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Abstract. The new portable ice nucleation chamber (PINC) 1 Introduction

developed by the Institute for Atmospheric and Climate Sci-

ences of ETH Zurich was operated during two measuremenftmospheric aerosols contribute to the largest uncertainty in
campaigns at the high alpine research station Jungfraujocthe global radiative forcing since pre-industrial timEsi(ster
situated at 3580 m a.s.l, in March and June 2009. During thiset al, 2007. On one hand aerosols have the ability to scat-
time of the year, a high probability of Saharan dust eventster and/or absorb the incoming solar and terrestrial radiation
(SDE) at the Jungfraujoch has been observed. We used afaerosol direct effect), elgaywood and Bouché000. On
impactor with a cutoff size of 1 um aerodynamic diameter the other hand, aerosols play a major role in the formation
and operated the system -aB1°C and relative humidities  of clouds, and govern their lifetime as well as their micro-
of 127% and 91 % with respect to ice and water, respecphysical properties influencing the precipitation and also the
tively. Investigation of the ambient number concentration radiative budget (aerosol indirect effect), elgphmann and

of ice nuclei (IN) in the deposition nucleation mode and Feichter(2005. The ice phase in mixed-phase clouds is of
during a SDE in the free troposphere is reported. The recrucial importance, as 30% of the tropical rain forms via
sults discussed in this paper are the first continuous IN meathe ice phaselau and Wy 2003. Ice crystals in the atmo-
surements over a period of several days at the Jungfraujoclsphere form via two pathways: homogeneous and heteroge-
The average IN concentration found during the campaign imeous nucleation. Homogeneous nucleation is significant at
March was 8 particles per liter whereas during the campaigrtemperatures below38°C. At higher temperatures the for-

in June, the average number concentration was higher up tmation of ice in clouds is triggered by heterogeneous nucle-
14 particles per liter. Two SDEs were detected on 15 andation which is divided into four sub-processes: Immersion,
16 June 2009. Our measurements show that the SDEs hagbndensation, contact and deposition nucleatitti (1985.

IN number concentration up to several hundreds per literMany laboratory studies as for examplason and May-
We found the best correlation between the number concenbank(1958; Isono et al(1959; Roberts and Halle(t1968);
tration of the larger particle fraction measured by an opti- Schaller and Fukut&1979; Pruppacher and Kleit1997);

cal particle counter and the IN number concentration duringDeMott (2002; Zuberi et al(2002; Archuleta et al(2005;

a Saharan dust event. This correlation factor is higher forMangold et al.(2005; Kanji and Abbatt(2006; Knopf and
particles larger than 0.5 pm meaning that a higher concentrakoop (2006; Mohler et al.(2006; Marcolli et al. (2007);

tion of larger particles induced higher IN number concentra-Eastwood et al(2009; Welti et al. (2009; Kulkarni and
tion. No correlation could be found between the black carbonDobbie (2010 have shown that mineral dust is a good ice
mass concentration and the variations in IN number concennucleus (IN) in both immersion and deposition nucleation
tration. mode and usually initiate nucleation at rather high temper-
atures and low relative humidities. This statement is sup-
ported by field studiesOeMott et al, 2003h Richardson

et al, 2007 Klein et al, 2010 where high concentrations

Correspondence taC. Chou of mineral dust led to a significant increase in the ice crystal
BY (cedric.chou@env.ethz.ch) number concentration. Previous studies/li et al.(1976);
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Schnell and Vali(1976; Mohler et al.(2008 showed that 2 Experimental setup
bioaerosols and especially some specific bacteria like Pseu-
domonas Syringae initiate ice formation at warmer temper-2.1 Ice nuclei measurements
atures than mineral dusPratt et al.(2009 found that one
third of the ice particle residues in one cloud collected by2.1.1 The portable ice nucleation chamber
a Counterflow Virtual Impactor (CVI) at high altitude over
Wyoming contained biological markers. Soot and particlesThe Portable Ice Nucleation Chamber (PINC) has recently
containing black carbon (BC) are also known to act as IN, butbeen developed in order to measure IN concentrations dur-
require much lower temperatures and higher relative humididing airborne and field campaigns. It is the portable version of
ties for activation as compared to bioaerosols and minerathe Zurich Ice Nucleation Chamber (ZINC$tetzer et a).
dust DeMott et al, 1999 Dymarska et a}.2006. Dymarska 2008 and its principle follows the Continuous Flow Dif-
et al. (2006 showed that in order to trigger deposition nu- fusion Chamber (CFDC) of the Colorado State University
cleation, soot require temperatures lower tha80°C and (Rogers 1988. Briefly, it consists of two flat parallel plate
relative humidity with respect to water close to saturation.walls which can be cooled independently of each other to
Nevertheles€ozic et al.(20083 found that ice residuals in temperatures as low as47°C for the warm side ane55°C
mixed-phase clouds collected at the high alpine research stdor the cold side. Before a measurement, the chamber is
tion Jungfraujoch (JFJ) in Switzerland have a BC mass enflooded with water for a short period in order to produce a
richment of 27 %. As the temperature at the station is nevethin ice layer on the walls which then is maintaining a con-
lower than—30°C, these measurements raise some quesstant relative humidity of ice saturation on the wall surface.
tions: do BC particles form ice mainly via immersion or/and By applying a temperature difference between both walls,
contact freezing at the Jungfraujoch? Do these BC particlegliffusion of water vapor leads to a supersaturation within the
have different properties than those produced in laboratorchamber which depends on the position between the walls
and have enhanced IN properties in the deposition mode@nd the temperature gradient. A continuous flow of sample
The ice nucleation properties of BC are still unclear as a re-air, typically 1 liter per minute (Ipm) — layered between two
cent study conducted bgamphus et al(2010 at the JFJ  particle-free sheath flows, typically 4.5Ipm each — is drawn
during the Cloud and Aerosol Characterization Experimentthrough the chamber to expose the sample to a defined su-
6 (CLACE-6) showed no enrichment of BC in the particles persaturation and temperature for a duration of about 7s. It
analyzed. is important to mention that PINC can only measure in the
So far, very few studies with chambers have been perdeposition and condensation nucleation modes and to some
formed in-situ in the free or upper troposphere, where condi-extent in the homogeneous freezing mode. The major differ-
tions are favorable for the formation of mixed-phase and iceences between our established lab-instrument ZINC and the
clouds. Those studies are summarizeMlishler et al(2007) new PINC instrument are the portable and lightweight cool-
and showed that the IN number concentration could varying system and the reduced chamber length so that the in-
from 0.01 to 50 particles per liter for different regions, sea- strument fits into existing research aircraft. Table 1 summa-
sons and altitude. In order to have additional data at differ-rizes some of the main differences between PINC and ZINC.
ent locations in the world and information on IN properties The cooling system of PINC consists of two independent
of atmospherically relevant aerosols, two measurement camsompressor-based refrigeration systems where the evapora-
paigns were conducted at the JFJ in March and June 2009. fon tubes made out of copper are firmly inserted into drilled
previous study has been conducted at the JFJ in order to chaghannels on the outer sides of the chamber walls. Because
acterize ice crystals sampled in mixed-phase clodbres  a measurement requires a temperature gradient between the
et al, 2007. They found during CLACE-3 an average con- walls, the two systems are not identical. Hence, the cooling
centration of several hundreds ice residuals per liter in onesystem for the warmer wall consists of two parallel compres-
cloud on 24 March 2004 using an ice-CVI. Our measurementsors (BD120, Danfoss) while the colder wall system has in
campaigns were also motivated by the high probability oftotal 5 compressors of the same kind, but connected inla 4
Saharan Dust Events (SDE) between March and JGo& (  manner, meaning 4 parallel units combined with one further
laud Coen et a]2004). This paper shows the first dataset of in series to obtain a higher compression to reach lower tem-
IN measurements at the JFJ over several days and discusspgratures. More details are shown in Fig. The BD120
results of IN number concentration and its variation with re- compressors were chosen because they are specially made
spect to a SDE at the JFJ. Correlation between BC and INor mobile applications. They run of 24 Volts DC and their
concentrations are also discussed. cooling power can be regulated over a wide range with pulse-
width-modulation (PWM) drivers. They also tolerate tilting
of the instrument while in operation and are therefore well
suited for airborne instruments.
In laboratory tests, we reached sampling conditions of
—45°C with a relative humidity with respect to ice (RHbf
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Table 1. Summary of PINC and ZINC characteristics

Parameters PINC ZINC
Main chamber size 568300 mm 1006300 mm
Evaporation section length 230 mm 750 mm
Residence time in main chamber 7s 12s
Residence time in evaporation section 2s 8s
Operating conditions down te65°C  down to—40°C
Ice coating thickness 550 um 600 um
Icing time 45s 90s
warm wall fnest xchanger Table 2. Conversion table from Stokes to aerodynamic diameter
expansionvlve ey @ following Baron and Willekg2001) and assuming an average par-
—D<t—k- HiHH ticle density of 1.5 g/cr (Cozic et al, 20088 and a density of
2.3glcn?, representative of mineral dust average density. We as-
heatinﬂ % refrgerant 4042 sume a dynamic shape factor of 1 and that the optical diameter is
2480120 g& equivalent to the Stokes diameter.
fling e Optical diameter aerodynamic diameter aerodynamic diameter
_ { L ’ (m) (um)/1.5gcrm3 (um)/2.3gcnt3
0.3 0.367 0.455
0.4 0.49 0.607
cold walk 0.5 0.612 0.758
9 ¥ 0.6 0.735 0.91
S er 0.65 0.796 0.986
3L iy refgerant Raosa
—>< D i 0.74 0.91 1.127
Bm@ 0.8 0.98 1.213
O T 1.0 1.225 1.517
“ea“@ % | rated with respect to ice but subsaturated with respect to wa-
eckvale xsono ter. Thus, the section allows evaporation of droplets which
o A @ @ may form at/or abqve water saturation so that t_hey are not
? { ? falsely counted as ice crystals by the optical particle counter
= s (OPC) (Climet, Ol 3100). The residence time of a particle in

this section is 2s and depending on the evaporation section
temperature, droplets will evaporate slower or faster. Fig-
ure 2 shows the maximum RJ}d we can reach before wa-
ter droplets formed inside the chamber can survive and be
158 % and a relative humidity with respect to water (H falsely counted as ice crystals by the OPC. The data acqui-
of 100%. At these conditions, the wall temperatures are akition system of PINC is similar to the one of ZINStgtzer
—51°C and-33°C for the cold and the warm wall, respec- et al, 2008 but uses the more up-to-date CRIO architecture
tively. In parallel to the evaporation tubes, several heating(National Instruments). This consist of a real-time computer
pads are attached to each wall which help when positive temrunning a specialized version of the Labview programming
perature changes are needed for one wall and to compensatgnguage. It also has a FPGA (field programmable gate ar-
for possible temperature inhomogeneities within a wall. Fur-ray) chip to implement certain parts of the code which di-
thermore, those heating pads support the regulation of theectly reads from input and writes to output modules in hard-
compressor power as these cannot be operated below 40 Yare. Code on the FPGA is very fast and efficient. We take
of their maximum cooling power. In these regions, a combi- advantage of this by using simple high-current digital out-
nation of cooling and heating is needed. put modules to regulate the power of heatings and compres-
The instrument has a short isothermal evaporation sectioors with software PWM drivers which are running inside the
attached at the bottom of the main chamber, which is cooled"PGA chip.
by the warm wall cooling system and thus is maintained at
the warm wall temperature, allowing the section to be satu-

Fig. 1. Schematic of the cooling system in PINC.
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Fig. 2. Experimental determination of the water droplet survival Fig. 3. Aerosol penetrating fraction of the impactor used. Note the
line (water breakthrough) for different temperatures. Above thesharp cut-off at 1 pm aerodynamic diameter. The magenta curve is
droplet survival line, the OPC can not distinguish ice crystals andthe sigmoid fit of the blue data points. Green error bars represent
water droplets. the standard deviation of the measurements.

2.1.2 Large particles and wet particles issues The main objective of this study is to focus on the deposi-

h  set ¢ PINC OPC to detect i tion nucleation mode, so it is crucial that the particles sam-
€ current setup o uses an O JEect ICE CIySh oy are dry. In order to do so, we use a molecular sieve

tals by size..A particle is (;Iassified as ice CrVSt?" by the Opcgiffusion drier mounted in front of the system. The relative
when its optical diameter is larger than 3 um. Since PINC ha%umidity measured at the exit of the diffusion drier is 1%
been designed for field and in-situ measurements, the pre;

£ el I ter droplet b with a sensor accuracy af2 %), which is sufficient to re-
ence of ‘arge particies as well as walter droplets canno ove the moisture from the particles. The particle gravita-

excluded. . . tional loss is 2% for the larger size sampled i.e. 1 um, and
. In order t(.) remove the Iargg partlcl_e_ fraction, we used thethe diffusion loss for the smallest particles we expect to be
impactor built for the Differential Mobility Analyser (DMA) IN (0.1 um) is below 1 %.

from TSI with an orifice of 0.071 cm. Several laboratory

tests with an Aerodynamic Particle Sizer (APS) (TSI, models 1 3 validation experiments using ammonium sulphate
3321) and a Scanning Mobility Particle Sizer (SMPS) (TSI, aerosol

model 3080) sampling ambient air have been performed and

Fig. 3 shows the impactor efficiency for different aerody- The sample temperature and relative humidities are calcu-
namic sizes. The cutoff d50 is at 0.91 um, aerodynamic di4ated from the measured temperatures of the main chamber
ameter. Table 2 shows the conversion between aerodynamigajis. In order to validate the accuracy of the calculated tem-

and Stokes diameter followingaron and Willeke(2001)  perature and relative humidities at the sample position inside

(see Eq. 1): the chamber, the deliquescence and freezing points of am-
i monium sulphate (AS) aerosols were investigated at differ-

da=dp- (ﬂ) , (1)  entthermodynamic conditions, because they are well known
X PO from the literature. Ammonium sulphate particles were pro-

with d, the aerodynamic diametek, the diameter of a spher- duced from a 3% (by weight) AS solution which was then
ical particle,pp the particles densityyg the standard density atomized. The droplets went through a molecular sieves dif-
of a spherical particle, typically 1 g/chand x the dynamic  fusion drier to crystallize the droplets. The particles were
shape factor. We assume that the optical diameter is equivthen size selected with the DMA attached to the SMPS before
alent to the Stokes diamete€ozic et al.(20089 showed entering PINC. Validation experiments were performed with
that the submicron particle average density at the JFJ wag00 nm particles at two temperatures30°C and—40°C.

1.5 g/cn?, which is one of the values we use for the conver- The experiments at30°C showed deliquescence of the par-
sion in Table 2. According t&aaden et al(2009 the dy- ticles at 84 % Rl at the sample position which is in good
namic shape factor of Saharan dust is 1 for particles smalleagreement by-2% with the values obtained Braban et al.
than 0.55pum and in the order of 1.2 for particles of 1 um. (2001 and Kanji and Abbatt(200§. In order to see at
This leads to an error of 10 % on the largest particle size samwhich conditions AS could freeze homogeneously, we op-
pled during our campaigns. erate the chamber at40°C which is below the temperature
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of homogeneous freezing, and set aRkbove the deliques- ) 2 3 4 5 8 7 8 9 M0 1
cence point of AS. We found that AS froze homogeneously at 2] a L L
relative humidities of 145 % and 97 % with respect to ice and 20.] i h
water, respectively. These values also agreetB% with 15 %1 1]
the theoritical values calculated Bpop et al.(2000 based 104 £ I 11 i B 1 %ﬂ_
on the water activity for a 200 nm diameter aerosol particle. 51 % D i § % L] 71
15 = T i’ T T T T 'T T + T = T T T T 'i
b

2.1.4 Operating conditions during the two
measurement campaigns

*
*e

IN number concentration measurements took place from 24
February to 10 March 2009 and from 3 to 17 June 2009 at

0.3 <D < 0.5 micron (1/cc) |N concentration (1/1

(an
=)
o
o
o
1
1

on

ulation mode

concentrat!

the JFJ research station situated at an altitude 3580 m a.s . [ W\ 10 J
(46°33 N by 7°59 E). The JFJ is mostly in free tropospheric ' J
conditions and is a Global Atmosphere Watch (GAW) sta- E 0.0 |
tion where aerosols and gases have been measured for se' @
eral years. Further description of the measurement site are
given inBaltensperger et a{1997). 15000 et LA

Kanji and Abbatt(2006§ showed that at-30°C, the nu-
cleation onset of Saharan dust was below a BHL.10 % in
the deposition mode. Thus in order to activate any possible ] ]
Saharan dust present at the JFJ, the operating conditions cg § 5000 - -
PINC during this campaign at the sample position were set ¢ 1 J\N. M A
to —31°C (which is a relevant temperature for mixed-phase 0T e
clouds), with a RHof 127 % (RHy, =91%). Every mea- TE % Y hasinMareh - o T
surement point reported in Figé, 7, 11and12is a 15min
average, with a five second interval between each IN countrig. 4. Panel(a): Time series of the 15 minutes IN average num-
Due to background signal coming from the chamber, a blankber concentration (particles/liter) from 1 to 11 March 2009. Panel
measurement of 5 min (no aerosol injected) at the beginningb): Particles concentration per size class. PgaglSingle Scat-
and at the end of a measurement is taken in order to obtaifering Albedo (SSA) exponent value. Paiig): Particles number
an average background value that can be substracted frofPncentration in the accumulation mode.
the 15 min average measurement. This background signal is
coming from ice peaks that have grown and break-off from 5 . ) .
the walls of the chamber, and is typically less than 3 particlesVN€réoansec (M?/g) is the mass absorption efficiency set

per liter. We usually re-ice the chamber after 2 and a halft® 6.6 17/g. Both sansac and baps are Wavele'ngth deF’e”_‘
hours of ambient measurements, when the background sign&€nt: The measurements were performed with a 1 min time

exceeds 5 particles per liter and that the sampled IN value&eSolution and ran for 24 ICozic et al(2007) have made a
are not high enough as compared to the chamber backgrourfgMParison with another MAAP instrument running behind
values. In some cases IN measurements are shown even 4 PMe inlet and found a very high correlation o =0.97

the background exceeded 5 particles per liter but the sample_and a slope of 0.95 which indicates that most of the BC mass

IN were then at least two times higher than the backgroundS found below a diameter of 2 um. . .
signal. It is important to mention that hematite which could be

found in mineral dust is another compound that can signif-
icantly absorbs light. It usually has a small contribution to
the total absorption coefficient in pristine days, but signifi-
Downstream of the total aerosol inlet, a Multi-Angle Ab- cantly changes the absorption coefficient when high dust load
Sorption Photometer (MAAP’ Thermo ESM, Andersen) op- are presentQOHaUd Coen et a|2004) Further information
erated at a nominal wavelength b£630nm Petzold and ~ @boutoapsec measurements with the MAAP at the Jungfrau-
Sctonlinner, 2004 was used to measure in real time the light joch can be found i€ozic et al (20088.

absorption coefficienbaps BC particles are the most effec-

tive atmospheric light absorbing aerosol species in the visuaR.3 Detection of Saharan dust events

spectral range and therefore this parameter is used in order to

derive the BC mass concentration (gjrfollowing Eq. (2): The dry particle scattering coefficieat, was measured by
an integrated nephelometer (IN, TSI 3563) simultaneously

at three different wavelengths. £ 450, 550 and 700 nm).

2.2 Black carbon measurements

babs= OabsBC - BC, (2)
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Fig. 5. Dust load distribution over the Mediterranean region on 9 and 10 March 2009 at 12:00 p.m. UTC. The black dot marks the location

of the Jungfraujoch.
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Fig. 6. Four days backtrajectories on 9 and 10 March 2009 at Jungfraujoch at 12:00 p.m. UTC.

The data are collected with a five minutes resolution and arof the OPC was done with LATEX sphere&chwikowski

hourly average was calculated from these data. The absorpet al.(1995 found that there is an increase in the coarse frac-

tion coefficientoap was measured by an aethalometer (AE- tion of the aerosol size distribution during a SDE, suggest-

31, Magee Scientific) at seven wavelengths=870, 470, ing that an increase in the supermicron mode detected by the

520, 590, 660, 880 and 950 nm). The calculatiomgfwas  OPC is also a good indicator of dust load at the JFJ.

done followingWeingartner et al(2003. In order to predict a SDE we used the BSC-DREAM dust
The scattering and absorption coefficients are used to demodel forecastNickovic et al, 2001, Pérez et al.2006ab)

rive the single scattering albedo (SSA) exponasyga, which from the Barcelona Supercomputing Center (BSC). Distri-

describes the wavelength dependence of the SSA: bution of dust load around the Mediterranean region can be
Y forecasted 72 h in advance, and wind profiles can also be ob-
wo=bgsp- L~ YSA, (3)  served. In complement, we used that tool in combination

. - with the NOAA HYSPLIT trajectory and dispersion model
wherewp is the SSA,bssa the SSA coefficient and the (Draxler and Rolph2011, Rolph, 2011 to calculate back-

wavelength. Notice that a dust event is notified only if thetra’ector ensembles arriving at the JEJ during the davs of
SSA exponent is negative for more than 4 hours consecu- ) Y g 9 Y

tively. More details can be found iGollaud Coen et al. |nt3resp This allow lc,;S to investigate the origin of air masses
(2009, and to interpret our data.

These instruments were complemented by an optical parti-
cle counter (OPC, Grimm Dust monitor 1.108) measuring the
dry particle size distribution in the diameter range of 0.3 to
20 um behind the total aerosol inlet. The factory calibration

Atmos. Chem. Phys., 11, 4725738 2011 www.atmos-chem-phys.net/11/4725/2011/
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3 Results and discussion 100010 1 12 13 14 15 16 17
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Due to some instrumentation problems, some days during
both campaigns are not reported in the figures. IN number
concentration in the deposition nucleation mode from 1 to
10 March are reported in Figl (panel a). The IN num- t

ber concentration for the first 8 days is below 10 particles 051

per liter, however there is an increase on 9 and 10 March. Tl
The IN number concentration during these two days reached 1 " J
20 particles per liter. In order to trace a possible presence 0.0 M W

of dust that could cause this increase, backward trajectories I ﬁ‘\‘ T
have been calculated for these two days. Fidghighows 1

the 4-day backtrajectories and Fig.shows the dust load

over Northern Africa and Europe. Both backward trajecto- 3§ _

. ; - ; S24000 ] d
ries show no evidence of dust arriving at JFJ, meaning that§ =

c

0.3 < D < 0.5 micron (1/cc) IN concentration (1/1)

Sow

s

S
-
T

SSA exp

\i
N)
S .

30000 4—— 44—

the higher IN number concentration on these two days mustg %18000'_ ‘ )

have a different source. £ 5120001 | ]
The average IN number concentration of the measuremen$ § 6000 “ W%W‘M\M @

period in March is 8 particles per liter. In comparisbtfertes ol — . I .“/

et al. (2007 found a number of ice residuals two orders of L Da;fs ndume T
magnitude higher than our results. This can be explained
by the fact that we are investigating only the deposition nu-Fig. 7. As Fig. 4 but from 10 to 16 June 2009. The magenta
cleation mode, neglecting immersion, condensation and conshaded area represents period with high IN number concentration
tact freezing. Moreover, we have restricted our size range ofind which could be attributed to Saharan dust contribution.
particles sampled up to 1 um aerodynamic diameter. Finally,
particles found in the ice residuals in their study could also be
an effect of scavenged interstitial aerosols, and furthermordheir results at the same thermodynamic conditions. Higher
the ice residuals might have another origin meaning that theyconcentrations%25 IN/liter) could be observed on four dif-
were not formed recently before being collected with the ice-ferent days, 11, 14, 15 and 16 June . These are discussed in
CVL. the following sections.

In Fig. 7 (panel a), the IN number concentration from 10
to 16 June is shown. The average ambient IN number con3.1.2 High IN number concentration events
centration (not influenced by SDES) is around 14 particles
per liter which is twice as high as at the beginning of March. Two SDE were detected on 15 and 16 June (see BHig.
Klein et al. (2010 has recently found a IN number concen- by optical means according to the methodology discussed
tration of about 40 IN per liter at the Taunus observatory atin Sect. 2.3 and used b@ollaud Coen et al(2004 to as-
a temperature of-18°C. It is important to mention that in  sess the presence of SDE. The presence of Saharan Dust
their study, the particle size range sampled is from 0.2 towas confirmed by backtrajectories shown in Fi§. The
12 um whereas we sampled particles with an upper size limitN number concentration increased by 10 to 20 times com-
of 1 um aerodynamic diameter. Furthermore they might havepared to typical IN concentrations. This result is in good
a constant influence of the Planetary Boundary Layer (PBL),agreement with the results frodeMott et al.(20035 who
which contributes to a higher number of particles, meaningfound a significant increase in IN number concentration of 20
more potential IN. As another comparisdtichardson et al. to 100 times when they sampled within transported African
(2007 using a CFDC found IN number concentration vary- dust layers over Florida. Note that the operating temperature
ing from 1 to 10 IN per liter during Spring at the Storm was 5°C higher than that of the CFDC during tieeMott
Peak Laboratory (SPL) situated in the Rocky Mountains ofet al. (20038 study. Note also that the IN number concen-
northwestern Colorado (USA). The SPL is located at 3210 mtration during a SDE during our study would have probably
above mean sea level (m.s.l.) and is comparable to the altibbeen higher if our setup would have allowed measurements
tude of the Jungfraujoch. The average IN number concentraef larger particles. Figur8 shows that the fraction of dust is
tion found during our campaigns are in good agreement withpresent above 0.6 um and it has been shown for mineral dust
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Full size distribution during a SDE (June 15, 2009) Table 3. Linear regression correlation coefficieRE, slope and

] v SMPS offset for different cases
10004777 g %%:7 v OPC grimm
] W S Conditions R2  slope offset (cr3)
100 -Eé‘v %;7 size class: 0.3 D<0.5um
. Ep Ko no dust (94 measurement points) 0.03  0.0005 0.0098
(?E j NN SDE (37 measurement points) 0.75 0.01395 -0.06473
£ 104 v all days (131 measurement points) 0.69 0.01006 —0.0231
9 - size class: 0.6D<0.8 um
2 v no dust 0.12 0.02028 0.00647
% 14 v oo SDE 0.82 0.07864 0.00322
all days 0.88 0.08123  —0.00651
v
0.1 E v
] v aerosol number concentration in the accumulation mode for
0.01 Lliind ——r a short period if the PBL is oscillating around the altitude of
01 ! 10 the research station. Note that investigating the number con-

Diameter (um) centration of the accumulation mode is a good indicator of

Fig. 8. Full size distribution during a Saharan Dust Event on 15 the PBL influenceNlyeki et al, 1998,
June 2009. The green shaded area corresponds to the fraction of This is supported by data shown in Fi(panel d), where

particles sampled through PINC within a SDE. we observe oscillation in the accumulation mode concentra-
tion with a maximum in the morning, followed by a steep
decrease at noon. Then, an increase in the early afternoon
is followed by a decrease towards the evening. These oscil-
lations in dust concentrations can also explain why the SDE
on 14 June was not detected by optical means. As described
in Sect. 2.3, a SDE is considered to occur only if the SSA
exponent is negative for at least four hours consecutively. On

. S€VE7 June, the air masses arriving at the JFJ did not contain an
to.ry N Ggrmany. On 16 Jung the IN number concentration Sdust according to Fig8 and10, t?ut a sudden increase could ’
slightly higher than on a typical measurement day due to th%e observed at around 5:00 pm for a short time. Due to the

SDE contribution, but is less intense than the one on 15 Junq. . . . . .
. . S ack of real time instrumentation to characterize the chemical
Therefore, we investigated the dust load shown in Signd

. : ) . : . _composition of the particles, we cannot conclude in this case,
combined these information with the backward trajectories : ;
. . - “that a dust event was present at the site, but the hypothesis of
in order to trace the sources and concentration of the min-

; . dust contribution transported over the North Atlantic Ocean
eral dust. Figur® shows that on 15 June the air masses was
. ) ; should not be excluded.

coming from North Africa, where the dust concentration was

high (around 0.75g/R). On the other hand, on 16 June, air 3.2 Atmospheric implications

masses mainly came from the North Atlantic Ocean with a

contribution from North West of Africa where a lower dust The effects of high concentration of mineral dust in the at-

load was present<0.3g/n?). This difference in the dust mosphere on the formation of clouds have been reported

load mainly explains the differences in the concentration ofin Sasser(2002 and Sassen et ak2003. Those studies

ice crystals measured on these two days. showed that cirrus formation took place at temperatures sig-
On 11 June in the late afternoon and on 14 June, higher INificantly warmer than during clean conditions, inducing het-

number concentration were also observed although the SSA&rogeneous ice nucleation. The presence of higher IN num-

exponent was not negative. Figur@snd10 show that air  ber concentration at mixed phase cloud regimes contributes

masses on 14 June were coming from North Africa and conto faster precipitation of the cloud due to the Bergeron-

tain high dust loads which explain the increase in IN num- Findeisen process and therefore reduces the cloud lifetime.

ber concentration on that day. In comparison with 15 June, A high mineral dust concentration at cirrus level also leads

the IN concentration is more irregular on 14 June. We ob-to the competition between homogeneous and heterogeneous

served a very high concentration in the morning followed by nucleation. This effect is discussedKtarcher et al(2006

a decrease at noon. Then in the beginning of the afternoonyho showed with their parameterization that at 230 K and for

high IN concentration could be observed again followed by aa constant updraft of 20 cm/s through time, several hundreds

steep drop in the evening. These variations in concentratiof IN per liter can deplete the water vapor and totally prevent

at noon can be explained by the fact that during summer, thdhtomogeneous nucleation to take place. This lowers the base

JFJ can be influenced by the PBL, therefore increasing thef the cirrus clouds leading to more extensive cirrus clouds

that the larger, the better INA(chuleta et al.2005. This
high increase in IN number concentration is also in very good
agreement with the recent study Kiein et al. (2010 who
found a concentration of IN 10 times higher than a typical
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Fig. 9. Dust load distribution over the Mediterranean region on 11, 14, 15 and 16 June 2009 at 12:00 p.m. UTC. The black dot marks the
location of the Jungfraujoch.

and a modified radiative forcing as well as different distribu- ice nucleation efficiency of the particles, and that the larger,
tion of the relative humidity in the upper troposphere. This the more efficient the particles are. This is confirmed by
parameterization is not so realistic as it did not take sedi-Mertes et al(2007) and Kamphus et al(2010 who found
mentation processes of grown ice crystals into consideratiom larger number concentration of larger particles in the ice
and the critical supersaturation for heterogeneous nucleatioresiduals sampled during CLACE-3 and 6, respectively. As
was set to the same value for different temperatures and INnentioned in Sect 2.3Schwikowski et al. (1995 showed
sizes. In a more recent study froBpichtinger and Cziczo that the concentration of larger particles is higher during a
(2010, sedimentation processes as well as different criticaldust event than for a non SDE event. We investigate a pos-
supersaturation as a function of size have been included. Thsible correlation between the IN nhumber concentration and
study shows the same results for even a lower IN concenthe increase in number of larger particles. We used data from
tration (1401IN per liter), i.e. a complete suppression of ho-the OPC (Grimm Dust monitor 1.108) connected to the to-
mogeneous freezing within the clouds. Considering the INtal aerosol inlet that counts particles in a size range from
concentrations measured on both 14 and 15 June over th@3 um to 20 um. Due to the use of an impactor connected
Jungfraujoch at our operating conditions, an eventual updrafat the entrance of PINC, we only investigate particle sizes
of those air parcels to cirrus regime altitudes could have ledup to 0.6 um during a dust event due to the higher density of
to a cloud with fewer but larger ice crystals than in a pristine dust (see Table 2). The OPC data are also averaged in or-
case and therefore affecting the cloud lifetime (faster sedi-der to match the time resolution of the IN measurements.

mentation of larger ice crystals). Figure 11 shows the IN number concentration as a func-
tion of each size class for the two campaigns. Particles of
3.3 Correlations of IN with mineral dust 0.3<diameter)<0.5 pm show ar? of 0.69 (see Table 3)

whereas particles of 05D <0.6 um show a better correla-
As previously mentioned, some studiesr¢huleta et al. tion (R2 = 0.88) with the IN number concentration. This
2005 Welti et al, 2009 Kanji and Abbatt 2009 showed correlation suggests that the higher concentration of parti-
that the size of mineral dust plays an important role in thecles larger than 0.5 um, the higher IN number concentration
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Fig. 10. Four days backtrajectories on 11, 14, 15, and 16 June 2009 at Jungfraujoch at 12:00 p.m. UTC.

we detect. This result is in very good agreement with the3.4 Correlations of IN with BC

parameterization dbeMott et al.(2010 which found a very

good correlation between the aerosol number concentratiogyne of our motivations was to investigate if the formation

larger than 0.5 um and the number of predicted IN. Note thalsf jce crystals could have been influenced by the presence

in their study the IN number concentration was measured abf BC. |t is important to note that IN are counted as number

conditions above water saturation where both deposition ang ,ncentration whereas the BC concentration is expressed in

condensation nucleation take place whereas we only investimass concentrations. We have integrated the BC mass con-

gated IN number concentration in the deposition nucleationsentration (derived from the MAAP) over 15min to match

mode. the time of our IN measurements. During a SDE the absorp-
tion coefficient increases due to absorbent compounds found
in mineral dust as described in Sect. 2.2. In order to avoid
biases due to SDE, and also to assess which other types of
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Fig. 11. IN number concentration versus particles number concentration of different size classes: blue triangles represents non SDE mea-

surements and magenta ones, SDE measurements.

2 4 Conclusions
1004~~~ R'=0.12

This paper discussed in-situ measurements of IN number
concentration and their properties during Saharan dust events
(SDE) at the high alpine research station Jungfraujoch (JFJ)
N at constant thermodynamic conditions e81°C, RH of
. 127 % and Rk, of 91 %. It represents the first IN measure-
ments for extended period at the JFJ. We showed that the
. .- IN number concentration can increase by one order of mag-
. - nitude during a SDE, but can also increase by just a factor
o o.-7° of 2, suggesting that SDE have different intensities. Future
PP e work at the JFJ will require instrumentation that can mea-
..{}:,ﬂ ‘ ﬁ-’ . sure the chemical composition as a function of the size of
0 S o oot - the particles as was done in tBeMott et al.(20033 study.
0 60 80 100 120 140 160 We also showed that we have a better correlation between
BC mass concentration (ng/m°) the IN number concentration and the larger aerosol particles
(counted by the optical particle counter).
Fig. 12. IN number concentration versus BC concentration during  Investigation of the BC dependence of the IN concentra-
both campaigns on clear days. tion has been performed as well, and the results showed that
there is no correlation between BC mass concentration and
IN number concentration. However this is not conclusive
particles might act as IN during a non SDE day, we have onlyand single particle analysis would be required to see if the ice
investigated the BC dependency on non SDE days as showerystals formed in PINC contain BC. Another important fact
in Fig. 12. The R? value between the BC concentration and is that we worked at conditions where only deposition freez-
the IN number concentration is 0.12. It is thus not possibleing could take place, meaning that both condensation and im-
to conclude that BC has an impact on the variation of the INmersion freezing onto particles sampled are not investigated.
number concentration, althoud@ozic et al.(20083 found Furthermore, particles larger than 1 um were not entering the
an enrichment in BC in the ice residuals measured duringchamber, thus reducing the IN number concentration investi-
three CLACE campaigns. This weak correlation is howevergated. BC particles could trigger nucleation via immersion or
in good agreement with the recent studykamphus et al.  contact freezing which this study did not investigate. Inves-
(2010 who found no BC enrichment in the ice residuals dur- tigation of immersion freezing with the new chamber IMCA
ing CLACE 6. developed at our institutd_gond et al, 2010 in combina-
tion with a Soot Photometer (SP2) could help to investigate
the possible role of BC in future campaigns.
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