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Abstract. Ice nucleation in the atmosphere is of practical and
fundamental importance since ice crystals influence the re-
lease of snow, rain and hail. Suspended aerosols in the at-
mosphere typically initiate freezing at temperatures below
−15◦C; although occasionally freezing occurs at higher tem-
peratures. In this work we describe an experimental device
designed to measure the concentration of natural ice nuclei
under controlled temperature and supersaturation conditions.
The measurements were performed at Córdoba City, for tem-
peratures between−15◦C and−30◦C and the sampled air
was supersaturated with respect to ice and subsaturated with
respect to liquid water; under these conditions the deposi-
tion ice nuclei were quantified. There are few studies re-
ported in the literature regarding measurements of deposi-
tion ice nuclei concentration and, to our knowledge, there
are no previous laboratory data of this kind of ice nuclei for
T < −20◦C. The results show that the number of deposition
ice nuclei increases at colder temperatures and higher super-
saturations. These results are in general in good agreement
with results previously reported by other authors. A fitting
function which depends on temperature and supersaturation
is proposed to parameterize the results obtained in the present
work.

1 Introduction

Ice formation is one of the main processes involved in the
initiation of precipitation. Some aerosols serve to nucleate
ice in clouds. They are called ice nuclei (IN) and they are
generally solid particles, insoluble in water (Pruppacher and
Klett, 1997). The function of the IN in the development of

the precipitation is still poorly understood, and therefore it
needs to be studied (Levin and Cotton, 2009).

Temperature and the supersaturation ratio with respect to
ice (Si) are the two main parameters which determine ice nu-
cleation. At temperatures near−40◦C homogeneous freez-
ing of supercooled droplets occurs while at temperatures
warmer than about−36◦C the only means for initiation of
the ice phase in the atmosphere involves a foreign insol-
uble material called an ice-forming nucleus (IN) (e.g.De-
Mott et al., 2011; Cantrell and Heymsfield, 2005). This pro-
cess, called heterogeneous freezing, may occur at lower ice-
supersaturation ratios than homogeneous freezing because
the specific surface properties of IN markedly reduce theSi
threshold for heterogeneous ice nucleation with respect to
homogeneous freezing (Pruppacher and Klett, 1997). Since
the supersaturation is rarely high enough for ice nucleation
to occur homogeneously in the lower atmosphere, the num-
ber concentration of IN, temperature and supersaturation re-
quired to activate IN are considered as key information for
the understanding of primary ice formation in clouds.

Heterogeneous nucleation involves several modes: con-
densation freezing (the cloud condensation nuclei, CCN, act
as IN during the condensation process at temperatures be-
low 0◦C); immersion freezing (particles immersed into the
droplet act as IN at temperature below 0◦C); contact freezing
(ice is formed by the collision of cloud droplets with intersti-
tial aerosols within the cloud); deposition nucleation (ice de-
posits on the IN directly from the vapor phase, which means
that the environment is supersaturated with respect to ice and
can be subsaturated with respect to liquid water) (Vali, 1985).
Although there are many ice nuclei measuring systems, none
of them allow the quantification of IN concentration by all
the nucleation mechanisms (Santachiara et al., 2010).
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Although the heterogeneous ice formation processes is
not completely understood, several systems have been em-
ployed to study the IN behavior. They mainly consist in (a)
in-situ and laboratory measurements, (b) empirical param-
eterizations and (c) numerical models. With respect to the
first one, different techniques have been developed to mea-
sure and characterize IN during the last 50 yr. Aircraft have
been used to measure ice crystal concentrations and to re-
late them with IN concentration (Hobbs and Rangno, 1985).
These measurements have revealed that, in a cloud, the for-
mer can be higher than the latter by some orders of mag-
nitude. It could be a consequence of the ice multiplication
processes that include the breakup of primary ice particles
(Hobbs and Farber, 1972) and ice splinter production during
the freezing of droplets (Hallett and Mossop, 1974; Mossop,
1985). However, this technique does not reveal any informa-
tion regarding the freezing mechanisms.

Regarding laboratory measurements, the most traditional
and simple method involves a cloud chamber where a sam-
ple of air is rapidly cooled by sudden expansion. This ex-
pansion produces the condensation of water vapor on some
of the airborne particles and leads to a cloud of supercooled
droplets. Some of them will freeze and will grow into ice
crystals, which are counted by the glitter in an illuminated
volume of the cloud (Schaefer, 1948). Another similar tech-
nique that modifies the system of counting was developed by
Bigg (1957). It uses a supersaturated sugar solution placed at
the bottom of the cloud chamber. Thus, the ice crystals are
counted on this solution when they fall and form a visible
print. Different methods involve the drawing of large sam-
ples of air through a membrane filter that retain ice nuclei
or collect aerosols (e.g.Santachiara et al., 2010). This tech-
nique allows estimate the IN concentration by counting the
ice crystals that develop upon the exposure of the substrate
to freezing temperatures and supersaturation. Also, it allows
the processing of the collected aerosols in the laboratory. In
the last years important results have been obtained from mea-
surements in chambers of more complex design: the CFDC
(Continuous Flow Diffusion Chamber) has provided many
IN concentration data for various atmospheric environments
and IN chemical compositions (e.g.DeMott et al., 2003);
the AIDA (Aerosols Interaction and Dynamics in the Atmo-
sphere) chamber have been used to investigate the heteroge-
neous ice nucleation of various dust samples (e.g.Möler et
al., 2006); and the FINCH (Fast Ice Nuclei Chamber) has al-
lowed to determine the concentration of IN for various types
of aerosols at different supersaturation and temperature con-
ditions (Bundke et al., 2008). A complete review of the last
instruments used to measure ice nuclei can be found inDe-
Mott et al.(2011).

Numerical models can be used to parameterize homoge-
neous freezing rates, but the process is more complex for the
heterogeneous nucleation mechanism (Möler et al., 2006).
This is the reason why the widely used parameterizations of
IN rely on empirical relations for the concentrations of IN

as functions of temperature and/orSi . Although the experi-
mental studies report that, at a single temperature, IN num-
ber concentrations can be variable in more than 3 orders of
magnitude for different locations and time periods (DeMott
et al., 2011), there is a clear correlation with the temperature,
whereby the number of active IN increases as the tempera-
ture of the cloud decreases. This exponential form of the de-
pendence of IN on temperature has been shown by numerous
authors (e.g.Fletcher, 1962; Hussain and Saunders, 1984;
Meyers et al., 1992).

In recent years, advances in computational tools have put
an increased emphasis on numerical modeling studies of
clouds (DeMott et al., 2011), and predictions from new ice
nucleation parameterizations have been applied in cloud par-
cel models (e.g.Eidhammer et al., 1995). However, they
must always be validated by experimental studies. A review
of the results from the last 60 years of laboratory experiments
of heterogeneous ice nucleation has been compiled byHoose
and Möler (2012).

In most of the work reported, measurements have been
made under conditions in which saturation (Sw) or supersat-
uration over water prevailed. In the simplest cases the super-
saturation is achieved by differential control of a warmer ice
plates. However, measurements in the regime below water
saturation are critical to the study and understanding of the
deposition nucleation (DeMott et al., 2011). In fact, it has
been seen thatSi is a good parameter to characterize the de-
position nucleation (Huffman, 1973) in observations of nat-
ural IN between−12◦C and−20◦C. Phillips et al.(2008)
presented the only empirical parameterizations which cover
the full range of possibleSi and temperatures for deposition
nucleation, completing those ofMeyers et al.(1992). Many
of the recent studies about deposition nucleation are focused
in analyzing the characteristics of the aerosols acting as IN.
Thus,Kulkarni et al.(2012) andMöler et al.(2006) have re-
ported the activated fraction of different kind of dust particles
at different sizes,Si conditions and temperatures.

Although nearly 50 yr have elapsed since the beginning of
the study of ice nuclei, still no agreement has been reached as
to the most appropriate technique to quantify the IN concen-
tration (Santachiara et al., 2010). The role of supersaturation
in the activation of the IN has been identified as the main fac-
tor producing the divergence among the results of IN quan-
tification using different techniques. Besides, results show
that the ice-nuclei content on the atmosphere varies consid-
erably from day to day and from place to place. In short,
the actual knowledge about IN is still incomplete (DeMott et
al., 2011). Therefore, considering the role of IN in the initi-
ation of ice phase and the subsequent effect on climate and
the hydrological cycle, there is a need to improve the mod-
els describing the IN number concentrations and analyze the
response of IN to changes in the ambient aerosols (DeMott
et al., 2011). As part of that need, the objective of this work
is to quantify the ice nuclei concentrations at ground level in
Córdoba City, Argentina, under a supersaturated-atmosphere
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with respect to ice and subsaturated with respect to liquid wa-
ter, contributing to the understanding of heterogeneous nu-
cleation involving the deposition nucleation mode. As far as
we know, this is among the first work to measure the concen-
tration of deposition ice nuclei in the Southern Hemisphere.

2 Experimental device and measurements

IN measurements were conducted in Córdoba, the second
largest city in Argentina (approximately 1.3 million inhab-
itants). It is a mediterranean city located in a semiarid region
in the centre of the country at 31.4◦ S latitude and 64.18◦ W
longitude, and 470 m a.s.l. Unlike other sites at the same lat-
itude, it has a moderate template climate. The main factors
determining this difference are the altitude, the protection of
the hills surrounding the city, and the cold Pampero wind
blowing from the SW from Antarctica (mainly in winter).
The IN measurements were carried out between April and
July 2012, during Autumn and Winter seasons. A descrip-
tion of the sources of aerosols in Córdoba can be found in
López et al.(2011).

Ice nuclei concentrations were measured in a cloud cham-
ber placed in a cold room of height 3 m and floor area
2.5×2.5 m2, with temperature control down to−35◦C. Since
in-situ and remote sensing observations have shown that
more than half the clouds at temperatures lower than−15◦C
to −20◦C contain ice, while at higher temperatures clouds
are more often purely liquid (Kanitz et al., 2011), in this work
the operating temperature was varied between−15◦C and
−30◦C. Ice supersaturation was ranged between 2 and 20 %.

The cloud chamber consisted in a cubic acrylic box of 46
L in volume. Figure1 shows the schematic view of the cham-
ber. The box cover has three holes: one hole allows the intro-
duction of the temperature-humidity probe meter while the
two last holes connect the chamber with the outside through
plastic tubes. The system was air tight and all the inner sur-
faces of the chamber and tubes were thoroughly coated with
glycerol to avoid frost formation.

The principle for increasing the relative humidity (RH) in
the cloud chamber was based on the adiabatic isobaric mix-
ing of two air masses with different temperatures and RH
(Curry and Webster, 1999). Because of the nonlinearity of the
Clausius-Clapeyron equation, this kind of mixing may result
in an increase in RH. Thus, the relative humidity of the cloud
chamber was raised by injecting controlled volumes of hu-
mid air. Humid air was forced to flow into the cloud chamber
from the exterior (ambient temperature) by means of a pump
located through one of the tubes connected to the acrylic box.
The volumetric capacity of the pump was approximately 2 L;
the volume of air entered was estimated to be approximately
constant during each injection. While this air was injected,
the same volume of air was removed through another plas-
tic tube connecting the box and the outside. The air injected
into the chamber has the same aerosol concentration as the
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Fig. 1.General scheme of the cloud chamber.

air inside the chamber. Thus, this procedure ensures that the
pressure and the number of aerosols are kept approximately
constant inside the chamber.

The control of the increment in the RH as the air is suc-
cessively injected allows the calibration of the system. Thus,
knowing the increase of RH for each air injection, it is pos-
sible to estimate the increase produced by a known num-
ber of injections, even once the vapor saturation over ice
(RH= 100 %) is exceeded. In order to determine the RH and
temperature in the cloud chamber two different instruments
were used: the EE31 Series Model D (E+E Elektronik) which
has a remote sensing probe for RH measurements in the
temperature range [−40,180]◦C and the Testo 435-4 multi-
function measuring instrument, which measures RH in the
temperature range [−50,150]◦C. Both instruments measure
the RH over ice at temperatures below 0◦C with resolution of
0.1 % RH; under the same condition both instruments report
the same RH within a resolution of 1 %.

As an example, Fig.2 displays the time evolution of RH
during successive air injections for one of the experiments
carried out atT = −21◦C. Initially RH< 100 % and it is in-
creased with the air injections. Red arrows indicate the in-
stant when each air injection was pumped into the box and
it is very low in comparison to the total increment. The RH
rising is measured during each injection and it is shown in
Fig. 2. Note that the increments do not present a high disper-
sion (the average and standard deviation are 1.18 and 0.05,
respectively). The time until the maximum RH is achieved
during each air injection is a consequence of the response of
the humidity sensor. However, it must be considered that this
maximum RH is achieved immediately after the end of the air
injection. After each injection, the following one began when
RH showed stability or a minimum decrease during the time.

www.atmos-chem-phys.net/13/3111/2013/ Atmos. Chem. Phys., 13, 3111–3119, 2013
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Fig. 2. Evolution of the relative humidity with time during the hot
air inlet. Red arrows indicate the moment when air is injected.

The RH decrease is explained considering the difficulties in
achieving an air-tight system. However, note that the loss in
RH is not achieved until around 2 min after each injection
and it is very low in comparison to the total increment.

The supersaturation condition is reached starting with RH
slightly less than 100 % in the cloud chamber and introduc-
ing the subsequent air injections from outside. The supersat-
uration value cannot be determined by the instruments but
it is estimated by knowing the increase of RH for each air
injection (calibration). An indicator that the supersaturation
over ice is well determined from this method is given by the
fact that no condensation takes place in the chamber until the
supersaturation value predicted from the calibration is close
to water saturation for the corresponding temperature. Su-
percooled cloud droplets are formed in the cloud chamber
when the predicted supersaturation reaches the water satura-
tion value.

Since the increase in humidity and supersaturation are
achieved with the input of air at room temperature, the tem-
perature of the cloud chamber was increased. Thus, when the
measurements were carried out atSi around 20 %, the in-
crease of the temperature was< 4◦C. For each experiment,
the difference in the temperature between the beginning and
the end of the air injections was considered in the propagated
errors. Thereby, the increase in temperature allowed measur-
ing the IN concentration atSi lower than around 20 %, but
it was not the only factor limitingSi conditions. The time
until a particularSi was reached also has to be considered.
Although the air injections were quick, the number of air in-
jections necessary to achieveSi higher than 20 % could con-
tribute to the growth of ice nuclei. Thus, the IN activation
stops enhancing the growth of the IN already activated. In
addition to the increase in the temperature, this is the other

reason why we have worked atSi up to 20 %. Considering
the experimental conditions which are involved in the mea-
surement ofSi (variability in the RH increase during the in-
jections, number of injections until reaching a particularSi ,
and accuracy of the RH sensor) an experimental uncertainty
less than 2 % forSi was estimated for each experiment.

In order to quantify the number of ice particles produced
in each experiment, a 34.5 cm diameter dish was placed on
the floor of the cloud chamber. It contained a supercooled
solution of cane sugar and water 3-mm thick. To avoid the
freezing of this solution at low temperatures, the cryoscopic
decrease was controlled with the addition of glycerol. The
precautions recommended byBigg (1957) andCastro et al.
(1998) were followed. The main of them was the coating
of the whole system (box and tubes) with glycerol to avoid
frost formation on these surfaces. If the walls had not been
covered with glycerol, the frost formed on the walls would
have grown from the vapor supersaturated over ice, reducing
the supersaturation and inhibiting the activation of ice nu-
clei. The supercooled sugar solution was frequently replaced
since it absorbed some of the water during each experiment.
This water absorption would have caused, at low tempera-
tures, the freezing of the sugar solution, because is increas-
ingly diluted throughout the experiments.

The activated IN grew at the expense of vapor until ice
crystals were formed and these then fell down onto the sugar
solution. Once there, these crystals could grow enough to be
counted easily with a naked eye after a period of about three
minutes, when they reach around 2 mm in diameter. Figure3
shows the appearance of ice crystals on the sugar solution.
Following this procedure at different conditions of tempera-
ture andSi , IN concentration was calculated as the ratio be-
tween the number of IN and the air volume contained over
the dish. The error in the counting of ice crystals on the sugar
solution was estimated in 10 %.

Each experiment was carried out following the same pro-
cedure which is described below. The cloud chamber and
the internal walls of the plastic tubes were thoroughly coated
with glycerol before each experiment, and placed inside the
cold chamber at room temperature. The dish containing the
sugar solution was placed inside the box. The box was placed
uncovered to avoid the increase in RH during the temperature
decrease. The box was covered after thermal equilibrium was
reached. In these conditions, the air injections were begun
and the temperature and RH sensor was continuously moni-
tored. The calibration was completed when relative humidity
in the box was close to 100 % and the number of total in-
jections to reach a particularSi was determined. The sugar
solution was controlled before all the injections had been
carried out, to ensure no IN was activated before reaching
supersaturation. Between experiments, the air in the cloud
chamber was refreshed to decrease the RH below 100 % and
to renovate the IN. The glycerol covering was repeated on
the box and the tubes. The dish was withdrawn from the
cold chamber and allowed to return at room temperature to

Atmos. Chem. Phys., 13, 3111–3119, 2013 www.atmos-chem-phys.net/13/3111/2013/
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Fig. 3. Images of crystals grown on the sugar solution.

eliminate any grown crystals. The dish was placed into the
cloud chamber when it reached room temperature. The tem-
perature stabilization period was at least two hours between
each experiment. The next experiment was begun when the
thermal equilibrium had been reached.

The main advantage of this measuring system is that the IN
can be activated and measured in times of the order of min-
utes, in contrast to other measurement methods which have
times of the order of seconds. Besides, because the dish with
the sugar solution is placed into the cloud chamber since the
beginning of the experiment, all the activated IN are con-
sidered in the counting. Another key advantage of this new
system over the standard two plates diffusion chamber is
that much lower temperatures can be achieved in the cloud
chamber. On another hand, this system allows the bulk of
the aerosol sample to be subjected to a fairly uniform super-
saturation and temperature, whereas the two plates diffusion
chamber involves a range of supersaturations and tempera-
tures across the chamber.

3 Results and discussions

The IN concentration was determined as a function of
temperature and supersaturation, for the temperature range
[−15,−30]◦C and supersaturation range [2,20] % over ice.
The experiments were all performed for a supersaturated-
atmosphere with respect to ice and subsaturated with re-
spect to liquid water; then, only the deposition ice nuclei
were quantified in the current work. Figure4a shows a three-
dimensional plot representing IN concentration for differ-
ent temperatures and supersaturations, while Fig.4b shows,
in color scale, the corresponding interpolated data. These
graphics show an important variability of the results which is
related to errors associated with the measurement technique
(uncertainties in supersaturation, temperature and activated
ice crystals counting) as well as to the inherent variability in
the IN concentration. Nevertheless, the results clearly show
that the number of deposition IN increases at colder temper-
atures and higher supersaturation.

In order to compare the present results with previously re-
ported results, the data were grouped in three different ranges
of supersaturation: the data with supersaturations between 2
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Fig. 4. (a)Three-dimensional plot representing IN concentration for
different temperatures and supersaturations,(b) the corresponding
interpolated data in color scale.

and 8 %, the data with supersaturations between 8 and 14 %
and the data with supersaturations between 14 and 20 %. Fig-
ure 5 shows the variability of IN concentration with tem-
perature for differentSi . Error bars on selected data points
give some idea of the uncertainties associated with the mea-
surement technique. This figure displays the results obtained
in the present work together with the experimental data re-
ported byHussain and Saunders(1984), Rogers(1982), Al-
Naimi and Saunders(1985), Cooper(1980), and the fitting
curve proposed byDeMott (2010). In order to compare these
measurements with those obtained in the present work only
the measurements with supersaturation below water satura-
tion are included in Fig.5.

The measurements of IN concentration reported byRogers
(1982) andAl-Naimi and Saunders(1985) were carried out
with a continuous flow diffusion chamber at different tem-
peratures and supersaturations, at Wyoming and Manchester,
respectively.Hussain and Saunders(1984) used the same
technique but only at−16◦C in Manchester and Cumbria.
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Fig. 5. Data of IN concentration vs. supercooling, for differentSi . The current results and those of different authors are represented together
with the fitting curve proposed byDeMott et al.(2011).

Cooper(1980) considered that IN were activated in the depo-
sition mode at humidity of 99–100 % relative to water satura-
tion. He reported the concentration of IN at Wyoming (on the
ground level and on Elk Mountain) and Montana using the
method of membrane filters and a thermal diffusion proces-
sor to analyze them. The four cases are shown on the graph.
The parameterization proposed byDeMott(2010) was devel-
oped from IN concentration over water saturation or above, it
estimates IN concentration at all nucleation modes. This pa-
rameterization was included in the analysis for comparison
because it is one of the most currently used in literature.

Figure5 shows that the experimental data of the current
work extend the temperature range used in previous mea-
surements. In fact, there are no previous data of deposition
IN for T < −20◦C. It is possible to observe that the IN con-
centrations for temperatures between−15◦C and−20◦C are
consistent with those previously reported by other authors;
and for temperatures between−20◦C and−30◦C the exper-
imental points behave with the same trend observed at higher
temperatures.

All the experimental results, including the present one,
show the tendency of the IN concentration to increase with
increasingSi . In order to analize the behavior of IN con-
centration withSi , the data were grouped for three differ-
ent temperatures, the data with temperatures between−15◦C
and−20◦C, the data with temperatures between−20◦C and
−25◦C and the data with temperatures between−25◦C and
−30◦C. Figure6 shows the variability of IN concentration
with Si for different temperatures. Again, the error bars on
selected data points show the uncertainties associated with
the measurement technique. This figure displays the results
obtained in the present work together with the experimen-
tal data reported byRogers(1982), Al-Naimi and Saunders
(1985) andHussain and Saunders(1984). The fitting curve
of the data fromRogers(1982) andAl-Naimi and Saunders
(1985) are drawn for better clarity. The results from different

authors confirm that for each temperature range, the concen-
tration of IN increases at higher supersaturation. The verti-
cal lines indicate the saturation over liquid water at different
temperatures.

Although Figs.5 and6 show significant scatter of the ex-
perimental data, it is important to note that the experiments
have been performed with different experimental techniques;
also, there are inherent spatial and temporal variations in the
concentration of aerosols acting as IN, due to variations in
the aerosol sources (Hoose and M̈oler, 2012). Regarding the
seasonal variability of aerosols in Córdoba City, it is im-
portant to mention that the current measurements have been
carried out during 4 months of 2012.Andrada et al.(2008)
reported the seasonal variability of aerosols in Córdoba by
using the Aerosol Optical Depth parameter (AOD) at 340
nanometers. AODs at different wavelength have been moni-
tored by AERONET (AErosol RObotic NETwork) which is
a federated international network coordinated by the NASA
Goddard Space Flight Center (for detailed description of the
acquisition instruments and data procedure seeHolben et
al., 1998). Even the AERONET site is 20 km away from
Córdoba City,Andrada et al.(2008) showed the regional
character of the aerosols in Córdoba. Data reported between
1999 and 2010 show that the daily averages of AOD at
340 nm are 0.11, 0.18, 0.20 and 0.18 during Autumn, Winter,
Spring and Summer, respectively (http://aeronet.gsfc.nasa.
gov). Also, statistical analysis showed that the daily AOD
at 340 nm are significantly different among the seasons. This
confirms the variability of aerosol characteristics throughout
the year and, therefore, the need for extending the analysis of
the IN concentration for a whole year.

The temporal variations in the concentration of aerosols
acting as IN during the measurement period was analyzed.
Figure7 shows the number concentration of IN as a func-
tion of the Julian day for different ranges of temperatures
and supersaturations. Again, the data were grouped for three
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M. L. L ópez and E. E.Ávila: Deposition ice nuclei 3117

0 5 1 0 1 5 2 0 2 50 . 0 1

0 . 1

1

1 0

1 0 0

S w(-1
7.5

o C)
S w(-1

6o C)

 - 1 5 o C  > T  >  - 2 0 o C
 - 2 0 o C  > T  >  - 2 5 o C
 - 2 5 o C  > T  >  - 3 0 o C
 H u s s a i n  a n d  S a u n d e r s :  T =  - 1 6 o C
 A l - N a i m i  a n d  S a u n d e r s :  T =  - 1 2 o C
 A l - N a i m i  a n d  S a u n d e r s :  T =  - 1 6 o C
 A l - N a i m i  a n d  S a u n d e r s :  T =  - 2 0 o C
 R o g e r s :  T =  - 7 o C
 R o g e r s :  T =  - 1 0 o C
 R o g e r s :  T =  - 1 5 o C
 R o g e r s :  T =  - 2 0 o C

 

 

IN
 co

nc
en

tra
tio

n (
L-1 )

S i

Fig. 6. Data of IN concentration vs.Si , for different temperatures. The present results and those of different authors are represented. Dotted
lines indicate the water saturation at different temperatures.

different temperature ranges, the data with temperatures be-
tween−15◦C and−20◦C, the data with temperatures be-
tween−20◦C and−25◦C and the data with temperatures
between−25◦C and−30◦C. Figure7a and b display the re-
sults for supersaturation ranges of [2,8] % and [8,14] %, re-
spectively. Although it is not possible to perform a reliable
statistical test, the results do not seem to show evidence of
any particular trend during this period. However, it is impor-
tant to note that the period is short to display any indication
of the seasonal variability.

Elemental composition of the aerosols in Córdoba City has
been reported inLópez et al.(2011). Anthropogenic sources
have been shown to be the main responsible of the particulate
matter minor than 2.5 µm in aerodynamic diameter, while el-
ements with crustal origin are increased in the particulate
matter minor than 10 µm in aerodynamic diameter. The vari-
ability in the chemical composition of aerosols regarding the
size of the particulate matter shows the need to relate IN con-
centration to size and chemical composition of aerosols.

The activity of a particle as an ice nucleus depends on
the temperature, supersaturation and particle characteristics.
Fletcher(1962) proposed that the IN number per liter of air
(X) can be parameterized as a function of the temperature as:

X = Aeβ1T (1)

whereβ = 0.6◦C−1, A = 10−5L−1 and1T = T1 − T , T is
the air temperature andT1 ≈ −20◦C. It was found that the
parameterβ varies from about 0.3 to 0.8 (◦C)−1 (Pruppacher
and Klett, 1997; Levin and Cotton, 2009). On the other hand,
Meyers et al.(1992) suggested that the more realistic param-
eterization ofX as a function of the supersaturation for tem-
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Fig. 7.Temporal evolution of the IN concentration for different tem-
perature range andSi ranges of(a) [2,8] % and(b) [8,14] %.

peratures between−7 to−20◦C and supersaturation between
2 to 25% is:

X = exp(a′
+ b′Si) (2)

with a′
= −0.639 andb′

= 0.1296, this parameterization was
performed by using data reported byRogers(1982) andAl-
Naimi and Saunders(1985). Thus, based on these parame-
terizations we propose a combination of Eqs. (1) and (2) to
parameterize the results obtained in the current work. Then
we use the equation:

X = C exp(a|T | + bSi) (3)

whereC, a andb are constants andT andSi are in◦C and
%, respectively. The best fitting corresponds to the values:
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Fig. 8. Fitting of the IN concentration as a function of temperature
and supersaturation given by Eq. (3), with the experimental data
points superimposed. See text for details.

C = 0.0016,a = 0.29◦C−1, andb = 0.104; being the square
of the correlation coefficient equal to 0.79. Figure8 shows
the data points with the fitting function superimposed. The
lnX is represented in the vertical axis andT andSi on the
horizontal axis. The cyan color points correspond to those
within one standard deviation (σ ) of the expected value; the
green points are within 2σ ; the yellow points are within 3σ
and the red points are at> 3σ . The blue and red bars indicate
that the points are above and below the expected values, re-
spectively. It is possible to observe that this fit is reasonably
good and may be a good representation for the current data.
Also the coefficients accompanying the variables (a andb)
are in good agreement with previous studies (β andb′).

4 Summary and conclusion

Studies of heterogeneous ice nucleation with natural aerosols
under a broad range of thermodynamic conditions are needed
in order to transfer laboratory results into parameterizations
for numerical models of clouds and climate.

In this work we describe an experimental device to mea-
sure the concentration of natural ice nuclei and report lab-
oratory experiments to determine the IN concentration as
a function of temperature and supersaturation, for the tem-
perature range [−15,−30]◦C and supersaturation range
[2,20] % over ice. The experiments were all performed for
a supersaturated-atmosphere with respect to ice and subsat-
urated with respect to liquid water; then, only the deposition
ice nuclei were quantified in the current work.

The experimental data extend the temperature range used
in previous measurements and the analysis of the results has
shown that the IN concentration increases with increasingSi
and decreasing temperature. A simple functional represen-
tation of the experimental results is proposed. Thus the IN

concentration is parameterized as an exponential function of
the temperature and supersaturation (Eq.3).

The current measuring system presents some advantages
over the diffusion chamber method; for instance: the IN are
activated and measured in times of the order of minutes,
much lower temperatures can be achieved in the cloud cham-
ber and the bulk of the aerosol sample are subjected to a fairly
uniform supersaturation and temperature.

The IN measurements were conducted in an urban region
placed in Ćordoba, Argentina; we hope to continue this study
by covering rural areas and other sites in South America.
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and Heymsfield, A. J.: Efficiency of the deposition mode ice nu-
cleation on mineral dust particles, Atmos. Chem. Phys., 6, 3007–
3021,doi:10.5194/acp-6-3007-2006, 2006.

Mossop, S. C.: Microphysical properties of supercooled cumulus
clouds in which an ice particle multiplication process operated,
Q. J. Roy. Meteorol. Soc., 111, 183–198, 1985.

Phillips, V. T. J., DeMott, P. J., and Andronache, C.: An empiri-
cal parameterization of heterogeneous ice nucleation for multi-
ple chemical species of aerosol, J. Atmos. Sci., 65, 2757–2783,
2008.

Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds and
Precipitation, Atmospheric and Oceanographic Sciences Library,
Kluwer Academic Publishers, Dordrecht, the Netherlands, 1997.

Rogers, D. C.: Field and laboratory atudies of ice nucleation in win-
ter orographic clouds, Ph.D. dissertation, Dept. of Atmospheric
Science, Univ. of Wyoming, Laramie, 161 pp., 1982.

Santachiara, G., Di Matteo, L., Prodi, F., and Belosi, F.: Atmo-
spheric particles acting as Ice Forming Nuclei in different size
ranges, Atmos. Res., 96, 266–272, 2010.

Schaefer, V. J.: The production of clouds containing supercooled
water droplets or ice crystals under laboratory conditions, Bull.
Amer. Soc., 29, 175, 1948.

Vali, G.: Nucleation Terminology, J. Aerosol S., 16, 575–576, 1985.

www.atmos-chem-phys.net/13/3111/2013/ Atmos. Chem. Phys., 13, 3111–3119, 2013

http://dx.doi.org/10.5194/acp-12-9817-2012
http://dx.doi.org/10.5194/acp-12-9817-2012
http://dx.doi.org/10.1029/2011GL048532
http://dx.doi.org/10.5194/acp-12-7295-2012
http://dx.doi.org/10.5194/acp-6-3007-2006

