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Abstract. Small number concentrations render it difficult freezing at much warmer temperatures, a process called het-
to quantify ice nucleators (IN) in the atmosphere active aterogeneous freezing nucleation. It can been assumed that all
warm temperatures. A useful new method for IN measure-naturally occurring ice nucleators (IN) active at temperatures
ment based around filter collections is proposed. It makesvarmer than—10°C are of biological origin (Christner et
use of quartz filters used in 24 h Rymonitoring (720 M al., 2008). Although numerical simulations suggest a negli-
air sample). Small subsamples (1.8 mm diameter) from thegible role of biological IN on the global scale (Hoose et al.,
effective filter area and from the clean fringe (blank) are sub-2010a, b), a quarter of clouds observed over Central Europe
jected to immersion freezing tests. We applied the method tawith cloud top temperatures 6f10°C contained measur-
eight filters from the High Alpine Research Station Jungfrau-able amounts of ice (Seifert et al., 2010), so are probably
joch (3580 m above sea level) in the Swiss Alps. All filters influenced by biological IN.
carried IN active at-7°C and below. Number concentra-  To assess the influence of biological IN on climate, long-
tions of IN active at—8, —10, and—12°C were on aver- term observations in different regions are essential. How-
age 3.3,10.7, and 17.2T#, respectively. Several-fold larger ever, the small number concentration of biological IN renders
numbers of IN active at —12°C per unit mass of PM  meaningful time-resolved measurements with continuously
were found in air masses influenced by Swiss and SOUtheI’@perating flow-through IN counters impractical gMer et
German atmospheric boundary layer air, compared to a Sahad., 2007). Here, pre-concentration and off-line counting
ran dust event. In combination with data on RjVhass, the  techniques are beneficial. Collection of IN on a membrane
method may be used to re-construct time series of IN numbefilter (e.g. “Millipore”), subsequent exposure of the filter to
concentrations. cold and moist conditions, and counting of the ice crystals
that grow, is a method that was developed 50 yr ago by Bigg
etal. (1961). It was improved by Stevenson (1968) and later
1 Motivation by Langer and Rodgers (1975). Although it is still in use to-
day, the method was more widely applied during the 1970s
Precipitation release from stratiform clouds in mid- and high (€.9. Bigg, 1973; Hobbs and Atkinson, 1976; Schnell and
latitude is largely influenced by the formation of ice crystals Delany, 1976; Bowdle et al., 1985; Rosinski and Morgan,
(Phillips et al., 2003) and their growth at the expense of lig-1991; Santachiara et al., 2010).
uid cloud droplets, as described by the Wegener-Bergeron- Today, particulate mattex10 um (PMy) is routinely col-
Findeisen process. Homogeneous freezing of micrometrelected in many places for monitoring the atmospheric con-
sized water aerosol droplets occurs at approximat&g to centration of this public health hazard. Instead of membrane
—37°C (Murray et al., 2010). A range of natural and anthro- filters, quartz fibre filters are generally used in this applica-
pogenic particles in the atmosphere is capable of initiatingtion. Often, only part of the sampled material is consumed
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in further analysis. If the remainder could be analysed forindicated that clean quartz filter material did not carry signif-
IN number concentrations, it would offer a convenient way icant numbers of IN active within our temperature range of
to obtain number concentrations of IN without additional in- interest & —12°C), we decided to leave the particles on the
vestment into a sampling infrastructure. Particular questiondilter material and subject the ensemble to immersion freez-
could be studied by retrospectively selecting suitable filtersing tests. From the effective sampling area of each filter, 108
from existing archives. However, PN filters can not be  small circles of 1.8 mm diameter were cut out with the sharp-
analysed for IN in the same way as membrane filters, becausened end of a stainless steel tube bit. For control, another 108
particles are embedded in the felt-like, three-dimensionalkircles were taken from the 5 mm clean fringe of the same
structure of the quartz fibre filter materiat@.5 mm thick). filter. Freezing tests for sample and blank consisted of plac-
ing each 1.8 mm diameter circle in a separate 0.5 ml Eppen-
dorf tube, adding 0.1 ml filtered<{0.2 um) Milli-Q water and

2 Approach, materials and methods exposing it to decreasing temperatures (OG®&in1) in a
cooling water bath. After each°C step in temperature, the
2.1 Site and sampling tubes were inspected visually and the number of frozen tubes

was recorded. The cumulative number of ice nucleation sites
The Swiss National Air Pollution Monitoring Network active at the observation temperature or warmer ir? Jam
(NABEL) operates a high volume sampler (model DA-80 (KT) was calculated similar to Vali (1971) as:
H, Digitel Elektronik AG, 8604 Hegnau, Switzerland) at the
High Alpine Research Station Jungfraujoch (JF5I2'E, KT =I[IN(Niota)) = —IN(Nunfrozen1/a @)
46°3253’N, 3580ma.s.l.). Apart from the high volume

sampler for PMo, NABEL'S current measurement program e nymber of tubes still unfrozen (liquid) at the observa-

at JFJ also includes continuous Rbbservations and in- o temperature, and is the volume of air that has passed
situ analyses of ozone, carbon monoxide, nitrogen oxidesyy o ,gh the 1.8 mm filter sectiom £0.12 n#). Although no
sulfur dioxide and a comprehensive set of greenhouse gaseg; nassed through the clean fringe area of the filter, we use

and ozone-depleting substances. Meteorological paramepa same value for as for the sample area to get an equiv-

ters are measured by the Swiss Federal Office of Meteoroly ;o\t number of IN m3. Dividing the number of IN m3

ogy and Climatology MeteoSwiss. JFJ is mostly situated inp,, the mass of Php in 1m~3 provides the number of IN
the free troposphere and considered a remote measuremetit it mass of Phb. Also two completely blank filters

site. However, it intermittently receives air masses inﬂu—Were tested.

enced by the European atmospheric boundary layer, brought

up to the site by either frontal passages, foehn situation 3  Air mass origin
or thermally-induced flow systems (Zellweger et al., 2003;

Henne et al., 2010). The origin of the sampled air masses was investigated using
PMyg is collected from the atmosphere daily for 24 h on the Lagrangian Particle Dispersion Model (LPDM) FLEX-
quartz fiber filters (Pallflex Tissuquartz, Pall Corporation, PART (Stohl et al., 2005) in backwards mode. For each
Port Washington, NY 11050, USA) at an air flow rate of 24-h period covered by the individual filters 400 000 model
30mPh~1. After analysis, 1/2 to 3/4 of the filter area is particles were released at the location of JFJ and followed

left over. Filter diameter is 150 mm, with an effective di- backward in time for 10 days. Simulations were driven
ameter of 140 mm. A 5mm wide fringe, where the filter is by 3-hourly European Centre for Medium range Weather
covered by sampler parts, is not exposed to the passing afforecast (ECMWF) operational model fields, alternating be-
stream. We selected eight filters collected between 10 Juntween analysis (00:00, 06:00, 12:00, 18:00 UTC) and fore-
and 11 July 2010 which had sampled air masses of differcast (03:00, 09:00, 15:00, 21:00 TUC) fields. The horizontal
ent geographical origin. Conen et al. (2011) suggested thatesolution of these fields wa$ by 1° for the global and 0.2
larger numbers of IN per unit mass of soil dust may be foundby 0.2 for a nested domain covering Central Europe. Ow-
in colder, compared to warmer regions. Our filter selectioning to the altitude mismatch between model and real world
served to test whether — in principle — such differences maytopography, particles were not released at station height but

where Nyt is the total number of tubes (108Yunfrozenis

be detectable through the analysis of RMlters. at 3000 ma.s.l., which proved to yield most realistic results
in previous studies (Keller et al., 2010; Brunner et al., 2011).
2.2 Filter analysis For each filter sample, total source sensitivities (also called

footprints) (Seibert and Frank, 2004) between the surface and
Initial attempts to quantitatively extract Riifrom the felt- 100 m above model ground were calculated.
like filter material were not successful, because no matter
what procedure we applied, there was no way to quantita-
tively extract all particles without extracting at the same time
much larger amounts of quartz fibers. When subsequent tests

Atmos. Meas. Tech., 5, 321327, 2012 www.atmos-meas-tech.net/5/321/2012/



F. Conen et al.: Atmospheric ice nucleators active=—12°C 323

Table 1. Data on PMj filters analysed and number of ice nucleators detectetPfm

Sampling date 10 June 11 June 29June 30June 01 July 09July 10July 11 July
Source area N-Italy Switzerland/S-Germany N-Africa/Switzerland
Air temp. °C) -1 0 1 3 3 7 6 5
Rel. hum. (%) 98 96 92 71 78 42 72 74
Wind speed (ms?l) 22 14 2 1 1 4 4 2
CO (ppbv) 123 127 136 128 137 94 110 109
PM10 (ug m3) 5.9 7.1 7.8 5.9 6.6 18.9 28.0 14.8
T (°C) Number of IN n3 air
Effective sampling area of filter
—4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00
—6 0.00 0.08 0.00 0.00 0.00 0.00 0.08 0.00
-7 0.08 0.65 1.53 0.48 0.40 0.48 0.90 0.48
-8 0.73 4.94 5.67 3.29 2.73 2.01 3.18 3.89
-9 1.53 7.94 11.05 8.78 6.47 3.89 7.36 7.17
-10 2.01 11.65 15.53 13.76 14.60 6.30 9.47 11.96
-11 2.84 15.05 17.79 18.46 19.19 7.74 10.49 17.79
—-12 3.89 16.59 27.69 21.87 24.28 9.00 12.64 21.87
Clean fringe of filter (upper estimate of blank)
—4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-7 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00
-8 0.00 0.16 0.24 0.08 0.00 0.08 0.16 0.00
-9 0.00 0.16 0.40 0.08 0.32 0.08 0.24 0.48
-10 0.00 0.16 0.40 0.16 0.56 0.16 0.32 1.17
-11 0.00 0.24 0.40 0.24 0.65 0.24 0.65 1.35
-12 0.16 0.40 0.40 0.24 0.65 0.40 1.08 1.63
3 Results and discussion 3.2 Number concentrations of IN

3.1 Background counts
g All samples had IN active at7°C. The warmest freezing

Itis unlikely that the quartz fibres act as IN. Of the two com- temperature observed was-a6°C (Table 1). Numbers of
pletely blank filters right out of the suppliers pack, only 1 in IN active at—10°C were between 2.0 and 15.5air. In-
216 tubes, each containing a circle of 1.8 mm diameter of fil-terception of IN by the small areas that we later cut out of the
ter material, froze at —12°C (at—8°C), equivalent to an filter for analysis is a stochastic process. Numbers of IN de-
average of 0.04IN m8. Clean fringes of the filters that had tected per mare small. Each number was obtained from the
been used for PM sampling showed larger values (Table 1). analysis of 108 filter bits, each of which had collected aerosol
At —10°C these values were equivalent to between 0.00 andParticles from 0.12rh Hence, a value of 10IN ¥ is based
1.17, and on average 0.36 INTh Numbers of ice nucleation 0N a total of 130 IN detected in 13%w0f air. The total num-
sites active at-12°C on the effective filter area (P)d sam- ber of IN detected has a standard deviation of 11.4 (square
ple) were on average 39 times larger than on the clean fring&00t of 130) and the number of IN'T has a standard devi-
of the same filter. Probably, material from the dusty part ofation of 0.88 (11.4/13). Consequently, the 95% confidence
the filter had been transferred to the clean fringe during fil-interval for a value of 10IN m® ranges from 8.24 to 11.76.
ter handling. Hence the clean fringe of the filters provide an Bowers et al. (2009) conducted measurements at a slightly
upper estimate of the blank counts. lower altitude in the United States (Storm Peak Labora-
tory, 402700’ N, 106°4348" W, 3200 m a.s.l.) with a mem-
brane filter technique (0.22 um). They washed particles from
the membrane filters to subject them to drop freeze tests.

www.atmos-meas-tech.net/5/321/2012/ Atmos. Meas. Tech., 5, 3% 2012
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Latitude (°N)
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Fig. 1. Surface source sensitivities (footprints) for grouped filter samples: (left) 10-11 June 2010, North Italian influence, (centre) 29 June
to 1 July 2010, Swiss and southern German influence, and (right) 09-11 July 2010 North African and Swiss influence. For plots with higher
time resolution (3 h), see httfiagrange.empa.ch/FLEXPARArowser/

Number concentrations of IN determined were more var-ascended over England and Northern Germany before re-
ied than what we found at Jungfraujoch. In nine mea-circulating westward over southern Germany. The surface
surements, numbers of IN active atl0°C ranged from  source sensitivities for the third episode (9—11 July) indi-
0 to 91INnT3 (Bowers et al., 2009), nevertheless, the cate strong local or regional influences, but also considerable
median value (15INm®) was similar to our observation sensitivities were simulated for Northern Africa and Spain,
(11.8INnT3). suggesting potential dust transport from the Saharan dessert.
Ice particles formed at warm temperatures3(to —8°C) The apparent Saharan dust episode starts abruptly on 9 July
can multiply in number by rime splintering (Hallett and with PMyg concentrations (continuous analyser) rising from
Mossop, 1974) and at colder temperatures (peakldi°C) about 1 pug m? to 50 pg nT3 within 12 h while the mean CO
through ice-ice collisions (Yano and Phillips, 2011). This mixing ratio for that day was below average (94 ppb). CO ex-
suggests that precipitation in clouds is not strictly limited hibits a latitudinal gradient in the northern hemispheric free
by the number concentrations of IN at these temperaturegroposphere with smaller values towards the south. Thus,
thereby implying that the small number concentrations ofdecreased CO levels at JFJ are often associated with free
IN active at these temperatures can initiate the formation ofropospheric advection of southern air masses (Bond et al.,
enough cloud ice to affect precipitation. For example, precip-2011). In the present case, increased;Pkhd decreased
itation rates observed during a 29 day period over the SouthCO agree well with the advection of Saharan air masses with-
ern Great Plains have been explained with 10 IN°ractive  out further surface contact over Northern Italy as derived
at —10°C (Zeng et al., 2009), which is within the range of from the transport simulation. During 10 and 11 July, &M
our observations (2.0 to 15.5 INTA active at—10°C). concentrations slowly returned to 5-10 pg¥while mean
daily CO increased again to about 110 ppb (hourly means to
3.3 Number of IN per unit mass of PMygdepends onair ~ >115ppb). Especially on 11 July the site received consider-
mass origin able amounts of regional (Swiss) boundary layer air, as we
could infer from increased afternoon observations of hourly
Simulated source sensitivities, grouped into three episodemeans of CO, NQ and absolute humidity, and intensified
(Fig. 1), indicate different source regions of the sampledsource sensitivities close to the site.
air mass. During the first episode (10-11 June) the main We have two clearly distinct types of Riylorigin. One is
origin of the sampled air masses was over Northern ltaly,the second episode (29 June-1 July), wheragqfiginated
extending south over the entire Italian Peninsula and adjatargely from the Swiss and southern German boundary layer.
cent Mediterranean to coastal areas in Northern Africa. OnThe other type corresponds to the first two days of the Sa-
10 June, the weather situation over Western Europe was dontfyaran dust event (9—10 July), which was evident also in the
inated by a low pressure system over the Bay of Biscay.ochre colour of the Pl filters. This colouring was much
Several frontal systems were imbedded in the low and infludess pronounced on the last day of this episode (11 July),
enced the Alpine area towards the evening, causing increasaslhere the filter colour resembled more that of filters from the
transport from the aerosol laden atmospheric boundary layefirst and second episode, probably because of the consider-
Within Switzerland, convective precipitation was observed able amounts of regional (Swiss) boundary layer air sampled
both north and south of the Alps but not in the vicinity of during the afternoon of that day.
JFJ. In the second episode (29 June—1 July), JFJ was influ- Number concentrations of IN per3mair were twice as
enced by Swiss and southern German boundary layer air thdarge when air at JFJ was from the Swiss and southern
arrived in an air stream that originated over the Atlantic andGerman boundary layer, compared to air dominated by the

Atmos. Meas. Tech., 5, 321327, 2012 www.atmos-meas-tech.net/5/321/2012/
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10.000 Air masses mainly influenced by Northern Italy had num-
bers of IN per unit mass of P} either similar to air masses
from Switzerland and southern Germany (11 June), or as the
unmixed Saharan dust events (9—10 July). It may well be
that the small numbers of IN on 10 June were caused by IN
having been preferentially deposited, compared to non IN-
active PM particles, in precipitation events during that day.
This is not unlikely, considering the role of IN in initiating
precipitation by the Wegener-Bergeron-Findeisen process.

1.000 -

0.100

3.4 Caveats

0.010

—e— 08l An obvious limitation of using 24 h samples is that shorter
Ao episodic events can not be investigated. Another poten-
tial disadvantage of retrospectively selecting f3¥lters for

48 42 41 10 s s = s s analysisisthat IN properties may change during filter stor-
age. Living Pseudomonas syringador example, change
their IN activity within hours, depending on temperature and
Fig. 2. Number of IN sites per unit mass of Rl derived nutrient status (Nemecek-Marshall et al., 1993). IN active

from analysis of PMq filters, which had been used to sample air Sites in organisms are proteins (Wolber et al., 1986; Mor-
from different origin during 24 h (720 #: (blue) PMyg originating ~ fis et al., 2004). These are well preserved when sorbed to
largely from the Swiss and southern German boundary layer; (redynineral surfaces (Kleber et al., 2007). Hence, unlike IN as-
Saharan dust event, (broken line) with considerable amounts of resociated with living organisms, biological IN sorbed to min-
gional (Swiss) boundary layer air; (green) North Italian influence, eral soil particles should not be affected by prolonged stor-
(broken line) possibly affected by precipitation events. age. Stevenson (1968) simultaneously exposed ten Millipore
filters to the same stream of ground level air, analysed one

immediately and the others successively within the follow-
Saharan dust event (9-10 July), although the latter eventﬁ1g 13days. She observed no change in the number of IN

;:arrled a three-folﬁ I?rgr]]er;M Ioﬁd (Table %)' Qn Plb over this period, which indicates at least a certain stability of
rom sources north of the Alps there were four times moreatmospheric IN. Our samples had spent about one year in a

™ per unitzr?gss o PNb(?Cti\lge a';—?och, and eight tismﬁs climate controlled room at 2Z and 50 % relative humid-
more at— » compared to Phb from the apparent Saha- ity before they were analysed. The median number of IN is

ran source (Fig. 2). These regglts support, but do not prqvg/ery similar to that observed by Bowers et al. (2009), who
until the source of IN are specifically identified, the proposi- ¢, -0 their filters at-20°C and analysed them within the

tion by Con'en etal. (2011) that Iallrger numbers of IN per unitfirs:t two weeks following the collection campaign (Robert
mass of soil dust may be found in cooler regions and Where(WE/I. Bowers, personal communication, 4 October 2011). This

tsons have Iarggr concenrt]ratlons_lof ﬁrgan;c matter, co_mpar(ta oes not prove that our filters were unaffected by the storage,
O warmer regions or where solls have lower organic mat-, + i a150 does not contradict the assumption. Trials over a

ter concentrations, such as desert soils. At the same SarTI‘c')nger time period are necessary to identify acceptable time

pling site (Jungfraujoch), Kamphus et al. (2010) previouslylags between P sampling and IN analysis.

analysed single cloud ice residues by time-of-flight-mass- -, , advantage of using P filters loaded by a high vol-
spectrometry. Mineral dust was the dominant ice residue in ;
ume sampler is that even a small number of INntan

the mixed phase clouds they had sampled. Soil dust s, tobe detected. For the method parameters used here, a single

gether.wnh ba}cterla and fungal sporef,, the most Ilkgly Carmet \be frozen of a total of 108 tubes represents 0.08 IN (n
of IN sites active at temperatures—12°C. Pollen grains are

Iso IN active at th temperatures. but ar nerally lar In(108) — In(107)]/0.12 m3). However, the high sensitivity
3}2‘:} 10a$n aenz i erseeseent Zereanti)te(f(,)lleuct:deo%lethe ;ni; 9150 limits the maximum number of INT that can be deter-
H TP : e mined. In our study, it is 39 ( [In(108) — In(1)]/0.127T). It

ter. Fragments of polien are active only at lower temperature%ould be increased by cutting out smaller circles from the fil-

(Pummer et al., 2011). Soot and purely mineral particles dis-,

lav their IN activity mostly at temperatures—12°C. When ter. Yet there is a practical limit to this because of the felt-like
Eonysiderable amoﬁnts of¥e iona?(SWiss) boundér laver ainathe of the filter material and its thickness of about 0.5 mm.
9 y ay ‘The smaller the cutting, the shorter are individual fibres in the

were added to the_fadmg Saharar_1 dust event (11 July), numc’:utting and the more likely its disintegration before it can be

bers of IN per unit mass of P} increased to values be- . o ) .

tween those of the Saharan and the Swiss/southern Germ Aaced into a tube. Even, if it would be possible to cut cir-

PV Source Wi u les with 1 mm diameter, the maximum number of IN‘n
10 .

would only be 126. Another way to increase this number

Number of ice nucleators in PM1o (ug™)

0.001

Temperature (°C)
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