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ABSTRACT

The Aerosol Interaction and Dynamics in the Atmosphere (AIDA) cloud expansion chamber with a volume of 84 m® was extended for
the small cloud expansion chamber AIDA mini (AIDAm) with a volume of 20 L. AIDAm is located in the cold room of AIDA and can
perform automated ice-nucleation measurements over longer time periods of hours to days. AIDAm samples from the AIDA chamber,
which acts as a reservoir of atmospheric aerosol types, which can slowly be modified by physical or chemical processes similar to those
occurring in the atmosphere. AIDAm was validated for accurate ice-nucleation temperature control by measuring homogeneous freezing
of pure water droplets at temperatures around —34 °C and for immersion freezing induced by dust aerosol particles in the temperature
range between —20 and —30 °C. Further validation experiments at cirrus cloud temperatures of —45 °C revealed that AIDAm can distinguish
between heterogeneous ice formation on mineral dust aerosols and homogeneous freezing of sulfuric acid solution particles. The contribution
of homogeneous and heterogeneous ice formation processes to the ice-nucleation activity of coated dust particles was investigated in a 7 h long
experiment, where solid dust particles were slowly coated with sulfuric acid. The continuous AIDAm measurements with a time resolution
of 6 min showed a substantial suppression of the heterogeneous freezing phenomenon and an increasing role of homogeneous freezing
while the coating amount was slowly increased. This experiment proved the capability of AIDAm to sensitively detect small changes in the
ice-nucleation ability of aerosols, which undergo slow processing like chemical surface coating.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098777

I. INTRODUCTION Depending on the temperature and saturation conditions

inside the cloud chamber, ice crystals form through different freez-

Cloud simulation chambers have been used since the 1960s to
investigate different processes related to atmospheric microphysics,
aerosol and cloud chemistry, and cloud radiative properties under
well-controlled conditions in the laboratory (Chang ef al, 2016).
One special class is that of cloud expansion chambers, in which the
contribution of certain aerosol systems to atmospheric cloud droplet
and ice formation can be studied. Regardless of their size, the basic
working principle of cloud expansion chambers is based on adiabatic
cooling induced by a controlled pressure reduction inside the cloud
chamber. The decreasing temperature causes the ice and water sat-
uration ratio (Sice and Swater, respectively) to increase and to reach
values larger than 1, where the air is supersaturated and liquid cloud
droplets and ice crystals can form.

ing mechanisms. For mixed-phase cloud conditions, at temperatures
between 0 and —35°C, the predominant freezing pathway is the
immersion freezing in which an aerosol particle is immersed in a
supercooled liquid cloud droplet and then triggers the ice formation
(e.g., de Boer et al., 2011; Hoose and Mohler, 2012; Vali et al., 2015;
and Kanji ef al., 2017). In pure ice clouds, the so-called cirrus clouds,
at temperatures below the homogeneous freezing temperature of
water at —35 °C, primary ice formation is either induced by deposi-
tion ice nucleation, where water vapor freezes directly on the aerosol
particles (Vali ef al., 2015) or the pore condensation and freezing
mechanism, where it is assumed that water condenses in capillar-
ies of porous aerosol particles and freezes upon further cooling (e.g.,
Wagner et al., 2016; David et al., 2019; and Marcolli, 2020).
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Atmospheric aerosol particles contributing to ice formation
are called ice-nucleating particles (INPs) (e.g., Pruppacher and
Klett, 2010; Hinds, 2012; Vali et al, 2015; and Seinfeld and
Pandis, 2016). Many laboratory studies have been performed to
investigate the freezing ability of different aerosol types, such as
soil dust, soot, organic materials, primary biological particles, sec-
ondary organic aerosols (SOAs), and sulfuric acid for different
temperature regimes (e.g., Hiranuma et al, 2015; Wex et al., 2015;
Ignatius ef al, 2016; and Ullrich ef al., 2017). In particular, dust
particles turned out to be good INPs in both the mixed-phase and
cirrus cloud regime (e.g., Chou ef al.,, 2011; Atkinson et al., 2013;
Kanji et al., 2017; and Boose et al., 2019), triggering ice formation
at even low Sjcevalues. Compared to dust, aerosol particles such as
SOA particles show a less pronounced heterogeneous ice-nucleation
ability (e.g., Ignatius et al, 2016; Wolf et al, 2020), and higher
Sice values, much closer to the homogeneous freezing conditions
need to be reached to induce heterogeneous ice formation. Materials
such as sulfuric acid solution droplets (H,SO4) freeze homoge-
neously at a temperature of —35 °C or lower (e.g., Koop ef al., 2000;
Schneider et al., 2021b).

Atmospheric aerosol particles stem from many different
sources distributed around the globe. Depending on their size, they
are then lifted from ground level to upper tropospheric regions
(e.g., Knippertz and Todd, 2012). Once the aerosol particles reach
higher levels in the atmosphere, they can be transported over dis-
tances of up to a few thousand kilometers away from their emission
source (e.g., Betzer et al., 1988; Weinzierl et al., 2017) and remain
in the atmosphere for up to several days or weeks. During their res-
idence time in the atmosphere, aerosol particles can interact with
each other by coagulation or gaseous materials can condense on
the surface of solid particles. These physical and chemical aging
processes may change the ice-nucleation ability of the unprocessed
aerosol and eventually lead to a different predominant freezing
mechanism.

One type of atmospheric aging process is the coating of solid
aerosol particles with gaseous material. In the last 15 years, stud-
ies (e.g., Cziczo et al, 2009; Mohler et al.,, 2008; and Knopf and
Koop, 2006) have investigated the influence of SOA and H,SOy4 coat-
ings on different aerosol particles at cirrus cloud conditions with
temperatures between —34 and —60 °C. The relative humidity with
respect to ice at which the ice formation was observed to set-in was
about 40% higher for the coated dust aerosol than for the non-coated
dust aerosol. This clearly shows a suppression of the heterogeneous
ice formation potential of the pure dust by the SOA or H,SO4 surface
coating layer.

However, in most of the studies mentioned above, the par-
ticles were coated at room temperature in an external vessel and
then transferred to the instruments measuring the ice-nucleating
properties. This does not necessarily represent atmospheric con-
ditions, where the coating may also occur at lower temperatures
during transport through the middle and upper troposphere. Fur-
thermore, the Hy,SO4 coating was often applied using hot sulfuric
acid vapor with a temperature of about 150 °C. The high tem-
perature may induce chemical reactions that could modify the
properties of the dust particles and thus also influence their ice-
nucleating properties. For further studies, it is, therefore, impor-
tant to coat the particles in a wide range of atmospherically
relevant conditions and measure their ice-nucleating properties
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at relevant atmospheric conditions during the ongoing coating
process.

The small AIDAm (Aerosol Interaction and Dynamics in the
Atmosphere mini) expansion-type cloud chamber was developed
for use in combination with the existing AIDA (Aerosol Interaction
and Dynamics in the Atmosphere) cloud chamber facility. While
AIDA provides a wide range of well-controlled temperature, pres-
sure, and humidity conditions for atmospheric aerosol and cloud
experiments, AIDAm can monitor the ice-nucleation ability of the
aerosol inside AIDA under the same conditions. Depending on
the particle size, aerosols can reside in the AIDA aerosol cham-
ber for several days or even a week without substantial loss (e.g.,
Saathoff ef al., 2001; 2003; and Schnaiter et al., 2005), which comes
close to typical atmospheric aerosol residence times. Therefore, the
approach combining AIDAm and AIDA makes use of the unique
feature of AIDA for long-term physical and chemical aging of atmo-
spheric aerosols at typical atmospheric thermodynamic conditions,
concentrations, and residence times and the capabilities of the new
AIDAm chamber for measuring the impact of the ongoing aging
processes on the ice-nucleating properties of the aerosols at high sen-
sitivity and time resolution. In the following, we describe the setup
and working principle of the new cloud chamber AIDAm and show
the results from the validation experiments at both mixed-phase and
cirrus cloud conditions.

Il. METHODS
A. The AIDA cloud chamber

The Aerosol Interaction and Dynamics in the Atmosphere
(AIDA) cloud simulation chamber has been used for about 20
years for investigating the ice-nucleation properties of atmospheric
aerosols. The cloud chamber (Fig. 1, left) described in detail by,
e.g., Mohler et al. (2003; 2006) or Wagner ef al. (2006) has a
volume of about 84 m® and is placed inside a thermal housing,
in which the temperature can be regulated over a wide range
from 60 to —90 °C. The pressure inside the chamber can be con-
trolled to values from about 1000 mbar to below 1 mbar. The total
water concentration is measured with a dew point mirror (373LX,
MBW), and the gas-phase water concentration in the presence and
absence of clouds is measured with two tunable diode laser spec-
trometers, viz., SpAPicT (Single Path AIDA PCI in-cloud Tunable
Diode Laser) and APicT (AIDA PCI in-cloud Tunable Diode Laser)
(Fahey et al., 2014).

The mineral dust aerosol investigated in this work was gener-
ated by dispersing a bulk sample with a rotating brush generator
(RBG 1000, Palas GmbH). The aerosol flow from the RBG 1000 was
passed through two cyclone impactors to remove particles with a
diameter larger than about 5 ym and was then added to the AIDA
chamber.

The aerosol number concentration was measured with a con-
densation particle counter (CPC 3010, TSI Inc.) and the aerosol size
distribution was obtained from the combined measurements with
a scanning mobility particle sizer (SMPS: DMA, 3071; CPC, 3772,
both TSI Inc.) and an aerodynamic particle spectrometer (APS 3021,
TSI Inc.). Two optical particle counters (OPCs, welas2000, Palas
GmbH, see Sec. II B 1 for a detailed description) are located in
the thermal housing below the cloud chamber and are connected
to it with vertical sampling lines. Each OPC takes a sample flow of
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5L min~" to measure the number concentration of large aerosol par-
ticles, liquid cloud droplets, and ice crystals in different size ranges
of 0.7-46 ym (welas 2300 sensor) and 5-240 ym (welas 2500 sensor)
(Wagner et al., 2016).

B. The small expansion chamber AIDAmM

The large volume and the long preparation time for experi-
ments limit the operation of the AIDA cloud chamber to a few cloud
expansion experiments per day. Therefore, the much smaller cloud
expansion chamber AIDAm, described in detail in the following,
was developed. It is located in the thermal housing of AIDA for
repeated cloud expansion experiments with a turnover time between
the single cloud expansions of only 5-7 min. AIDAm samples air
from the AIDA chamber, which serves as a reservoir of aerosols
with only slowly changing number concentrations and size distribu-
tions (see Sec. IIT A). This way, AIDAm can monitor, e.g., changes
in the ice-nucleation ability of aerosol particles slowly modified
by physical or chemical aging processes over longer time periods
inside AIDA.

1. Setup of AIDAm

The construction of AIDAm was inspired by the Portable Ice-
Nucleation Experiment, PINE (Mohler ef al., 2021), which is a small
and mobile cloud expansion chamber for ice-nucleation studies and
atmospheric INP measurements. Similar to PINE, AIDAm consists
of a cloud chamber, a particle detector, and a control system for
automated operation. However, it does not need a cooling system
because the cloud chamber is located inside the thermal housing of
the AIDA chamber (Fig. 1). With a volume of 20 L, a height of 60 cm,
and a diameter of 25 cm, the AIDAm cloud chamber is about twice
as large as the PINE cloud chamber. It is connected to the AIDA
cloud chamber with two vertical stainless steel tubes (sample line
and refill line) for sampling and investigating aerosols at tempera-
ture and humidity conditions that are controlled by the AIDA cloud
chamber system as described in Sec. I A.

The wall temperature (Tya) of the AIDAm chamber is mea-
sured with three thermocouples attached to the outer wall at the
top, the middle, and the bottom of the cloud chamber. The gas

temperature (T gs) inside the cloud chamber is measured with three
additional thermocouples, located about 5 cm off the wall and at
about 5, 30, and 55 cm above the bottom of the chamber. Thus,
they are positioned close to the wall temperature sensors. The pres-
sure in the AIDAm chamber is measured with a pressure sensor
(VSC43MYV, Thyracont).

The flow rate through AIDAm is controlled with a mass flow
controller (MFC) that is connected to the AIDA vacuum system.
The gas flow from the chamber passes an OPC, located below the
chamber. It detects the size of the different types of particles that can
be present in the AIDAm chamber, viz., nonactivated aerosol parti-
cles, liquid cloud droplets, and ice crystals. The OPC is a welas 2500
sensor connected to a Promo®2000 control unit (Palas GmbH). The
welas sensor uses white light and detects the light scattered by indi-
vidual particles at a range of scattering angles around 90°. Particles
crossing the detection volume scatter the light in a size and shape-
dependent way, such that aspherical particles show a higher intensity
of the scattered light than spherical particles with the same volume.
This way, ice crystals can be distinguished from liquid cloud droplets
because of their larger optical size (Jarvinen ef al., 2014).

2. Working principle

AIDAm is operated in a similar way as PINE (Mohler
et al.,, 2021), in which sequences of runs and operations are per-
formed. Thereby, an operation consists of a series of consecutively
performed runs, where each run has three modes: flush, expansion,
and refill.

In the flush mode, the AIDAm chamber is flushed with air from
the AIDA chamber, containing the aerosol particles under investiga-
tion. As shown in the upper panel of Fig. 2, the pressure (black line)
and the temperature (blue line) inside the chamber are constant.
Only the larger aerosol particles are detected in the size range of the
OPC (Fig. 2, lower panel). Each point represents one particle with its
optical diameter d calculated from the detected size-dependent scat-
tering intensity. Typical settings for the flush mode are a constant
volume flow between 5 and 10 L min™" for a time between 2 and
4 min (see Table I). Thus, the AIDAm chamber is filled with fresh
aerosol from AIDA.

Rev. Sci. Instrum. 93, 095106 (2022); doi: 10.1063/5.0098777
© Author(s) 2022

93, 095106-3


https://scitation.org/journal/rsi

Review of

Scientific Instruments

ARTICLE scitation.orgljournal/rsi

Expansion (Refill
mode mode,

T (O

1000
900
4800

FIG. 2. Single run of an AIDAm expan-
sion including the flush mode, the expan-
sion mode, and the refill mode. Panel
(a) shows in black the pressure and in
blue the gas temperature measured in

p (mbar)

1700

600 the AIDAm chamber. (b) Single particle

d (um)

Ice
threshold

data from the OPC, where each point
represents the optical diameter of one
detected particle. In the flush mode, only
E large aerosol particles are detected. Dur-
ing the expansion, a liquid cloud forms
(seen as an accumulation of many data
points), and ice crystals are detected as

lO-200

-150 -100

Relative run time (s)

The flush mode is followed by the expansion mode, which is
initiated by closing the valve in the sample line between AIDA and
AIDAm. A constant expansion flow, with values between 5 and
10 L min ™, is applied to steadily reduce the chamber pressure from
the start pressure, which is equal to the AIDA cloud chamber pres-
sure, to the end pressure between 900 and 750 mbar. The decrease
in pressure induces a decrease in temperature due to expansion
cooling, which can be seen in the upper panel of Fig. 2, and an
increase in saturation with respect to ice and water, yielding super-
saturated conditions. The expansion starts at a relative run time
of 0 s and lasts for about 65 s in this case. The experiment pre-
sented in Fig. 2 shows the formation of a mixed-phase cloud, where
both cloud droplets and ice crystals were visible in the OPC data.
After about 6 s from the start of the expansion, a dense liquid
cloud formed with particle diameters lower than about 35 ym and
only a few ice crystals were detected as larger particles with diam-
eters above the ice threshold of 35 ym. As shown in Eq. (1), the
INP concentration is calculated from the ratio of the total number
of ice crystals (ANj.) detected during the expansion and the vol-
ume of air that passed the OPC (AVey) during the presence of a
cloud in AIDAm. The air volume is obtained by multiplying the
total time from the beginning of the cloud droplet activation until
the end of the expansion (Afegp) with the constant volume flow
rate during the expansion (Afep). The correction factor of 0.105
accounts for the fact that only 10.5% of the total air volume passes
the optical detection volume located in the center of the welas 2500
sampling tube,

AN; ice AN; ice

INPAAm = = .
APAT T AV - 0105  Afexp - Afep - 0.105

@

TABLE I. Typical values for the flow, the end pressure, and the resulting duration for
the three modes of a run.

Run mode Flow (L min~') End pressure (mbar) Duration (s)

Flush 5-10 R 120-240
Expansion 5-10 900 - 750 20-90
Refill Orifice e 40-90

150 larger particles above the liquid cloud.

The final refill mode of an AIDAm run is started by opening
the valve in the refill line (see Fig. 1). A small orifice in the refill
line ensures a smooth refilling of the AIDAm chamber with aerosol
from the AIDA chamber. Once the chamber is refilled to the AIDA
pressure, the valve in the refill line is closed, the valve in the sample
line is opened, and the next run is started with the flush mode.

C. The droplet freezing experiment INSEKT

The INP measurements made with AIDAm were compared
not only to the results from AIDA but also to the measure-
ments with another INP instrument called INSEKT (Ice Nucleation
Spectrometer of the Karlsruhe Institute of Technology) (Schneider
et al., 2021a). For this method, aerosol particles from the AIDA
chamber were sampled on a nuclepore filter with a pore size of
0.4 ym and a diameter of 47 mm for a duration of 30 min, while
AIDAm was sampling the same aerosol from the well-mixed AIDA
cloud chamber volume. This allowed for a direct comparison of the
measured INP concentrations.

For the offline INP analysis with INSEKT, the sampled aerosol
particles are washed off the filter with nanopure water. The result-
ing suspension is diluted twice (1:15 and 1:225) and 50 ul of the
undiluted suspension and the two dilutions are pipetted into the
wells of two PCR plates with a total number of 160 wells. A total
of 32 wells of the PCR plates are filled with nanopure water as a
freezing reference. The so-prepared PCR plates are placed in the
INSEKT instrument and are cooled at a rate of 0.33 K min™" and
the temperature-dependent freezing behavior of the suspension in
the wells is observed with a camera. From the temperature at which
the single volumes froze, an INP-temperature spectrum is calculated
in 0.5 °C steps following the formulation from Vali (1971).

D. Aerosol samples

For the experiments presented here, several types of aerosol
were used. This section describes the aerosols used for both the
AIDAm validation experiments and the experiments investigat-
ing coating effects on ice-nucleation. The coating materials and
procedures will also be described.

SDSA_01: This soil dust sample originates from the Succulent
Karoo biome near Soebatsfontein, a semiarid desert region in South
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Africa. Sampling probes were directly collected from the soil surface,
with some of them also containing biocrust (Maier ef al., 2018). After
collection, the material was sieved for particle diameters smaller than
20 um, such that only the portion of particles in an atmospherically
relevant diameter range is left.

AS: Ammonium sulfate was injected with an ultrasonic neb-
ulizer (GA 2400, SinapTec) into AIDA starting from a solution
containing 1 wt. % of AS. The solution was then dispersed into small
droplets, which were passed through a diffusion dryer. The resulting
solid particles were then transferred into the AIDA chamber.

H>SO04: The sulfuric acid coating was obtained by the for-
mation of sulfuric acid molecules inside the chamber, which was
initiated by the reaction of SO, with OH radicals. The latter was
formed by the dark reaction of tetramethylethylene (TME) with Os.

I1l. INSTRUMENT VALIDATION

By comparison with AIDA and INSEKT results, the new
AIDAm cloud expansion chamber was validated for measuring
immersion freezing INPs, the correct freezing onset temperature of
supercooled water droplets, and freezing processes at cirrus cloud
temperatures. The immersion freezing experiments were conducted
with a natural soil dust sample (SDSA_01). Dust aerosol is known
to induce ice formation in the immersion freezing mode already at
temperatures of about —15 to —20 °C (e.g., Hoose and Méhler, 2012;
Murray et al., 2012; Ullrich et al., 2017; and Kanji et al., 2017) and,
thus, allows for comparisons in a temperature range accessible to all
measuring instruments.

The experiments on homogeneous freezing of supercooled
water droplets were conducted with AS particles. In the course of
the expansion in AIDA or AIDAm, the AS aerosol particles acted
as cloud condensation nuclei to form supercooled liquid droplets,
which then froze homogeneously according to further expansion
cooling. The experiments at cirrus conditions were conducted either
with aqueous sulfuric acid aerosol to investigate the response of
AIDAm for homogeneous freezing of solute particles or with min-
eral dust aerosols. The dust aerosol was used to investigate and
document the transition from homogeneous freezing signals to het-
erogeneous ice-nucleation. Start temperatures, aerosol types, and
aerosol number concentrations of the validation experiments are
listed in Table II.

A. Immersion freezing

Two immersion freezing experiments were conducted to com-
pare AIDAm with AIDA and INSEKT. The first experiment was
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FIG. 3. Temperature-dependent INAS density, ns, measured with AIDA (stars),
AIDAm (triangles), and INSEKT (circles) for the natural soil dust sample SDSA_01.
The AIDA temperature was set to —25 °C. AIDAm was operated at expansion flow
rates between 7 and 10 L min=", which are represented by different colors.

performed at a constant temperature to also investigate the repro-
ducibility of AIDAm measurements at the same settings. During the
second experiment, the temperature in the thermal housing of AIDA
was slowly reduced from —10 to —27 °C to obtain AIDAm results in
a temperature range well overlapping with the INSEKT data. During
both experiments, the aerosol particles in AIDA were also sampled
on two filters for offline INP analysis with INSEKT. More than 100
AIDAm runs were conducted with various expansion flow settings
between 7 and 10 L min™".

The results from the three instruments are presented in Fig. 3
as INAS (Ice Nucleation Active Surface site) densities (#;) as a func-
tion of temperature. The n; approach gives the number of ice active
sites on the surface of the aerosol particles and is calculated as the
ratio of the measured INP number concentration to the total aerosol
surface area concentration (Niemand ef al., 2012; Ullrich ef al., 2017;
and Schneider et al., 2021a). The ny values also allow for comparing
results from experiments with different aerosol concentrations. The
calculation of ns uncertainties for AIDA and AIDAm is based on
the individual uncertainties for the INP concentration and the total
aerosol surface area concentration and the uncertainties are about
40%. The INSEKT measurements have an error of about 70%.

TABLE II. Summary of the AIDAm validation experiments, with the AIDA experiment temperature Tapa, the aerosol type,
the aerosol number concentration cn ae in the AIDA chamber, the number of AIDAm runs, and the respective ice-nucleation

mode.

Tama (°C) Aerosol Cnyae (cm73) # AIDAm runs Ice-nucleation mode
-25 SDSA_01 175 41 Immersion freezing
—-10to -27 SDSA_01 180 63 Immersion freezing
=31 AS 195 53 Homogeneous freezing
—45 H,SO,4 1000 10 Homogeneous freezing
—45 SDSA_01 160 18 Deposition nucleation
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The n, values measured during the AIDA expansion increased
from 1 x 10'® m™2 at a temperature of —28.5°C to 1 x 10" m™ at
—31.5°C (black stars in Fig. 3). The results from AIDAm showed
up to about one order of magnitude lower ns values compared to
AIDA (colored triangles in Fig. 3). Only for the expansions with a
flow of 10 L min~!, AIDAm data agreed well with the AIDA data.
The ns measured with INSEKT (black circles in Fig. 3) ranged from
1 x 10" m™2 at a temperature of ~18°C to 5 x 10° m> at —26 °C
and thus compared well with the AIDAm data within the given
uncertainties.

Figure 4 shows a comparison of the AIDA results with the
AIDAm measurements for the different expansion flow settings
between 7 and 10 L min~'. The best agreement between AIDA
and AIDAm measurements is observed for the highest AIDAm
expansion flow of 10 L min~". With a decrease in expansion flow,
the deviation between AIDA and AIDAm increased to a factor
of up to 5, 10, and 15 for the respective expansion flows of 9,
8, and 7 L min~'. This increasing deviation may be caused by
a smaller fraction of aerosol particles being activated as super-
cooled cloud droplets at lower expansion flow rates and thus a
smaller fraction of the aerosol available to induce immersion freez-
ing. This leads to an underestimation of ns. During an AIDA
experiment, the number concentration of cloud droplets is mea-
sured and it reveals that almost all aerosol particles are activated
as supercooled cloud droplets, which then contribute to immersion
freezing.

The reproducibility of AIDAm measurements was investigated
for an expansion flow of 9 L min™"' over a time period of sev-
eral hours. The experiment was started with a concentration of
200 cm™> of the SDSA_01 aerosol sample in AIDA, and over a
time of 5 h, AIDAm runs were performed with the same settings
during three short time intervals. As shown in the lower panel of
Fig. 5, the aerosol concentration in AIDA only slowly decreased
from the initial concentration to about 175 cm™ due to settling
losses inside the chamber, but it showed no short-term fluctuations.
These rather constant aerosol conditions can be maintained in AIDA
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FIG. 4. Comparison of ns values measured with AIDAm expansion flow rates of
7,8, 9, and 10 L min~", and measured with AIDA. The color bar represents the
respective ice-nucleation temperature.
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FIG. 5. INAS density (ns) values measured in repeated AIDAm runs with an
expansion flow of 9 L min~" during three shorter time periods within the over-
all AIDA experiment duration of about 5 h [panel (a)]. (b) Aerosol number
concentration cn e in AIDA during the same time period.

over a longer time, which allows performing long-term aerosol sam-
pling experiments with instruments like AIDAm. The upper panel
in Fig. 5 shows three blocks of repeated AIDAm runs, all of which
showed 7, values between 2 x 10'° m™2 and 3 x 10’ m~2, implying
that AIDAm delivers reproducible results for constant settings over
a long measurement time.

B. Homogeneous freezing of supercooled
water droplets

To test and validate the onset temperature for homogeneous
freezing of supercooled water droplets measured with AIDAm, an
experiment with AS particles as seed aerosol for cloud droplet for-
mation was performed. The freezing temperature of cloud droplets
is well known from previous studies (e.g., Benz ef al, 2005)
and is also well formulated with classical nucleation theory
(Pruppacher and Klett, 2010). AS was injected into AIDA as
described in Sec. II D. Due to the increasing relative humidity
during AIDA or AIDAm expansion runs, AS takes up water, deli-
quesces, and forms almost pure liquid cloud droplets that are then
expected to freeze homogeneously at a temperature between —35
and -37°C. AIDAm measured the homogeneous freezing onset
temperature in a series of 53 runs, which were done with differ-
ent expansion flow settings between 5 and 10 L min™'. In Fig. 6,
one representative example is shown for each of the three run
series with different expansion flow settings. The results are shown
as normalized ice number concentrations ¢y icenorm plotted against
Tgas, which is calculated by dividing the measured ice number
concentration cpie for each temperature step by the maximum
ice number concentration cpjce,max measured during the respective
experiment,

Cn, ice (2)

Cn,ice,norm = .
Cn, ice, max
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FIG. 6. Homogeneous freezing onset for supercooled water droplets measured
with AIDA (red line) and AIDAm. The AIDAm expansions were performed with
different expansion flow rate settings of 6, 8, and 10 L min~".

The homogeneous freezing onset is indicated by a steep
increase in ¢y jce;norm (Fig. 6), which occurred in AIDAm runs at T'gas
= —34.5°C for all the probed expansion flows. This onset tempera-
ture is about 1.5 °C higher compared to the literature and the result
from the AIDA experiment (red line in Fig. 6). One explanation for
this temperature offset may be related to the fact that the sensor mea-
suring the lowest temperature in AIDAm is still located about 5 cm
above the bottom of the chamber. Therefore, the expanding gas can
be further cooled on the way to the OPC below the chamber and
the minimum temperature of the aerosol can therefore be lower by
about 1.5 °C. Any further result is not corrected for this temperature
offset of 1.5 °C, but it will be considered for the uncertainties.

C. Homogeneous freezing and deposition nucleation
at cirrus cloud temperatures

At temperatures below about —35°C, any ice formation in
the atmosphere occurs either by homogeneous freezing of aqueous
aerosol components or by heterogeneous ice-nucleation processes.

H2S04, T=-45°C
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For the latter case, aerosol particles are needed to trigger the for-
mation of ice crystals. In the atmosphere, aerosol particles are
often transported over longer distances and longer time periods to
the upper troposphere. During transport, the aerosol particles can
undergo surface coating processes, which then possibly change their
ice-nucleation ability and thereby their impact on cirrus cloud for-
mation. Such coating processes can also influence the relative impor-
tance of homogeneous freezing and heterogeneous ice-nucleation
processes during cirrus cloud formation.

In this section, we first demonstrate the capability of AIDAm
to distinguish between homogeneous freezing and heterogeneous
ice-nucleation at cirrus formation conditions, which is key to
understand and quantify the relative contribution of the two ice-
nucleation modes during the coating experiments that will be dis-
cussed in Sec. III D. The homogeneous freezing experiments were
conducted with aerosol particles composed of an aqueous H,SO4
solution and the deposition ice-nucleation experiments were per-
formed with SDSA_O01 soil dust aerosol particles. All AIDA exper-
iments and AIDAm runs discussed in this section were conducted
at a start temperature of —45 °C and AIDAm used the same expan-
sion flow rates of 5 L min~". The AIDAm runs were then analyzed
for the temporal change of the ice number concentration cyjice at a
one-second time resolution.

During the AIDAm homogeneous freezing runs [Fig. 7(a)],
the measured cpjice showed a steep increase in a short time inter-
val around a run time of about 20 s. This is due to the steep
increase of homogeneous freezing rates with decreasing tempera-
ture (Koop et al., 2000) and is also observed in AIDA homogeneous
freezing experiments (e.g., Schneider ef al, 2021b). Such a step-
wise increase during the AIDA and AIDAm cloud expansion runs
indicates the occurrence of homogeneous freezing.

A different freezing behavior is observed during the AIDAm
runs with the SDSA_01 aerosol [Fig. 7(b)]. Ice started to form
already at a run time of about 6 s, when the ice saturation ratio
Sice was still low. The ice crystal number concentration then steadily
increased for a run time of about 15 s, caused by the heteroge-
neous ice-nucleation on the dust particle surfaces to occur over
a wide range of Sic, which increased during the expansion run.
This behavior is characteristic of heterogeneous ice-nucleation like
deposition nucleation or pore condensation and freezing and has
also been observed in previous AIDA experiments with different

SDSA 01, T =-45°C

FIG. 7. Freezing behavior of aqueous
H,SO4 particles (a) and the natural
soil dust aerosol SDSA_01 (b), mea-
sured with AIDAm during 10 and 18
runs, respectively. The temperature in
AIDAm at the start of the expansions was
—45°C in both cases.
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mineral dust aerosol types at cirrus cloud formation conditions (e.g.,
Mohler et al., 2006).

The freezing curves from a series of 10 and 18 runs shown
in Figs. 7(a) and 7(b), respectively, also document the high repro-
ducibility of AIDAm experiments conducted at the same start tem-
perature and expansion flow rate. The variability from run to run
is rather low. This demonstrates that different freezing modes—like
homogeneous freezing or deposition ice-nucleation—or a gradual
shift from one mode to the other—e.g., during ongoing surface coat-
ing procedures—can well be identified and measured with AIDAm.
The optimum expansion flow rate for AIDAm runs at cirrus for-
mation temperatures was found to be 5 L min™". At this expansion
flow rate, the steady increase in the ice number concentration with
increasing Sice was detected for a long time period after the start
of the expansion [Fig. 7(a)] and the homogeneous freezing condi-
tions were still reached well before the end of the expansion run
[Fig. 7(a)]. A higher expansion flow rate would result in a higher
increase rate of Sicc and a shorter run time to reach homogeneous
freezing conditions, which would result in a reduced sensitivity and
time resolution to detect heterogeneous ice formation. With a lower
expansion flow rate, the homogeneous freezing conditions may not
be reached anymore in an AIDAm run.

D. Long-term ice-nucleation measurements
with AIDAm

The strength of AIDAm is its ability to continuously mea-
sure the ice-nucleating ability of aerosol sampled from AIDA over
long time periods, hours to days, with a time resolution of up to
6 min. Thus, even small changes in the ice-nucleation behavior due
to physical or chemical aging processes can be detected.

One such aging procedure is the coating of solid aerosol parti-
cles, such as dust, with gases like sulfuric acid. Previous laboratory
ice-nucleation experiments have shown that surface coating can
significantly change the ice-nucleation behavior of mineral dust par-
ticles at cirrus cloud temperatures (e.g., Knopf and Koop, 20065
Cziczo et al., 2009). Most of these experiments have been conducted
for a limited number of specific coating amounts or with coating
layers generated at conditions far from those present during the
atmospheric coating process. With AIDAm, it was possible to mon-
itor the change in ice-nucleation behavior during the whole coating
procedure of about 5 h, while the coating was performed inside
AIDA at conditions representative of the atmosphere. The exper-
iment was conducted as a proof-of-concept experiment, meaning
that the aerosol residence time is not limited to the time in this study,
but can be up to one week.

The coating experiment described here was conducted with
SDSA_01, the same dust sample already used for the validation
experiments discussed in Secs. III A and IIT C. The coating process
of the pristine aerosol inside AIDA was induced and controlled by
the chemical reaction of the precursor gases O3, SO,, and TME at a
temperature of —45 °C, thus, simulating typical tropospheric forma-
tion processes of the coating material H,SO4. During the ongoing
coating process, AIDAm performed 120 runs to continuously mea-
sure the ice-nucleation ability of the aerosol sampled from the AIDA
chamber. Therefore, the combination of AIDA and AIDAm pro-
vides a unique opportunity for investigating the modification of the
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ice-nucleation behavior of aerosols during ongoing coating pro-
cesses typical for atmospheric aerosol transport conditions and for
time scales of hours to days.

Figure 8 shows the timeline of a typical experiment of coating
aerosols inside the AIDA chamber. At the beginning of an exper-
iment, AIDAm is operated with particle-free air from AIDA for
15-30 min to measure the background conditions for ice crystal
detection. Thereafter, a certain amount of dust aerosol is injected
into the AIDA chamber. During the whole experimental procedure,
the number concentration and the size distribution of the aerosol
in the AIDA chamber are monitored with a time resolution of 1 s
and 30-60 min, respectively. Right after the dust injection, AIDAm
started to measure the aerosol ice-nucleation behavior as described
in Sec. II B 2 in a series of runs with the same settings to obtain a
consistent dataset throughout the experiment.

The ice-nucleation behavior of the non-coated aerosol is mea-
sured during the first 1.5-2 h. The first step of the coating procedure
was the addition of O3 following a similar procedure as described by
Saathoff et al. (2009) to mainly check any background contamina-
tion in the AIDA chamber reacting with Os. The initial maximum
O3 concentration was about 700 ppb. After O3 addition, the ice-
nucleation activity was measured for about 30-60 min, before the
volatile precursors SO, and TME were added. TME was added in
amounts of 7-15 ppb to the AIDA chamber to generate, by reaction
with O3, OH radicals, which then reacted with SO, to initiate the
gas-phase formation of H,SO4 molecules. TME was added in small
amounts about three or four times per hour, to slowly increase the
coating amount over a longer time period. Because SO, is also lost
to the chamber walls with a time constant of about 1 h, new por-
tions of SO, were added to the AIDA chamber every hour. This
caused a stepwise increase of the SO, concentration and, thereby,
also a stepwise increase of the H,SO4 coating. The change in the ice-
nucleation activity was measured with AIDAm during the coating
process, which lasted for about 5 h.

The coating experiment was analyzed in the same way as the
measurements discussed in Sec. III C. The time series of ice number
concentrations measured in individual runs are depicted in Fig. 9(a)
as solid lines with the color code for the time (in hours) relative to the
start of the AIDAm runs. The ice onset for the non-coated aerosol
(blue colors) occurs at about 5 s relative run time of the AIDAm run.
The heterogeneous ice-nucleation activity observed before coating

Dust 0O,

SR - Stepwise SO, + TME injection I—>
injection injection

AIDAmM measurements >
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| | | | | |
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FIG. 8. Flowchart showing the typical experimental procedure of a coating exper-
iment. The continuous AIDAm measurements started right after the dust aerosol
injection. For the coating procedure, O3 was added first, followed by adding tetram-
ethylethylene (TME) several times per hour to form OH radicals by reaction with
03. The OH radicals then reacted with SO, to initiate the gas-phase formation of
H,S04 molecules.
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FIG. 9. Time series of the ice number concentrations plotted as a function of rel-
ative run time for all AIDAm runs (a). The color code shows the experiment time
in hours from when the AIDAm runs were started. The AIDA temperature was set
to —45 °C. The blueish lines represent the AIDAm runs with the non-coated dust
aerosol sampled from AIDA and the greenish and yellowish lines the AIDAm runs
with the coated aerosol. The solid black line shows one representative AIDAm run
for homogeneous freezing of aqueous H,SO4 aerosols [Fig. 7(a)]. The solid black
line in the color bar indicates the O3 injection, and the dashed line the start of the
coating procedure. (b) Calculated ns for every AIDAm run at a relative run time
of 15 s.

well agrees with the experiment shown in Fig. 7(b), highlighting the
high repeatability of AIDAm measurements for the same aerosol.
The ice saturation ratio Sice is increasing in the course of an
AIDAm expansion run as explained in Sec. III C and also shown
in Fig. 11 in Appendix A 2. With a linear fit between ice saturated
conditions (Sice = 1.0) at the start of the expansion and Sice = 1.38 at
a run time of 20 s, the homogeneous freezing onset during AIDAm
runs, that started at a temperature of —45 °C (see Sec. I1I C), the ice
saturation ratio is about 1.1 after 5 s run time when heterogeneous
ice-nucleation was observed to start for the non-coated aerosols.
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Ozone was added to the aerosol in AIDA at an experiment time
of 1.3 h, indicated by a solid black line in the color bar of Fig. 9. The
Cnjice curves did not change after ozone addition, which means that
the ozone alone did not affect the aerosol ice-nucleation activity. The
coating procedure started at an experiment time of 2.0 h, indicated
by a dashed black line in the color bar of Fig. 9. During the coating
with H>SO; (transition to green and yellow colors), the ice forma-
tion onset was shifted toward later run times, but the shape of the
curves remained almost the same (greenish colors and experiment
times up to 5 h). From this, we can conclude that thin coating layers
suppressed the deposition ice-nucleation activity of these aerosols
at low Sice and shifted the onset of heterogeneous ice formation to
higher Sic. values.

The coating-induced reduction of ice-nucleation activity is also
presented in Fig. 9(b), which shows the time series of #, calculated
for each AIDAm run at a relative run time of 15 s. The n, is a mea-
sure for the ice-nucleation activity of the aerosol particles per particle
surface area. For the experiments, the ns decreased by about one
order of magnitude during the first 3 h of coating time, from about
1 x 10" m™ for the non-coated aerosols to about 1 x 10'° m™ for
the coated aerosols.

After about 5 h experiment time, the shape of the cyjce curves
was found to be clearly changing. A second steep increase in the ice
number concentration occurred at a run time of about 20 s, which is
the time when homogeneous freezing was observed with AIDAm in
experiments with pure aqueous H,SO4 aerosol particles [Fig. 7(a)].
One representative cpjce curve measured with AIDAm during the
homogeneous freezing experiments is shown as a solid black line
in Fig. 9. This surface coating-induced change in the ice-nucleation
behavior is caused by an increasing contribution of homogeneous
freezing of the coating layer to the overall ice-nucleation activity
of the aerosol, while the contribution from heterogeneous ice-
nucleation at the surface of the solid dust aerosol particles is reduced
by the coating layer.

IV. SUMMARY

AIDAm is a new cloud expansion chamber of 20 L volume
developed for lab-based aerosol-cloud process studies with a high
time resolution of minutes and automated long-term measurement
series of INPs over hours or days. It is mounted inside the ther-
mal housing of the well-established AIDA cloud expansion chamber
(e.g., Mohler et al., 2003; 2006) and is directly connected to it with a
straight vertical sampling line. Therefore, it can sample aerosol par-
ticles over a wide size range directly from the AIDA chamber, which
serves not only as a long-term reservoir of atmospherically rele-
vant aerosol particles but also as a place for dedicated physical and
chemical modification of the aerosol particles under well-controlled
temperature, pressure, and humidity conditions. Aerosol processing
and ice-nucleation experiments in AIDA and AIDAm can be con-
ducted over a wide temperature range from about —5 to —90 °C,
which covers the range of both mixed-phase and cirrus cloud
formation conditions.

The operation principle of AIDAm is similar to that of
the recently developed Portable Ice Nucleation Experiment, PINE
(Mohler et al., 2021). The operation is based on a series of runs that
are composed of three modes: flush mode, expansion mode, and
refill mode. During the flush mode, the cloud chamber is flushed
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with air from AIDA containing the aerosol under investigation. Dur-
ing the expansion mode, the aerosol in the AIDAm cloud chamber
is expanded in order to activate the sampled aerosol particles as
cloud condensation nuclei and ice-nucleating particles. During the
refill mode, the cloud chamber is refilled until the initial pressure
conditions are reached. A single run takes about 6 min and can be
repeated with automated control over long time periods of hours
or days.

The new AIDAm instrument was tested and validated for
experiments on immersion freezing of soil dust aerosol particles at
mixed-phase cloud temperatures, homogeneous freezing of cloud
water droplets, and heterogeneous and homogeneous ice formation
processes relevant for cirrus clouds. The experiments on immersion
freezing were analyzed for the temperature-dependent INAS density
(ns), which is a parameter related to the ice-nucleation activity per
aerosol surface area (e.g., Niemand ef al., 2012; Ullrich et al., 2017).
The ng measured with AIDAm showed good agreement with the
results from the AIDA cloud chamber experiments and the INSEKT
method only for expansion flow rates close to 10 L min™'. At
lower expansion flow rates, the AIDAm results showed an increas-
ing low bias compared to the other methods, with a difference
of up to one order of magnitude at an expansion flow rate of
7 L min~'. The reason for this discrepancy could be the incom-
plete activation of aerosol particles to supercooled cloud droplets
at lower expansion rates inside the AIDAm chamber. At higher
expansion flow rates, #, for immersion freezing of dust aerosols was
measured with low variability in repeated runs over several hours.
This showed that AIDAm ice-nucleation measurements are repro-
ducible in repeated runs with identical run parameters and slight
changes in the ice-nucleation activity, e.g., since surface coating
can be detected with AIDAm. The onset temperature for homoge-
neous freezing of solution droplets was measured with AIDAm at
temperatures between —34 and -35 °C, independent of the expan-
sion flow rate. The observed freezing temperature is about 1.5°C
higher compared to AIDA, which may be caused by a somewhat
larger temperature non-homogeneity in the much smaller AIDAm
chamber during the expansion. The AIDAm measurements at cir-
rus cloud temperatures revealed that heterogeneous ice formation
on mineral dust aerosols can clearly be distinguished from homo-
geneous freezing of sulfuric acid solution particles when looking
into the rate of ice crystal detection with expansion time and the
onset time of ice formation after the start time of the expansion. The
time of ice onset is closely related to the ice supersaturation of ice
formation.

A 7 h long experiment deploying the new combination of
AIDAm and AIDA cloud simulation chambers was used to show
the possibilities of AIDAm to monitor changes in the ice-nucleation
activity of the aerosol in AIDA over long time periods. Therefore,
dust aerosol particles in AIDA were slowly coated with sulfuric
acid, while AIDAm was continuously sampling the aerosol for ice
nucleation measurements. The experiment was carried out at a
temperature of —45°C, where it was known from previous work
that a change in the ice-nucleating activity can be expected. A
clear transition was observed from deposition nucleation behav-
ior to homogeneous freezing. The deposition nucleation behav-
ior is characterized by an early ice formation onset at low ice
supersaturation in the AIDAm chamber, followed by a steady
increase in ice crystal formation over a longer time period of the
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expansion run. The homogeneous freezing behavior is character-
ized by a later ice formation onset followed by a steep increase in
ice crystal formation. Toward the end of the coating period, the ice
formation curves agreed well with those measured for pure sulfuric
acid solution aerosols.

In this study, we introduced the working principle of the newly
developed AIDAm cloud expansion chamber. The validation experi-
ments and results were aimed at underlining the strength of combin-
ing the AIDAm cloud expansion chamber with the well-established
AIDA cloud simulation chamber for performing dedicated labo-
ratory experiments on aerosol-cloud interaction processes at sim-
ulated atmospheric conditions, including long-term processes like
surface coating, which occur during long-range transport of atmo-
spheric aerosol particles and modify their chemical composition and
physical properties, such as their ability to act as ice-nucleating parti-
cles in clouds. Future experiments with the new combinations of the
AIDA and AIDAm cloud simulation chambers will be conducted
over even longer time periods of up to one week, to simulate atmo-
spheric aerosol aging processes, especially at higher altitudes and
latitudes. Such experiments also simulate the aging of aerosol par-
ticles due to radiation simulated by a light source inside AIDA,
which represents the solar spectrum (Vallon ef al., 2022). Moreover,
experiments conducted over days starting with high dust aerosol
concentrations in AIDA are expected show a potential impact of the
coagulation of two solid particles on heterogeneous ice formation.
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APPENDIX: TEMPERATURE AND SATURATION
CALCULATIONS FOR AIDAM

1. Temperature calibration for AIDAmM

AIDAm is located in the AIDA cold box with a homogeneous
temperature control. The temperature in this box is measured with
thermocouples that are calibrated against a reference sensor with
an accuracy of +0.1°C. Figure 10 shows the uncorrected reading
of the AIDAm temperature (Tgs, red symbols) compared to the
AIDA cold box temperature in the temperature range from -21 to
—60°C. From these data, a calibration function (polynomial fit of
third order) given by

Tgas,corr = Tgas + (0.000 1227 - Tgy +0.013 76 - Ty
+ 0.5308 - Tges + 4.067) (A1)

was derived for the AIDAm temperature sensors. The calibrated
temperatures ( Tgas.corr) are shown as yellow symbols in Fig. 10.

2. Calculation of S

The setup of AIDAm has no instrument included to directly
measure the humidity in the chamber, but an estimate for the Sice
value during an expansion is given here. At the beginning of an
expansion, it is assumed that Sic. is at saturated conditions and
therefore has a value of 1. During the course of an experiment,
Sice increases linearly and, without the presence of ice-nucleating
particles, reaches the values for homogeneous freezing. From the
experiment performed with the pure H,SO4 solutes, it is known
that homogeneous freezing is observed after 20 and 23 s of relative
run time for —45 and —55 °C, respectively. The corresponding Sice
values are calculated following the latest parameterization for homo-
geneous freezing (Schneider ef al., 2021b). The calculation presented
in Fig. 11 is only valid for the experiments at cirrus cloud conditions

made with a flow of 5L min™".
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FIG. 10. Raw (red symbols) and calibrated (yellow symbols) temperatures in
AIDAm, compared to the AIDA cold box temperature.
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FIG. 11. Linear fit of the saturation condition with respect to ice (Sie) for the
experiments performed at —45 °C (dashed line) and —55 °C (solid line).
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