chamber DMPS and cloud chamber SMPS aerosol size distiitsutio not indicate major growth of particles between temsf
and cloud evacuation. A different explanation could be ldunater heptadecane particles were present (as larger altisti@s in

the dust experiment) before the evacuation started. Sutielpa could have swollen or already activated into cloadiples.

The SMPS size distributions only extend to 615 thus, we cannot say whether larger particles were indezskpt. Another
explanation that cannot be ruled out completely is, thago#erosol particles from background contamination aneaet!

and cause the first activation mode. However, it is not clday eontamination should only be existent in the heptadecane
experiments and not in the-pinene and TMB experiments as well.

As Mikhailov et al. (2009) point out, organic (semi-)solicharphous particles can kinetically limit the water uptake anay
thus influence the growth activation as cloud condensatimten Thus, the phase state of the aerosol particles Gepted

by their bounciness) could play a role in the onset of adtvatAs the cloud chamber is generally at about water saturat

at the beginning of each expansion, an earlier activatiaridiod particles would be expected than seen here. It isylikieat

the observation of cloud particles is delayed due to waltihgeeffects, i.e. the cloud forms in the middle of the chambe
but when starting sucking air into the sample lines to thedlparticle instrumentation, air from the boundary layemegen

wall and chamber interior is drawn into the lines first whictght be at slightly higher temperatures and therefore aetow
relative humidity and cloud free. Such wall effects haverbeleserved in other cloud chambers as the AIDA chamber as well
(Mohler et al., 2003).
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The comparison of activated fractions shows some diff@ghetween the investigated aerosol particles: while maqere
ments show no or only little signs of cloud processing in ®wha changed activated fraction of aerosol particles tactlo
particles, TMB activated fractions in the second run areelothan in the first run. Thus, after the first cloud cycle theBrM
particles are less likely to form cloud droplets, though iean mode diameter shifted slightly to larger sizes whiciukh
foster faster droplet activation-pinene shows a similar behaviour, though less obviousefdy, cloud processing is thought
to increase the efficiency of activation into cloud partidle.g. Hoose et al., 2008). However, as the experimentstegploere
exhibit pure SOA aerosol, and we expect no other organic aodjanic material (or vapours) in the chambers, cloud pro-
cessing here will only change the aerosol mass, not aerbsahistry. Only remaining organic vapour can condense o t
droplets. Uptake of organic vapours during the first cloudewand thus, less vapour available during the second clgcld ¢
could lead to a smaller effect of co-condensation (Topptira.e2013) and thus, smaller cloud particle numbers andaed
activated fractions. Dust as well showed a higher activigsation during the first run, however, one has to bear in ntlved
higher pump speed used in that run. Heptadecane shows amgooéhaviour to the other SOA compounds: In the slow pump
speed experiment, the second cloud cycle exhibits highaéed fractions than the first cycle with numbers complerab
those in the cloud cycles of the fast pump speed experimetitellatter no significant difference in activated fractitetween
the two cloud runs can be distinguished. It has to be notedtieanean mode diameter of the aerosol in the runs using she fa
pump speed were about 400, but approximately 500m in the slow runs. In general, the heptadecane runs showfiseymtly
smaller activated fractions than the runs using the bouanypounds, even though the aerosol mean mode diametersgee la
than in the TMB andv-pinene experiments.

A further small difference between the bouncy and non-bgwaenpounds is the growth of particle sizes during cloud eva-
cuations: While in the heptadecane runs (non-bouncy) the Nhdpeases slightly with time, it stays fairly constant ireth
a-pinene and TMB runs. This might be due to the smaller act/&tactions in the heptadecane experiments which leave mor
water vapour for further growth of the particles furtheritiie cloud evacuation.

5 Conclusions

The coupled system of the Manchester Aerosol and Ice CloaanBer have been used to investigate the ice nucleatingyabili
of SOA patrticles at temperatures resembling mixed-phasedsl SOA particle were formed on precursors in the aerosol
chamber by photo-oxidation. Clouds were formed by evaonaif the cloud chamber that led to a drop in temperature from
approximately -20C to about -28C/-25.5°C (fast/slow pump speed, respectively) fostering cloud fiomn. At the start

of the chamber evacuation the humidity inside the chamber avaabout water saturation, allowing for a speedy onset of
cloud formation. The measurements show that the photaseddSOA particles are no efficient ice nucleating particiebe
tested temperature range: No ice formation was observedpiective of the type of SOA particles that were usegifene,
heptadecane, and TMB), resembling biogenic/anthropogemil bouncy/non-bouncy compounds. A sensitivity expamtme
using kaolinite showed that ice formation was possible Withgiven setup.
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While the bounciness (which basically represents the phass) ®f the particles has no measurable impact on ice riimbea
under the reported conditions, the SOA particles of difiel@unciness show differences in activation and cloudgssiag.
TMB and a-pinene show reduced activated fractions in a subsequeatl dycle, the less bouncy compound heptadecane
reveals increased activated fractions. The exact reasonsrdy be speculated on as for example no measurementsasfiorg
vapours in the chambers are available. Furthermore, hegaae shows a two-fold cloud activation feature that isratliaehe
TMB anda-pinene experiments. Again, these cannot be fully expthivere as measurements which would be able to support
or disapprove the speculations are missing.

The main conclusions from these experiments are that tiedt@oto-oxidised SOA particles do not nucleate ice unuer t
mixed-phase cloud regime. Thus, even in their high aburelannature, SOA particles will rather act as cloud condeosat
nuclei and only as ice nucleating particles when cold engbgtow homogeneous freezing threshold).

6 Data availability

As the chambers are part of the EUROCHAMP consortium, the wédkbe made available at the EUROCHAMP data centre.
Until then, they will be distributed upon request.

Appendix A: Temperature correction

During evacuations the temperature in the cloud chambepigased to be quasi-adiabatic, if no clouds form. By comside
the time constant, a quasi-adiabatic temperature drop easeén at the beginning of the expansion, while heatingtsffec
become stronger later on from wall heating and latent hdaase from droplet formation. Fig. A1 shows the temperature
during a cloud expansion (in the lower panel): measured ¢eatpre in red, calculated adiabatic temperature in blnd, a
the corrected temperature considering the time constasrainge and dashed. The corrected temperature is smoottted wi
20 seconds running mean due to the small scale fluctuatiothe itemperature measurements that otherwise propagate int
the corrected temperature. Additionally, the plot shovesghessure. In the upper panel the measured cloud particiberu
concentrations are displayed in green triangles. They @igeod indication for the bump in the corrected temperatug9a
seconds, as the major activation (sharp increase in partighbers) coincides with the temperature deviation. Byutaling
the theoretically available humidity from these retrietechperatures we find a good match with our LWC observatiortheas
calculated available LWCs in the upper panel show.
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Table 1. Overview about the conducted experiments, indicating pump speeadg®enwf cloud runs performed, and times of cloud droplet
activation in seconds from start of cloud expansion for first/secomal)ttioud run.

system pump speed  #runs onset of main activation
Expl clean fast 3 2819%/1%
Exp 2 ammonium sulfate  fast 3 216s/18s
Exp 3 SOA background fast 2 4205
Exp4  a-pinene fast 2 1924
Exp 5 SOA background fast 2 4205
Exp 6 heptadecane slow 2 32%
Exp 7 TMB slow 2 34/32s
Exp8  «a-pinene slow 2 3930
Exp 9 ammonium sulfate  slow 2 A27s
Exp 10 heptadecane fast 2 sP21s
Exp 11 dust (kaolinite) fastand slow 2 23%
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Experiment  precursor amount injected initial conditions after injection

() NOx Oz VOC/INOy; Congpc(cm™2) Massps (Hgm ™ 2)
Exp 1 clean - - - - - <1
Exp 2 ammonium sulfate  for 60sec 9.8 1.2 - 8477/4288 0.824
Exp 3 SOA background - 50.3 58 - 1.9 7.8e-5
Exp 4 a-pinene 29.72 389 103 64 25173 16.2
Exp5 SOA background - 432 138 - 3087 0.026
Exp 6 heptadecane 116 329 321 15.2 4289 4.2
Exp 7 TMB 52.2 55.0 21.7 9.1 4595 0.042
Exp 8 a-pinene 11.9 240 17 42 9990 43
Exp 9 ammonium sulfate  for 30sec 5.4 0.1 - 4824 0.719
Exp 10 heptadecane 116 38.8 16.2 129 6035 2.2
Exp 11 dust (kaolinite) not filled via MAC
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Table 3. Conditions in the aerosol chamber shortly before transfer to the cleardinér and aerosol properties after transfer in MICC.

conditions at transfer in MAC

conditions after transfer in MICC

Experiment  precursor timelightson NO  NO. O3 Conwpc MasHups ConGups Masssarps

(hl [ppbl [ppb] [ppb]  [em™’] [Hgm™] [em™?] [Hgm ]
Exp 1 clean - - - - 0.3 - 10'8s -
Exp 2 ammonium sulfate - 9.2 0.3 0.7 3343 0.6 1993 -
Exp 3 SOA background 3:25 11.3 30.6 2.2 1.4 0.1 27.2 (<)
Exp 4 a-pinene 5:12 < 19.2 9.3 9255 83.9 8483 92.1
Exp 5 SOA background 5:36 1.0 255 17.8 1190 0.4 1082 0.6
Exp 6 heptadecane 5:34 < 8.4 54.9 2143 112.6 2021 95.4
Exp 7 TMB 5:47 3.1 34.1 36.4 1730 3.8 1737 8.4
Exp 8 a-pinene 5:30 < 9.7 9.8 2787 10.4 2817 14.9
Exp 9 ammonium sulfate - 9.2 1.7 15 2077 0.3 1996 0.5
Exp 10 heptadecane 5:04 < 15.6 435 3353 92.9 2495 70.1
Exp 11 dust (kaolinite)* - 8.2 6.0 11 1.3 <* 554 4.57

' SMPS data not available (too low number concentrations) or faulty, otrati®ns taken from CPC
* dust injected into MICC directly

< below detection limit
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Figure Al. Measured and corrected temperatures and LWCs during the sequiadi®eane run. See text for details.
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