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Abstract

Ice Nuclei were measured in immersion-freezing mode on the Tel Aviv University cam-
pus using the FRIDGE-TAU chamber. The sampling was done under different meteo-
rological conditions and air pollution levels and then analyzed in the laboratory using
a drop freezing method. The droplets froze from —12°C down to —29°C, the average
temperature at which 50 % of the drops froze occurred at —21 °C. Immersion-Freezing
Nuclei (FN) concentrations between 0.32 L™ to 211 L~ were found with a concentra-
tion of 1L™" observed at —15.5°C. The measurements were divided into dusty and
clean conditions based on their back trajectory maps and aerosol mass concentrations
(PM,,). Droplets from the dusty days froze at warmer temperatures than from clean
days. The Dusty days had higher FN concentrations and active fraction (AF) values
than clean days.

1 Introduction

Ice in clouds plays an important role in the development of precipitation and in affect-
ing the planet’s albedo. However, in spite of its importance the mechanisms that are
responsible for its formation are not yet clear. Furthermore, the concentrations and
physical properties of the particles known as ice nuclei, IN, vary greatly from place to
place and with weather conditions. Part of the gap in knowledge comes from the lack of
understanding or quantification of ice formation processes in the atmosphere (Cantrell
and Heymsfield, 2005). Difficulties arise in quantifying because of the varied compo-
sition, surface characteristics and size distributions of the IN (Kanji et al., 2011). As
a consequence, in the last decade much attention has been given to laboratory studies
on heterogeneous ice nucleation (e.g. Gorbunov et al., 2001; Zuberi et al., 2002; Diehl
and Wurzler, 2004; Archuleta et al., 2005; Shaw et al., 2005; Mohler et al., 2006; Mar-
colli et al., 2007; Salam et al., 2007; Zimmerman et al., 2007, 2008; Bundke et al., 2008;
Vali, 2008; Petters et al., 2009; Welti et al., 2009, 2012; Lidnd et al., 2010; Niedermeier
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et al., 2010; Demott et al., 2011; Kanji et al., 2011; Jones et al., 2011; Pinti et al., 2012;
Broadley et al., 2012). Field studies (e.g. DeMott et al., 2003a, b; Prenni et al., 2009a,
b; Santachiara et al., 2010; Klein et al., 2010a; Ardon-Dryer et al., 2011; Conen et al.,
2012) have contributed a lot to our understanding of IN distribution in different parts
of the world. In addition, analysis of the chemical composition of IN residuals from air-
borne measurements using electron microscopy and mass spectroscopy (e.g. Seifert
et al., 2003; Cziczo et al., 2003, 2006, 2013; Froyd et al., 2010) have added a deeper
understanding about the nature of some of the IN in the atmosphere.

Dust particles are among the most effective and important natural ice nuclei (DeMott
et al., 2003b; Field et al., 2006; Knopf and Koop, 2006; Zimmermann et al., 2008; Nie-
dermeier et al., 2010; Chou et al., 2011; Murray et al., 2011). Many field and laboratory
works have shown that dust particles are effective IN at relatively warm temperatures
(nucleation can start at ~ —10°C) for different heterogeneous nucleation modes (e.g.
Roberts and Hallett, 1968; Levi and Rosenfeld, 1996; Marcolli et al., 2007; Kulkarni and
Dobbie, 2010; Lidnd et al., 2010; DeMott et al., 2011; Pinti et al., 2012; Welti et al.,
2012; Broadley et al., 2012; Kaniji et al., 2013). Most articles show an increase of IN
concentration during dust storms (e.g. Bowdle et al., 1985; DeMott et al., 2003a; Van
den Heever et al., 2006), with increases as high as double (e.g. Levi and Rosenfeld,
1996) or even five times higher (e.g. Klein et al., 2010a) as compared to dust free
conditions.

Results from extensive IN measurements around the world have been published in
the past few years however, only very few were reported from the eastern Mediter-
ranean (e.g. Gagin, 1975; Levi and Rosenfeld, 1996). Gagin (1975) sampled IN con-
centration at the bases of cumulus clouds using filter methods which were exposed
to water saturation in a thermal diffusion chamber over the range of -5°C to -25°C.
Ground measurements of IN concentration by Levi and Rosenfeld (1996) using the
same instrument as above but at —15°C and water saturation reported on similar IN
concentrations, which were more than double in the dusty period. The two measure-
ments reported above were for condensation freezing condition. So far no measure-
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ment of IN in immersion-freezing mode have been reported from the eastern Mediter-
ranean area.

The aim of the present research was to characterize the efficiency of IN in the eastern
Mediterranean area in immersion-freezing mode under different meteorological condi-
tions and air pollution levels.

2 The characteristics of the research area

The measurements were conducted during 2009-2010 in the eastern Mediterranean
region on the Tel Aviv University campus, located at the north part of Tel Aviv, Israel
(Fig. 1). The sampling was conducted on the roof top of the Department of Geophysical,
Atmospheric and Planetary Sciences (32°6'46.7" N 34°48'22.9" E), about 20 m above
ground, 60 ma.s.l. and about 2.5 km from the seashore.

The eastern Mediterranean region is characterized by air masses arriving from differ-
ent sources and containing a variety of aerosol types, such as anthropogenic aerosols
originating from local industrial pollution or from distant sources such as Europe (Levin
and Lindberg, 1979; Graham et al., 2004), dust from the Sahara desert (Ganor, 1994;
Levin et al., 2005), marine aerosol (Levin et al., 1990) and even biogenic material from
land or marine sources (Ganor et al., 2000).

Air masses reaching Tel Aviv from the northwest carry a larger fraction of marine
aerosols, mainly from sea spray and anthropogenic aerosols and a relatively small
fraction of desert particles. Air masses reaching Tel Aviv from the southwest (Sa-
hara and North African deserts), carry a larger fraction of desert and marine aerosols
with a smaller fraction of anthropogenic particles (Levin et al., 1990, 2005). Dust also
reaches Israel from the east, although the dust from the North African (south west)
deserts is more common and more intense (Ganor et al., 1991). Ganor and Foner
(1996) showed that the chemical composition of dust transported from North Africa
is similar to the dust transported from the east direction. Both dust sources contain
soluble and insoluble inorganic material as well as organic matter, but they are dis-
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tinguished by their clay mineralogy. These desert aerosols are mainly composed of
quartz, calcite, dolomite, feldspars, gypsum and clay minerals (Ganor and Mamane,
1982). Ganor (1994) found an average of 19 episodes of dust per year based on 33 yr
of observations. The dust-depositing storms are most common between December
and April (Katznelson, 1970) and are more frequent in spring time (maxima during
April) than in the autumn and winter (Ganor, 1994), while during the summer very little
mineral dust is found in the atmosphere (Ganor et al., 1991). In spite of these episodes
of intense dust storms, mineral dust aerosols are almost always present in the atmo-
sphere in this region (Levin and Lindberg, 1979).

3 Method of analysis

A total of 19 filter samples were collected during 2009—2010. The aerosols were sam-
pled on Nitrocellulose Membrane Black filters of 47 mm diameter and 0.45 pm pore
size which were held in a standard Millipore open metal holder type with flow rate of
20 LPM. The open inlet of the filter holder was facing down, with the holder itself being
held at a distance of one and half meters from the floor. The frequency of sampling
was a function of different meteorological and pollution conditions from very clean to
very polluted (e.g. dust storms or Lag Ba Omer which is an Israeli festival where each
family traditionally lights a bonfire), as can be seen in Table 1.

During each sampling time, the aerosol total concentration in the size range of
0.11-3 um was measured using the TSI Condensation Particle Counter (CPC) Model
3010, operating next to the filter sampler. With this instrument the total number con-
centration of the aerosols in this size range (Nt) were determined and used to calculate
the activation fraction values of the ice nuclei (#IN/Nt). Aerosol mass concentration of
PM,, and PM, 5 (Particulate Matter with aerodynamic diameter of less than 10 pm and
2.5 um, respectively) were also used. These data were downloaded from the website
of the Ministry of Environmental Protection (http://www.svivaagm.net/Default.rtl.aspx).
The PM,, data were taken from the Yad Avner Station (32°7'9.4" N 34°48'17.9" E)
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located about 700 m north of the sampling station. The PM, 5 data were taken from
a station at the Municipal High School Ironi D Station (32°5'34.9"” N 34°47'27.5" E) lo-
cated about 2.5 km south west of our sampling site. Aerosol number concentration and
aerosol mass concentration (PM,, and PM, 5) are also listed in Table 1.

The immersion-freezing measurements were conducted using the FRIDGE-TAU
(FRankfurt Ice-nuclei Deposition freezinG Experiment, the Tel Aviv University version)
chamber (Fig. 2). This chamber which is usually used for measuring ice nucleation by
deposition or by condensation freezing (Bundke et al., 2008; Klein et al., 2010b) was
used here to determine the temperature at which freezing of drops containing aerosols
took place.

Each filter containing the collected aerosols was placed in 10 mL of double distilled
water (resistivity of 18.2 megohm cm™ )- The aerosols were then removed from the filter
by ultrasonic shaker. It is assumed that the 30 min shaking removed all the collected
aerosols from the filter. The resulting mixture of water and aerosols was the source
of the drops tested for immersion-freezing. Each test consisted of about 140 drops
(1 uL; 0.8 mm diameter) that were placed on the temperature controlled stage in the
FRIDGE-TAU. A thin layer of Vaseline was first put on the stage in order to prevent ice
from forming on the surface during cooling. This is because sometimes very thin ice
dendrites on the substrate start to grow by vapor deposition from the perimeter of some
of the frozen drops, reaching and freezing some of their neighbors, thus affecting the
measurements. The temperature of the cooling stage was lowered at a constant rate
of 1°Cmin~" and the number of drops that froze at each temperature was recorded by
a CCD camera.

In most cases the filters were cut in half before placing them in 10 mL of double
distilled water. This was done in order to duplicate the measurements, thus assuring
consistent results. The exceptions are the filters from the 24 January 2009, 19 Febru-
ary 2009 and 17 December 2009 which were not cut and were immersed in the distilled
water and in the ultrasonic shaker.
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3.1 Calculation of immersion-Freezing Nuclei (FN) concentration

In order to estimate the concentrations of immersion-Freezing Nuclei (FN) in the air
we converted Vali's (1971) equation taking into account the amount of air that had
been sampled in each measurement. The equation is composed of two parts: the first
is an integration of the differential probability that a drop will freeze at temperatures
between T and T — AT due to the presence of a single active nucleus in it over the
temperature range from 0°C to 7. The result of the integration is the cumulative nucleus
concentration K’(T'), which represents the number of nuclei active at all temperatures
warmer than 7. In order to obtain the actual concentrations of ice nuclei in the sampled
air, consideration must be given to the total air sampled. This is presented in the last
part of the equation:

K'(T) = % x [In(Ng) = IN(N(T))] x ; (1)

K'(T) — Cumulative concentration of FN in the air active at temperature T (L™1)
V' — Volume of drop (L)

Ny — Total number of drops measured

N(T) — Number of unfrozen drops at temperature T

x — The volume of water used to remove the aerosols from the filter (L)

y — The volume of air sampled through the filter (L)

Equation (1) was verified and found as a reliable equation based on laboratory mea-
surement of Montmorillonite particles (SWy-2 Na-Montmorillonite) on one filter. Three
experiments were made with the same filter in which we diluted the aerosols in the sam-
ple three successive times and analyzed them each time in immersion-freezing mode.
The dilution was done by placing the filter in the test tube and removing the aerosols
into 5 mL of doubly distilled water. Drops from this sample were analyzed in the freez-
ing mode. Then another 5 mL of water were added (total of 10 mL) and drops from this
477
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mixture were analyzed. Finally 40 mL of water were added to the same tube (total of
50 mL) followed by analysis of drop freezing. The cumulative freezing spectrum results
of the three experiments are shown in Fig. 3. As expected, the more diluted the sample,
the bigger is the shift of the cumulative spectrum to lower temperatures. The reason
for this is that the dilution decreases the probability that a good IN will be present in
the drop. However, converting these cumulative results to FN concentrations in the air
based on Eq. (1) gives very similar concentrations. The Montmorillonite initial freez-
ing temperature which occurs at -12°C, —14°C and -15°C for the 5mL, 10mL and
the 20 mL (respectively) were similar to the initial freezing range found by Zimmermann
et al. (2008), Hoffer (1961) and Salam et al. (2007) at temperatures of -13°C, -13.5°C
and —15°C, respectively.

4 Results and discussion

Nineteen filters from different days were sampled under different meteorological condi-
tions and different levels of pollution, varying from very clean to very polluted. A total
of 2720 drops were analyzed at temperatures of between 0°C to —29°C, as can be
seen from Fig. 4. All drops, regardless of the sample used, froze between —12°C to
—-29°C. The temperature at which 50 % of the drops froze in all the samples varied by
about ~ 7°C from —17.8°C down to —24.6 °C, with an average at —21.2°C. The freez-
ing of all drops from the sampled filters occurred at warmer temperatures compared to
water drops taken from pure water, or those taken from the blank filters. It should be
noted however, that a small overlap between the blank filters and the sampled ones
was observed at temperatures between —23°C to —29°C. The overlap amounted to
a total of 196 droplets comprising 7.2 % of the total drop population. This means that
about 7.2 % of drops could have frozen even in the absence of aerosols. Therefore in
the following analysis, the fraction of drops from the sampled filters, that froze at the
same temperature as the blank have been removed. The effect of the reduction on the
calculated concentrations was small from 0.1 % to 11.4 % over the temperature range
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in the experiment. The temperature at which 50 % of the drops froze after the reduction
shifted by an average of 0.18°C.

The drops from the sampled filters began to freeze at lower temperatures than
those reported from some biological aerosols (e.g. Schnell and Vali, 1976; Maki and
Willoughby, 1978; Schnell et al., 1982; Levin and Yankofsky, 1983). The freezing spec-
tra were found to be similar to those reported by DeMott et al. (2006) for Arctic aerosols
but warmer than those reported by Ardon-Dryer et al. (2011) for the South Pole. Most
onset freezing temperatures in this work were lower than those measured by Conen
et al. (2012) in the High Alpine Research Station Jungfraujoch in the Swiss Alps. Fur-
thermore, the immersion-freezing in this report was much more efficient (occurred at
warmer temperatures) than the immersion-freezing due to soot particles (Fornea et al.,
2009).

Hobbs and Locatelli (1969) measurements downwind of a natural forest fire indi-
cate that the smoke from the fire contained large number of ice nuclei. Therefore we
expected that the filter sampled during Lag Ba Omer (an Israeli festival with lots of bon-
fires and thus a highly polluted day) on 1 May 2010_23, will be very effective. However,
our measurements show that the freezing spectrum from this day was not as effective
as those from other filters. In addition, immersion-freezing started at a temperature
of —18°C, with 50 % of the drops freezing at —21.7 °C. This freezing temperature was
similar to the findings of Prenni et al. (2009b), from the Amazon basins, suggesting that
particles from biomass-burning are not a likely source of effective ice nuclei. Therefore
we can claim that while some wildfire can be a significant source of IN (e.g. Pratt et al.,
2011; Prenni et al., 2012), not all sources of biomass burning can generate effective IN
particles (Petters et al., 2009). The main difference could be that in our case most of
the wood that was burning was very dry (mostly construction wood) while in some of
other reports the measured smoke was from freshly cut wood or from forest fires.

The temperatures at which 50 % of the droplets froze in each case were found to be
correlated with the corresponding daily average of PM,,, PM, 5 and PM,,—PM, 5 (see

Fig. 5). The correlation value of PM, 5 (R? = 0.42) was lower than those measured for
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PM,, and PM,,—PM, g (,‘-?2 = 0.47). This suggests that the higher concentration of the
larger particles (particles in the range PM,,—PM, 5) results in higher concentrations
of effective freezing nuclei. Furthermore, as the aerosol concentration increases, the
temperature at which 50 % of the droplets freeze was higher. The presence of more
particles and also larger ones increases the surface area on which nucleation can
occur, leading to more FN per drop (e.g. Garten and Head, 1964; Philips et al., 2008;
Welti et al., 2009; Klein et al., 2010b; Niedermeier et al., 2011).

The FN concentration of all the samples from Israel was calculated based on Eq.
(1). The FN concentration for the different filters between —13°C to —27 °C varied from
0.32L7" to 211 L_1, as can be seen in Fig. 6. As expected, the concentration of active
nuclei increases as the temperature decreases. Calculating the best fit line (black line
in Fig. 6) from the entire data one gets an exponential equation;

Ney = 4 x 107405187 (2)

where Ngy represents the concentrations of FN (L'1) and AT represents the supercool-
ing in °C. This equation gives a concentration of 1 L~" at —15.5°C, which is higher than
the average temperature obtained by Bigg and Stevenson (1970) from measurements
around the world (~ 1L~" at =20°C).

Activation fraction (AF) values of all filters were also calculated based on the
total aerosol concentration (Nt) in the size range of 0.11-3 um, which were mea-
sured simultaneously with the filters. The average AF value of all the filters was
4.4x107°+£7.5 x 10~° (average + standard deviation value) with variations from 1.5 x
10~/ up to 4.9 x 10'4, as can be seen in Fig. 7. All the activation fraction values were
combined and a best fit line was calculated (see black line in Fig. 7). The majority of AF
values were in the ranges of activation fraction (1 072-1075, for particle > 0.1 um) pro-
posed by Pruppacher and Klett (1997), however the lowest AF value was much lower
than in Pruppacher and Klett (1997).

The concentration of FN and the values of AF increased as the temperatures de-
creased; the relatively high correlation values (> 0.6) imply a strong dependence of FN
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on temperature. Similar dependence was observed in many previous publications (e.g.
Meyers et al., 1992; Vali, 2008; Niedermeier et al., 2010). In contrast, the lack of a clear
temperature dependence of ice crystals in clouds as reported by Gultepe et al. (2001)
may imply that other parameters play an important role in the ice formation. This is in
agreement with recent work suggesting that additional factors such as chemistry, the
surface area of the aerosols (Philips et al., 2008) and concentration of aerosol larger
than 0.5 um (DeMott et al., 2010) play an important role in the nucleation.

4.1 Immersion-Freezing Nuclei during dusty and clean conditions

The filter samples were separated based on clean or dusty conditions. Dust events
were defined when PM,, daily average or the values measured during the time of
aerosol sampling exceeded 100 pg m~3 (Ganor et al., 2009) and the air mass trajectory
in the previous 72 h had originated or passed over a dust source. Samples were defined
as clean when PM,, daily average values and the value measured during the aerosol
sampling were below 50 ug m™° (Ganor et al., 2009) and the air mass trajectory in the
previous 72 h had not passed over a source of dust. Most of these samples arrived at
the measuring station from the north-west direction.

Eight days were defined as dusty days based on the Back Trajectory (BT) calcula-
tions (BT were calculated for each measurement using the HYSPLIT method — Hybrid
Single Particle Lagrangian Integrated Trajectory Model) and the daily average values
of PM,, which range from 254 to 867 ug m~3. Six days were defined as clean days
with PM, daily average ranging from 30 to 39 ug m™~2. In the clean cases the air mass
arrived from the west or northwest, while in the dusty days the air mass arrived from
a location defined as desert dust area from the south or southwest, as can be seen in
Fig. 8.

Determinations of FN and AF during dusty days were based on a total of 1173
droplets while the clean days they were based on 728 droplets. An average freez-
ing spectrum was calculated for each condition, as can be seen in Fig. 9. The freezing
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of drops from the dusty days started at —12°C and continued until —25°C, while for
the clean days the first drops froze at temperature —15°C and the last drop froze at
—-27°C. From Fig. 9 one can see that the freezing temperature of the dusty days is
warmer than that of the clean days. The temperature in which 50 % of the drops froze
on the dusty days occurred at —20°C, which was 1.8° warmer as compared to the
clean days. The freezing spectrum of the dusty condition was similar to that of mont-
morillonite but warmer than the kaolinite spectrum presented in Pitter and Pruppacher
(1973) work.

All back trajectorys of clean and dust samples passed over the Mediterranean Sea
or the Red Sea before reaching the sampling station. Based on previous reports (e.g.
Levin et al., 2005) it is safe to assume that some of the dust particles were completely or
partially covered by soluble material such as sea salt (NaCl). Elemental compositions
of the sample from 27 June 2010 supported this assumption (not shown). We can
also assume that the mixture of mineral dust and sea salt reduces the effectiveness of
the particles as IN by lowering their freezing temperature, as was reported by Hoffer
(1961). Results from more recent laboratory experiments show that the interaction of
dust particles with ammonia or ammonium sulfate also reduces the effectiveness of the
dust particles as IN (Gallavardin et al., 2008; Niedermeier et al., 2010; Sullivan et al.,
2010; Wex et al., 2013).

FN concentrations (Fig. 10a) and AF values (Fig. 10b) were calculated separately for
the clean and dusty conditions. A best-fit line which represents each condition was cal-
culated. Figure 10 demonstrate that the FN concentrations and AF values of the dusty
days were higher by a factor > 2.5 than those of the clean days. Similar increases were
found by Levi and Rosenfeld (1996) in their measurements in the same region. It is in-
teresting to point out that the differences between clean and dusty conditions in regions
where dust is not so common such as Florida and Central Europe are much greater
(DeMott et al., 2003a; Klein et al., 2010b). The relatively small increase in freezing
nuclei concentration between clean and dusty conditions in the eastern Mediterranean
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agrees with the work of Levin and Lindberg (1979) who concluded that in this region the
atmosphere always contains some dust particles even in the absence of dust storms.

In Fig. 11, DeMott et al. (2010) compiled data from measurements of ice nuclei
concentrations as a function of temperature from around the world and added the pre-
diction based on theoretical and empirical equations of Fletcher (1962), Cooper (1986)
and Meyers et al. (1992). We added to this figure the FN concentrations as measured
in the South Pole (Ardon-Dryer et al., 2011) and also the data and the best fit lines
for dusty and clean conditions from the present work. The figure shows that the slope
of the lines of the present data is similar to that measured at the South Pole and to
the theoretical prediction of Cooper and Fletcher. Although at the high temperature the
concentrations measured in the present work fall in the same region as those measured
by others, our ice nuclei concentrations are higher than the data collected elsewhere.
It is interesting to note that the parameterization by Meyers et al. (1992) predicts much
higher ice nuclei concentrations at high temperatures. Based on Fig. 11, we can con-
clude that the FN concentrations in our area are higher than in other regions, probably
due to the ever presence of mineral dust particles in the air.

5 Conclusions

Immersion Freezing Nuclei were measured from samples collected on different days
in Israel during 2009—-2010. FN was found to be effective from —12°C down to —29°C,
the average temperature at which 50 % of the drops froze occurred at —21 °C. Concen-
tration of 1L~' was observed at —-15.5°C, with a range of concentrations from 0.32 L~
to211L7".

The temperatures at which 50 % of the droplets froze in each case were found to be
correlated with the corresponding daily average of PM,,, PM, 5 and PM,,—PM, 5. The
fact that the correlation value between FN concentrations and PM,,—PM, 5 was higher
than PM, 5 suggests that the larger particles are generally more effective as FN and is

483

Jaded uoissnosiq

Jaded uoissnosiq

L

Jaded uoissnosiq | Jaded uoissnosiq

il

ACPD
14, 471-503, 2014

Ground based
measurements of
immersion-freezing

K. Ardon-Dryer and
Z. Levin

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/471/2014/acpd-14-471-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/471/2014/acpd-14-471-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

in agreement with the notion that the activity of ice nucleation is correlated with surface
area.

The measurements were divided into dust and clean conditions based on their back
trajectory maps and aerosol mass concentrations (PM;,). Droplets from the dusty days
froze at warmer temperatures than the clean days. The dusty days had higher FN
concentrations and AF values than clean days. These differences (> 2.5times) were
smaller than what was found in other places (such as Germany and the US). This
agrees with previous reports showing that the eastern Mediterranean atmosphere al-
ways contains some dust particles and therefore their effect on IN concentrations is to
generally raise the background level.
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Fig. 11. Ice nuclei concentrations as a function of temperature from DeMott et al. (2010) with FN
calculated from filters measurements from Israel during dusty days (brown square) and clean
days (blue square) and the measurements of Ardon-Dryer et al. (2011) from the South Pole
(green circle) with their best fit lines. The parameterization curves of Fletcher (1962), Cooper
(1986) and Meyers et al. (1992) are also shown.
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