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ICE NUCLEATION EXPERIMENTS AT SIMULATED CLOUD CONDITIONS
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1. INTRODUCTION

Ice nucleation (IN) plays a key role in the
formation of cirrus clouds or the initiation of
precipitation in lower tropospheric clouds. It can
occur either by homogeneous freezing of pure
water and solution droplets below about —35°C
(Koop et al., 2000: Pruppacher and Klett, 1997),
or be heterogeneously induced by so-called ice
nuclei (Vali, 1996). A quantitative description of
the ice nucleation processes is crucial for a bet-
ter understanding of formation, life cycles, and
optical properties of clouds.

The large coolable and evacuable aerosol
chamber facility AIDA (aerosol interaction and
dynamics in the atmosphere) is used as a cloud
chamber to study processes of ice formation at
simulated tropospheric cloud conditions. A wide
range of temperature, pressure, cooling rate and
relative humidity can be established during ice
activation experiments covering conditions
throughout the troposphere and lower strato-
sphere under which water clouds, mixed clouds,
cirrus clouds, and even Polar Stratospheric
Clouds (PSC) are formed (Nink et al., 2000: Zink
et al.,, 2002). This paper briefly describes major
technical components, experimental methods,
and results of heterogeneous IN experiments
with soot aerosol.

2. EXPERIMENTAL
2.1. AIDA Aerosol Chamber Facility

Figure 1 depicts a scheme of major technical
parts of the AIDA facility together with
instrumentation used for IN expansion
experiments. The cylindrical aerosol vessel with
a volume of 84 m?® is located inside a thermal
insulating box. The interior of the box can
homogeneously be cooled to any temperatures
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cooled to any temperatures between 183 K and
room temperature. At static T,p-conditions, the
relative humidity with respect to ice (RHi) inside
the aerosol vessel can be controlled from close
to 100% to below 1 %. To achieve RHi close to
100%, the aerosol vessel is filled with humidified
synthetic air at higher temperatures and thereaf-
ter slowly cooled to a temperature markedly
below the frost point temperature. The excess
water is deposited on the vessel walls forming a
thin ice coating.

Temperature Controlled Housing
-90°C to +80°C

Ly-o. Hygrometer
FISH (iCG-1, FZJ) é’;’::gw
Aerosol Vessel
Photoacoustical AIDA f Filter
Sensor (Uni Szeged)| _ i | Samples
FTIR and UVIVIS [g Condensation
Spectrometer — | Nuclei Counter
- C
Scattering -
Unit 2 e — 8 A on L
rgon lon Laser
[
Mass Spectrometer i
Acnf EMPIK-HD) \,)/ [ Scattering and
f ﬂ 7 Optical Depolarisation
2 HE
qumeJA g pectrometer |
t al; =

Particle
Chcatz: Liquid Nitrogen

Figure 1: Schematic of the AIDA aerosol and
cloud chamber facility.
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In preparation of each IN experiment at ice-
coated wall conditions, the aerosol vessel is
pumped off to a pressure below 0.1 hPa and
refilled with dry synthetic air to a pressure of
1000 hPa. Adding of humidified air to the cold
aerosol vessel would cause the formation of an
undesired background of ice nuclei. After filling
is completed the ice coating provides almost ice
saturated conditions inside the aerosol vessel
within about 30 min.

Thereafter, soot aerosol particles are added
at number concentrations between 1000 and
3000 cm™. The soot aerosol is taken from a
graphite sparc generator (GfG1000, Palas). The
soot particles are fractal like aggregates with
mobility equivalent diameters around 100 nm



and composed of primary particles with diame-
ters of about 4 nm.

2.2. Experimental Method of Ice Activation

All heterogeneous IN experiments discussed
in this paper are started at constant pressure of
about 1000 hPa and ice saturation ratio close to
1 (RHi close to 100%). Ice supersaturation
needed for IN of soot particles is achieved by
volume expansion due to controlled pumping
using two large vacuum pumps at different
pumping speeds. Depending on starting tem-
perature and pumping speed, the regime be-
tween ice and water saturation is passed within
a few minutes at cooling rates up to 200 K/h.

Figure 2 depicts time series of pressure,
mean gas temperature, ice saturation ratio, and
depolarisation (see below) during a fast expan-
sion started at 980 hPa and 234 K. The expan-
sion to a final pressure of 800 hPa lasted about
3.5 min. The highest cooling rates are only
achieved within the first few minutes. Hereafter,
a steady state is achieved between further adia-
batic cooling and heat transfer from the 2 cm
thick aluminum walls remaining at constant tem-
perature during expansion due to their high heat
capacity. After pumping is stopped the gas tem-
perature increases and approaches wall tem-
perature on a time scale of about five minutes.
Volume expansion into an evacuated vessel of
4 m® volume can additionally be used to sharply
increase the ice saturation ratio by about 0.2
within a few seconds.

Evaporation of ice phases is forced by con-
trolled adiabatic heating of the chamber gas
during refilling the chamber with dry synthetic
air. Thereafter, the next IN activation cycle is
started with the same aerosol that was only di-
luted by about 20% after pumping from about
1000 to 800 hPa.

Water vapour mixing ratio and partial pres-
sure are measured with three independent in-
struments, (1) the FISH Lyman-a hygrometer of
Forschungszentrum Julich (Zoger et al., 1999),
(2) the prototype of a novel photoacoustic water
vapour sensor (PAS) developed and operated
by the University of Szeged, Hungary (Szakall et
al.,, 2001), and (3) a commercial chilled mirror
hygrometer from General Eastern. All instru-
ments are operated outside the chamber using
the same heated sampling tube. Therefore, the
hygrometers measure the total water (gas and
ice phase). Until the onset of ice particle forma-
tion, these data can be used to calculate the ice
saturation ratio. The saturation vapour pressure

is calculated from the mean gas temperature
using the parameterisation given by (Marti and
Mauersberger, 1993).
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Figure 2: Time series of pressure, mean gas
temperature, ice saturation ratio, and depolarisa-
tion ratio for a typical expansion experiment.

2.3. Detection of Ice Formation

The onset of ice formation during IN expan-
sion experiments is detected by measuring the
depolarisation of scattered laser light with high
sensitivity and time resolution. An Argon-lon
laser beam (99% polarized radiation at 488 nm)
is conducted into the chamber via an optical
fiber which preserves the plane of polarization
(Figure 1). The laser beam and the aperture of
the detection optics overlap in the middle of the
chamber at a distance of 2 m from the walls,
providing about 2 cm?® of scattering volume. The
scattered light is split into the parallel and the
perpendicular components by a Glan-Taylor
prism and then detected by two independent
photomultipliers. Detector optics are mounted at
scattering angles of 176° and 4°. This setup
provides information on the volume, size, and



phase of the scattering aerosol. The data set
allows for a precise determination of the onset of
ice formation and the formation and growth of
liquid and solid aerosol particles.

After onset of ice formation the calculated
ice saturation ratio is overestimated by the ice
water content that rapidly increases due to up-
take of water on ice particles. Number concen-
tration and optical sizes of ice particles are
measured with an optical particle spectrometer
(PCS2000, Palas) operated below the aerosol
vessel (c.f. figure 1). Residence times in the cold
vertical sampling tube are short enough to mini-
mise evaporation of ice particles. Information
about the ice phase is also obtained from in situ
multi-path FTIR extinction spectroscopy. The
dynamic growth and evaporation of ice particles
is investigated by comparing the measured data
with respective process models. This work is in
progress and is not discussed in this paper.

The size distribution of the soot aerosol par-
ticles is measured with a differential mobility
analyser (DMA). The total aerosol number con-
centration is measured with a condensation nu-
clei counter (CNC). The DMA and CNC have
been modified for operation at sampling pres-
sures between 100 and 1000 hPa.

3. RESULTS

The heterogeneous IN of soot aerosol was
investigated at temperatures between 192 and
250 K (Figure 3). The critical ice saturation ratio
needed for IN, S;y, was measured as outlined in
Figure 2. At temperatures above 235K, IN of
soot particles only occurs close to or slightly
above water saturation (solid blue line in Figure
3). Liquid water seems to condense on the soot
particles before ice activation occurs (immersion
freezing).

At lower temperatures ice is formed signifi-
cantly below the liquid water saturation threshold
and also below the threshold for homogeneous
freezing nucleation of supercooled liquid solution
droplets indicated by the dashed blue line (Koop
et al., 2000). Decreasing S,y with decreasing
temperatures was also found by DeMott (DeMott
et al., 1999) who measured IN of redispersed
Degussa soot at temperatures between 213 and
233 K. In that study, significant decrease of the
Siv below the values of homogeneous IN was
only measured for soot treated with ‘multilayer’
sulphuric acid coating. At 213 K, S,y measured
for multi-layer sulphuric acid Degussa soot by
DeMott et al. (1999) agrees with the AIDA data
measured for untreated sparc generator soot.

The first AIDA measurements below 213 K indi-
cate a slight increase of S)y. This trend has to be
confirmed by further data currently analysed.
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Figure 3: Measured ice saturation ratio for onset
of ice formation in soot aerosol as function of
temperature and number of subsequent activa-
tions.
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Figure 4: Aerosol number size distribution

measured with a mobility analyser before and
after ice activation.

At 192, 213, and 235K, S,y was found to
significantly decrease in subsequent ice activa-
tion and evaporation cycles of the same soot
aerosol (c.f. different symbols in Figure 3). This
decrease may be caused by ‘ageing’ effects,
e.g. changing agglomerate and surface struc-
ture, during the ice activation process. During
the first ice activation of fresh soot particles,
significant shrinking can be derived from size
distribution measurements with the mobility ana-
lyser (Figure 4). The decrease of mean mobility
equivalent diameter can only be explained by
the indicated restructuring process.



4. SUMMARY AND CONCLUSIONS

In the AIDA experimental facility, ice activa-
tion experiments are performed by simulating
cycles of ice and water super- and sub-
saturations, using the method of expansion-
cooling. Relative humidity can dynamically be
increased in a controlled manner from ice satu-
ration to values above water saturation within
several minutes. The critical ice saturation ratio
for the onset of IN, Sy, was measured for un-
treated soot aerosol at temperatures between
192 and 250 K. At temperatures above 235 K, IN
seems to occur only after liquid activation of the
soot particles, whereas at lower temperatures
deposition freezing was measured at ice satura-
tion ratios between 1.2 at 213K and 1.5 at
192 K, significantly below water saturation and
below homogeneous IN of solution droplets.

One of the major advantages of AIDA ice
nucleation experiments is the fact that only a
minor fraction of the aerosol is lost during ex-
pansion cycles. Therefore, ageing effects on IN
of aerosols can be investigated in repeated acti-
vation and evaporation cycles. First results show
a significant decrease of S,y for untreated soot in
three subsequent activation cycles. Further data
analysis will focus on the fraction of activated
soot particles depending on e.g. the cooling rate.
The dynamic growth and evaporation process of
ice particles will also be analysed.
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