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ABSTRACT

The concentration of ice nuclei (IN) and the relationshighveierosol particles were measured and analyzed using three
5-L mixing cloud chambers and a static diffusion cloud chandt three altitudes in the Huangshan Mountains in Southeas
China from May to September 2011. The results showed thattemn total number concentration of IN on the highest
peak of the Huangshan Mountains at an activation temperélyy of —20°C was 16.6 1. When the supersaturation with
respect to watefSy) and with respect to ic€S) were set to 5%, the average number concentrations of IN mezhsi an
activation temperature 6£20°C by the static diffusion cloud chamber were 0.89 and 0.105 tespectively.

A comparison of the concentrations of IN at three differdtitumles showed that the concentration of IN at the foot
of the mountains was higher than at the peak. A further cafimr of the correlation between IN and the concentrations
of aerosol particles of different size ranges showed thatlthconcentration was well correlated with the concertratf
aerosol particles in the size range of 1.2+2@. It was also found that the IN concentration varied with enedlogical
conditions, such as wind speed, with higher IN concentnatioften observed on days with strong wind. An analysis of
the backward trajectories of air masses showed that low li¢eatrations were often related to air masses travelliogoal
southwest pathways, while higher IN concentrations wevallisrelated to those transported along northeast pathway
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1. Introduction by freezing), immersion freezing (freezing by a particle-pr

I/iously immersed in a water drop), and contact freezing

Aerosol particles can act as cloud condensation huc ?r'eezing initiated by an aerosol particle colliding withwva-

(CCN) or ce nuclei (IN), affecting the fgrmatlon and phys'fer drop). Studies have shown that IN carry the same im-
cal properties of clouds. Ice nucleation in clouds can pedce

through two different pathways: homogenous and heteR2rtance as CCN in most weather processes, and have a ma-

. . ar.impact on cloud structure and precipitation formatias,
geneous nucleation. Experimental tests have shown thal . .

o . well as the radiative properties of clouds (You et al., 2002)
significant homogenous nucleation usually proceeds at teﬁ;{

) The impact of IN on cold cloud properties is complex and is
peratures below-38°C and near water saturation. Mean Iso dependent on cloud dynamics (Gierens, 2003: Haag and

Wh"?’ _heterogeneogs ice nuclgaﬂon can proceed at a\'mIaf'iarcher, 2004; Karcher, 2004). In addition, modern cloud
humidity closer to ice saturation and at temperatures SIg: o gi ] . )
eding activities for rain-enhancement are mainly based o

nificantly higher than—38°C (Vali 1.991; Mathews et al., the hypothesis that the concentration of IN is insufficient i
2007). Heterogeneous ice nucleation pathways (or mod%sz natural clouds

include deposition nucleation (ice embryos forming from th

. ) . There are a lot of instruments and methods that can be
vapor phase), condensation freezing (condensation fetiow :
used to measure IN. Aerosols can be sampled on filters and

analyzed through exposure to water saturation conditibns a
* Corresponding author: YIN Yan different temperatures in the laboratory (Bigg, 1973). om
Email: yinyan@nuist.edu.cn scholars have used a mixing cold chamber to measure IN by
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bringing ambient air into the chamber and counting the num- In order to understand the physical mechanisms of cloud
ber of ice crystals that fall onto a plate of sucrose solutiand precipitation formation, and to assist with the develop
(Bigg and Hopwood, 1963; Bigg, 1990). Other investigatoraent of techniques to possibly enhance precipitation artifi
have measured concentrations of IN by counting the numlagally in drought regions of China, many observational stud
of supercooled drops that freeze in a free-falling freenihg ies of atmospheric IN using a variety of methods have been
(Saxena and Weintraub, 1988; Junge and Swanson, 2008tonducted in the country during recent decades: You et al.
Many observational studies of IN have been conductét964, 2002) in Beijing; Zhao et al. (1965) in Lanzhou; Wang
in recent decades through field measurements and labatal. (1965) in Baicheng; Niu et al. (2000) in the Helanshan
tory experiments. DeMott et al. (2003) observed IN near tiountains; Li and Huang (2001) in Maqu; and Ma et al.
tropopause at activation temperaturgg 6f between-40°C  (2002), Li et al. (2003) and Shi et al. (2006) in the Henan re-
and—15°C in September 2001 using a continuous flow difgion of Qinghai in the northeast of the Tibetan Plateau. How-
fusion chamber (CFDC) designed by Rogers et al. (1998)er, most previous studies have been conducted in northern
Their results showed that the concentration of IN was in ti@hina, with very few measurements having been taken over
range 0.1-500 L, depending on the temperature and hisouthern China. In the present study, field experiments were
midity of the air. Santachiara et al. (2010) conducted an ecarried out on a mountain site in Anhui Province, Southeast
periment to measure IN in different size ranges of particGhina, to understand the background of IN in this region.
late matter (PM, PM, 5, PMjg) and total suspended parti-  Observations were made simultaneously at three different
cles (TSP). They found that aerosol particles inPddn- altitudes in the Huangshan Mountains in order to analyze the
tributed about 50% of the measured IN number concenti@raracteristics of IN concentration in high-elevationaaran
tion, but PM contributed about 70%—-90%, and indicate&outheast China and to understand how the concentration of
that the dominant fractions of aerosol particles that can b varies with altitude. Two types of IN cloud chambers and
activated as IN involve particles with aerodynamic diamseteaerosol instruments were simultaneously used to make the
of less than 1Qum. Klein et al. (2010) measured the numebservations so as to adequately understand the chasacteri
ber concentration of IN at a mountain site in Central Europies of IN concentrations and their relationships with @eto
during a dust transport episode in May 2008. Their resuftarticles.
showed that IN and mineral dust were well correlated, es-
pecially with aerosol surface area, and suggested that dust
might be a main constituent of ice-nucleating aerosolsan th2. M eéethodology and instrumentation

region. Ardon-Dryer et al. (2011) investigated aerosols as rpreq ghservation sites were chosen at different alti-

immersion freezing nuclei sampled at the South Pole stati{:mjes in the Huangshan Mountains, including one located
during January and February 2Q09 using a diffusion C|Olé_(ii the Guangmingding peak [(30:08 118.09E); 1840 m
chamber, the FRIDGE-TAU. Their analysis revealed that ao{bove sea level (a.s.l.)], one on the mountainside [(30107
the drops froze between18C and—027°C, and 50% of the 118.09E); 1351 m a.s.l.], and one near the foot of the moun-
drops froze at the temperature-624°C. , tains [(30.03N, 118.09E); 464 m a.s.l]. The highest peak

. Many investigators have reported that mineral dust pgjr o Huangshan Mountains is the highest point in Southeast
t!cles CO‘,"‘?' be good IN a_nd usually nucleate at“ low re"'i‘fhina. Observations of IN and aerosol particles were car-
tive humidity and rather high temperatures (Kanji and Ao ot simultaneously at the three altitudes during May to
batt, 2009; Kulkarni and Dobbie, 2010;_Kle|n et al"_zoméeptember 2011. Three 5-L portable mixing cloud chambers
Broadley et_al., 2012). Schnell ar?_d Vali (1976), Vali et alj 5 gtatic diffusion chamber were used to measure IN con-
(1976.)’ Levin et al. (1987) and Mohler et al. (2008) founE’entrations through different nucleation mechanisms, and
thgt bio-aerosols can also be IN at a warmer temperature t 3321 Aerodynamic Particle Sizer (APS) was also used to
mineral dust. Pratt etal. (2009) used a counterflow virmal i o 55 the spectral distributions of aerosol particleesg
pactor (CVI) to collect the ice particles in a cloud and founﬁlustruments were operated four times daily at 0200, 0800,
that one third of them contained biological markers. Sait pay 404 and 2000 LST. At the same time, aerosol particles were

ticles co.ntalnlng b!ack carbqn are a_lsp known to act as Iy |jected on membrane filters, which were later analyzed in
but require much higher relative humidity and Iowertemperf!ne static cloud chamber. For the sampling of IN, 240 L

tures for activation compared to mineral dust and bio—aﬂsosof air was pumped at 120 L mi#t through a precipitator,

(Levin et al., 1987; DeMott et al., 1999; Dymarska et aly i deposited aerosol particles on the surface of four mem
2006). Aerosols of anthropogenic emissions can also aﬁ%?&nes with a diameter of 47 mm and pore size of A6

!N concentrations directly or indirectly. There are alsodst 11.5e samples were subsequently analyzed at specified tem-
ies that have sh.own that_ secondary aerosol Precursors, S,H&thure and supersaturation in the static diffusion cleamb
as SQ and_ volatile organic co_mpound; (VOCs) could InhlblItor their IN numbers. Aerosols were sampled on membranes
ice formation on aerosol particles (Cziczo et al., 20091Ea%ighttimes a day over the period 0200-2300 LST. Four mem-

wood etal., 2009). Meanwhile, Stith et al. (2009), DeMott g}, o5 \ere sampled simultaneously. The mean flow rate was
al. (2010) and Chou et al. (2011) showed that it is easier 154 | i1 with a sampling time of 2 min. The volume of

larger aerosol particles to be IN, especially those laigent 5y pient air for each membrane was 60 L. A brief introduc-
0.5um in diameter.
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tion to the instruments is given below. Here,E;(T) is the supersaturated vapor pressure with respect
. to ice when the temperatureTs andEy(T) is the supersat-
2.1. The5-L portable mixing cloud chamber urated vapor pressure with respect to water when the temper-

The total concentration of IN of all nucleation modes wasture isT.
measured by the 5-L portable mixing cloud chamber (Yang Santachiara et al. (2010) indicated that the actual rela-
et al., 2007). At the bottom of the cloud chamber is a sugiéwre humidity and supersaturation over the filter surface ar
plate lift. Atthe beginning of an experiment, the sugar@laalways lower than the theoretically calculated valuesngwi
is placed at the top of the cloud chamber. When the interrialvapor depletion by hygroscopic particles or mixed parti-
temperature of the chamber has cooled to the desired tempés and by growing ice crystals. This could be the case es-
ature, the sugar plate is lowered to the bottom of the chamipecially when the moisture content is low. However, if the
and the chamber is then filled with 5 L of air. Then, wamoisture content in the chamber is sufficiently high, as for
ter steam produced by an ultrasonic fog generator is pumghkd conditions considered here (see section 3), the infuenc
into the chamber, so the IN in the air within the chamber forof hygroscopic particles and growing ice crystals should be
ice crystals. When the ice crystals grow to a certain siay; thnegligible.
fall down to the sugar solution. The sugar plate isthen dgise  Based on Egs. (1) and (2), the supersaturat®naf S)
allowing the number of IN to be read. In this way, the cloudan be calculated based dnandT,. Similarly, in the case
chamber can simulate all aerosol nucleation mechanisms.of known T, and the supersaturatioB or §), the temper-
. ature of the upper platél;), which needs to be set on the
2.2. Thestatic diffusion chamber instrument, can also be calculated. For example, when the
The static diffusion chamber was used to measure temperature of the lower plat@>) is set to—20°C and has a
concentrations active as deposition and condensation-fremaximal fluctuation of 0.08C, andS, is 5%, the temperature
ing nuclei (Yang et al., 1995). The chamber consists of tvaf the upper platéT;) will be —17.9°C to —17.8°C. Then,
flat parallel chrome-plated brass plates of ¥4D40x 5mm?  using these values @i andT,, the actuaB, can be obtained
each, which can be cooled independently. The internal heigls 3.79%-5.68%. So, the fluctuation error of the supersatu-
of the cloud chamber is 8 mm. The upper plate acts as the feion is less than 1.5%. For other conditions of tempeeatur
surface and is the water vapor source for ice activation aadd saturation, it can also be shown that the fluctuation erro
growth. The lower plate is designed to support and cool tlé supersaturation is less than 1.5%. This is much less than
sampled membranes, which were soaked in petroleum jeihe uncertainty of the instrument reported by Santachiara e
to enhance their thermal contact with the lower plate; thus, (2010), indicating that the static diffusion chambezdim
the temperature of the lower plate is the same as that of thés study is reliable.
membrane. The temperature of the ice surface on the up- ]
per plate was higher than the lower plate. Water vapor d#3 Other instruments and the model
fuses from the upper plate to the lower one. By changing the Several studies (e.g., Stith et al., 2009; DeMott et al.,
temperature difference between the upper and lower plat2810; Chou et al., 2011) have shown that larger aerosol parti
IN activated under different temperature and humidity can lsles are more efficient IN, especially for particles gretitan
measured. Deposition nuclei can form ice crystals when tAeés um in diameter. In order to explore the relationship be-
moisture content is supersaturated with respect to icdewhiween concentrations of IN and aerosol particles, aeri=®l s
aerosol particles that have hygroscopic ingredients csm aspectra were also measured simultaneously by a TSI 3321
act as condensation freezing nuclei and produce ice csyst&PS for particles in the range of 0.5—gén in diameter. The
when the moisture in the air reaches supersaturation with tiene resolution of the APS was 1 second.
spect to water. The supersaturation ratio in the chamber is To understand how IN concentration varies with air
determined by the temperature of the upper and lower plategsses of different origin, we also used the National Oceani
The main advantage of the static diffusion chamber is theat tand Atmospheric Administration (NOAA) Hybrid Single-
temperature can be controlled precisely within an accuscyParticle Lagrangian Integrated Trajectory (HYSPLIT) mlode
0.0r°C. (Draxler and Hess, 1998) to simulate the sources of air
The supersaturation in the chamber is calculated basedwasses that influenced the sampling sites. We then used the
the temperature of the upper and lower plates. If the tempegsults to separate the types of 36-h back trajectorie®edith
ature of the upper and lower plateslisandT,, respectively, masses during the IN sampling period at the top of the Huang-
the supersaturation with respect to wat8;) and with re- shan Mountains to study the effects of long-range transport
spect to icgS) is determined by the temperature differencend local air masses on IN sampled at the experimental sites.

of the upper and lower plat¢$; — T,) [see Egs. (1) and (2)], In this study, the ambient aerosol particles were also col-
if there is no sink for water vapor. lected by a multi-level series percussive classified ad¢roso
sampler (NanoMoudi-fM125A). This sampler is a 13-stage
5= Ei(T1) — Ei(T2)  100% (1) cascade impactor and the flow rate is 10 L minThe cut-
Ei(T2) ’ off size diameter ranges from 0.@dn at the first stage to 18
Ei(T1) — En(T2) um at the last stage. Ranges of available cut-off size diame-

Sw= TEm 100%. (2 ters are 0.01-0.018m, 0.018-0.032um, 0.032-0.056m,
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0.056-0.1um, 0.1-0.18um, 0.18-0.32um, 0.32-0.56.m, clouds, while the measured aerosols in the static diffusion

0.56-1.0um, 1.0-1.8um, 1.8-3.2um, 3.2-5.6um, 5.6-10 chamber were formed on aerosol particles sampled on filters.

um, and 10-18m. The filter used in NanoMoudiis a 47-mmThirdly, the measurement errors and the accuracy of the two

diameter Teflon filter for collecting aerosols. The samplingjoud chambers were not the same, which could also have led

time was 1 h. After sampling, the filters were analyzed in the the differences in IN concentrations.

static diffusion chamber for IN counting. During the observation period, with the water vapor con-
ditions varying fromS = 5% to S, = 5%, the mean concen-
tration of IN increased from 0.195 to 1.282 Lin the spring,

3. Resultsand discussion from 0.038 to 0.636 L in the summer, and from 0.082 to
31 S nal variation in IN at the peak of the Huang- 0.753 L1 in the autumn. This means that higher supersatu-
o shan Mountains ration leads to more aerosol particles being activateditzand

concentrations of IN are the highest in the spring, followed

Ice nuclei comprise a type of aerosol particle in the afy, 5,1ymn, and the lowest is in the summer. This is possibly

mosphere that has different physical and chemical pr&®eriy e (g 4 greater abundance of soil dust particles in spridg an

in different seasons. Table 1 shows the characteristicl of 4 ,;,mn. while in summer more frequent rainfall could wash
concentrations under an activation temperature 8°C in ¢ 5 Iar,ge number of IN.

different seasons at the peak of the Huangshan Mountains. Attap1e 2 shows a comparison of IN concentrations ob-
Ta = —20°C, the average value of the total IN concentrati
measured by the mixing cloud chamber was 166, land the
IN concentrations with 5% of supersaturation with respect

Ofdined in this study and some results reported in previous
studies at different locations via mixing cloud chambers at

A > - fhe same activation temperature. It can be seen that the con-
water (Sy) and with respect to ic€5) measured by the static ;opiration of IN in the Huangshan Mountains is higher than

diffusion chamber were 0.890 and 0.105 L*, respec- poh Baicheng, northeast China, and Beijing in the 1960s, bu
tively. The observation results of these two chambers va&-joer than Beijing in the 1990s. You et al. (2002) showed
ied greatly, and the reasons for the large differences ey, o+ the concentration of IN increased approximately 18-fo

these data were as follows. Firstly, the saturation ratidke ;, nearly 30 years in Beijing, and attributed the trend to the

two chambers differed greatly. The mixing chamber providegerease in aerosol pollution in the region. The conceiotnat
sufficient water vapor and water droplets so thatalmoshell t ¢ |n in the Huangshan Mountains is also lower than that

IN could be activated, while the supersaturation was se¥0 34rded in urban regions such as Nanjing. This is because,

for Sy and$ in the static diffusion chamber. Secondly, thgjnce the sampling site in the present study was located in a
aerosol activation conditions were different in the twoutlo rural mountainous region, the levels of atmospheric adsoso

chambers. In the mixing cloud chamber, the aerosols wejgq 4nthropogenic emissions were relatively small contpare
activated and grew under conditions closer to those in &ctyd , -han areas

Table 1. Statistical values for atmospheric IN concentration ifedént seasons (units for IN concentratiorm).

Nucleation mechanism Statistical value Spring Summer atu Average
Concentration of total INT, = —20°C) average 22.764 11.346 15.724 16.611
Concentration of INTa = —20°C, Sy = 5%) average 1.282 0.636 0.753 0.890
maximum 1.667 1.45 1.642 -
minimum 0.942 0.142 0.192 -

IN (Sw = 5%)/IN (total) percentage 5.63% 5.60% 4.78% 5.36%

Concentration of INTa = —20°C, § = 5%) average 0.195 0.038 0.082 0.105
maximum 0.833 0.1 0.242 -
minimum 0.008 0.017 0.042 -

IN (S = 5%)/IN (total) percentage 0.86% 0.33% 0.52% 0.63%

Table2. A comparison of IN concentrations obtained in the presamysiith those reported in previous studies using mixingidlo
chambers (activation temperature-e20°C).

Observation site Observation time  Volume of chamber (L)  rAge concentration of IN (t1) Reference
Baicheng in Jilin Apr—May 1964 2 5.8 Wang et al. (1965)
Beijing Mar—Apr 1963 3.34 4.8 You and Shi (1964)
Beijing Mar—Apr 1995 3.34 78.9 You et al. (2002)
Henan County in Qinghai Aug 2001 3.05 31.3 Li et al. (2003)
Henan County in Qinghai Oct 2003 3.05 47.4 Shi et al. (2006)
Nanjing May-Sep 2011 5.0 20.112 Yang et al. (2012)

Huangshan Mountains May—-Sep 2011 5.0 16.6 Present paper
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3.2. Therelationship between IN concentration and acti-
vation temperature

The relationship between IN concentration ahdhas

MEASUREMENTS OF ICE NUCLEI IN HUANGSHAN MOUNTAINS

VOLUME 31

Fletcher et al. (1962) used the following formula to ap-
proximate the dependence of IN concentration on tempera-
ture, also referred to as the supercooling spectrum of the IN

been studied by many investigators during the recent decag@ncentration:

(Meyers et al., 1992; DeMott et al., 2003; Ardon-Dryer et al.
2011). It is widely recognized that the concentration of IN
increases exponentially with a decrease in temperatung{Pr
pacher et al., 1998), which is also the basis of the parametr

formula of IN used in many numerical models.

Figure 1a shows the relationship between IN concentra-
tion andT; at Sy = 5%, andS = 5%. We can see that the.
concentration of IN increased exponentially with a deczea,
in Ta. Furthermore, under the sarilg the concentration of

IN was higher under the condition &, = 5% than when
S = 5%, indicating that water vapor conditions affect the i
nucleation ability of aerosols.

_\
O_\
K

~ Sy=5%
- S|=50/0

-
o
°©
2

N
Q.
.

N number concentratio (std/L)
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)
N

% 103'| 1
:UL 1 1
c
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810 —— Flecther 1
§ ] —— Ardon-Drye}
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Fig. 1. (a) The relationship between IN and temperature un-

der different water vapor conditions, and (b) a comparisih w
other previous results.

N=Axe Pk, (3)
whereT, is the supercooling temperatufg,is the number

of activated IN per unit volume of air when the supercooling
temperature i§,, andA andb are empirical parameters.
Through field observations and laboratory tests, different
investigators have obtained several empirical formulaaef
emperature spectrum of IN under different conditions. A
comparison of the results of the present study with other pre
vious results is shown in Fig. 1b and Table 3. As can be seen

C1‘?om Fig. 1b, the IN concentration of 1 L~1 at S, = 5%

andS = 5% was found at-19°C and—22°C, respectively,
which was a little higher than that reported by Ardon-Dryer
etal. (2011) obtained at a higher latitude{ L ! at—23°C).
Furthermore, the concentrations of IN % = 5% and
S = 5% were very close to the results of Cooper (1980)
and Ardon-Dryer et al. (2011), respectively, but were dligh
lower than those reported by Meyers et al. (1992). The values
obtained here &, = 5% were also slightly lower than those
provided by Fletcher et al. (1962) for temperature lowentha
about—15°C, but the opposite was true for higher tempera-
tures.

3.3. The concentration of IN at different altitudes in the
Huangshan Mountains

Figure 2 compares the concentrations of IN at three dif-
ferent altitudes in the Huangshan Mountains. From Fig. 2
we can see that, as the height increased, the concentration
of IN decreased, which was consistent with the concentra-
tions of aerosol particles. As the height increases, th@atm
sphere becomes cleaner, so the concentration of IN will be
lower. Many laboratory studies, such as Isono et al. (1959),
Roberts and Hallett (1968), Zuberi et al. (2002), DeMott
(2002), Archuleta et al. (2005), Knopf and Koop (2006), Mar-
colli et al. (2007), Eastwood et al. (2008), Kanji and Abbatt
(2009), Welti et al. (2009), and Chou et al. (2011) have shown
that mineral dust particles are good IN and can be activdted a
rather low relative humidity and high temperatures. Ardon-
Dryer et al. (2011) also proved that IN concentration at the
surface is higher than that at high altitude, indicatingshe

face could be the most important source of IN.

Table 3. Comparison of different parameterization equations of uNité for temperature and IN concentration a@&and L1, respec-

tively).

Parameterization equation Activation temperature Nticeanechanism Reference
Meyers N = 0.06 x g~ 0-262T T< -20°C contact freezing Meyers et al. (1992)
Cooper N = 0.005x e 0304&T  _a°C—0PC deposition, condensation freezing Cooper (1980)
Fletcher N =105 xe 06xT —27C-0C deposition, condensation freezing Fletcher (1962)
Ardon-Dryer N=3x10"7xe 066xT _26°Cto—19C immersion freezing Ardon-Dryer et al. (2011)
Huangshan Mountain®\ = 0.0038x e 0286xT  _1(°C to —25°C deposition, condensation freezing Present paper

N =7x 1076 x g 05T

deposition
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spheric aerosols

Previous studies (e.g., Stith et al., 2009; DeMott et al.,
2010; Chou et al., 2011) have shown that larger aerosolsy
are more efficient IN. In the present study, concentratidns og
IN and aerosol particles were observed simultaneously. Theg 1.51
aerosol spectrum in the range of 0.5—2f was observed
by the APS. For analysis, the aerosol particles were dividedg,
into two categories according to their sizes: fine particles$
with sizes in the range of 0.5-11#m and coarse particles
with sizes in the range of 1.2-20m. The correlation be- 00 05 10 15 20
tween aerosol particle number concentrations in diffesizat (C) IN(L™)
segments and the IN concentratidyg £ —20°C, Sy = 5%)
was analyzed. Figures 3a—c show the correlations between .

IN concentration and total concentration of aerosol plegic '9- 3. The relations between INI{ = —20°C, Sy = 5%) and
with diameters in the range 0.5—gfn, fine particles (0.5-1.2 aer?sols in different size ranges. (2) 0.5+42@; (b) 0.5-1.2
um), and coarse particles (1.2-R6n), respectively. It can Fm"(C) }.2—20um. The points are measured values and the
: ne is a fit to those values.
be seen that the correlation was low between IN and the total
concentration of aerosol particles (Fig. 3a), as well a wit
fine mode particles (Fig. 3b), while coarse particles (12—-2 The IN number concentration was significantly correlated
um) showed a better correlation with IN number concentrath particle surface area, especially that of coarse meade p
tion (Fig. 3c), indicating that coarse particles (1.2+20) ticles. Table 4 gives the Pearson correlation coefficiefits o
make greater contributions to IN. This result was in goaghd the surface area of aerosol particles. As can be seen, the
agreement with the results of Klein et al. (2010), who reorrelation between IN and aerosol surface area was higher
ported that IN have good correlation with aerosol particléban that with aerosol number concentration. This is bexaus
with sizes in the range of 1.2-12mn. These findings also the ice nucleation process usually takes place on the deroso
confirm that it is easier for larger particles to act as IN, asirface. Therefore, the ice nucleation efficiency of adroso
proposed by DeMott et al. (2003) and Stith et al. (2009). particles should be more relevant to their surface areas, in
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Table 4. Pearson correlation coefficients between IN concentraimhthe number/surface area concentration of aerosotlestti

Aerosols particle size range 0.5-2th 0.5-1.2um 1.2-20um
Pearson correlation coefficient between IN and aerosol eudncentration 0.219 0.210 0.521
Pearson correlation coefficient between IN and aeroschserdrea concentration 0.317 0.234 0.539

stead of their number concentrations. < 0.14 ——rrrre——rrrr——rrr
In order to understand the ice formation activity of = o2l (a) ——-20C S, .=5%
aerosol particles of different size ranges, we conducteaco “Z_ N "
plementary observations in the Huangshan Mountains in © 0.10 S
September 2012. A multi-level series percussive classified 5 0.08' r—l
aerosol sampler (NanoMoudillf125A) was used to collect "E 0.06.] — —
aerosol particles of different sizes on filters, which wéert 1 ]
later analyzed in the static cloud chamber. A total of six 3 o0.04 [~
groups (78 copies) of observation data of IN and aerosols in ~ § 0.02 ] |-—-|--J
different size ranges was obtained. Figures 4a—c show the : T :
size distributions of IN and aerosols, and the ratio between £ 0.00 +———rr——rrer———vrm
. . . 0.01 0.1 1 10
IN concentration and the concentration of aerosol pasicle .
(IN/aerosols) in different size ranges. The size distitng ~ diameter (um)
of aerosol particles were measured by a wide-range parti- . 700 ——rrvr
cle spectrometer (WPS) (Fig. 4b). It was assumed that the s 6004 (h)
aerosol concentration measured by the WPS was equal to that © ;
collected in the filter of the NanoMoudi. So, the IN/aerosols ~ § 900
values could be calculated and the results are shown in Fig. g 4004
4c. From Fig. 4, one can see that the concentration of IN.  ® 1
was high in the range of 1-30m, and the ratio increased as ° 300. I-—
the particle diameter increased, indicating that largeswr _s 200 —
particles are more easily activated. g 100 _I
3.5. The effect of local meteorological conditionson IN § 0' R B s ees, IR R AT
Many investigators have reported that local meteorolog- § 0.01 0'1_ 1 10
ical conditions can affect the effectiveness of IN (Hogan, diameter (um)
1979; Niu et al., 2000; Ardon-Dryer et al., 2011). One lo- 10* T——rrrrr—— r——
cal meteorological condition that could have an effect on IN 10" (C)
concentration is wind speed. Table 5 shows the concentra- ., . rJ
tions of IN and aerosol particles, and the local meteorelogi s 10 =
cal parameters in a period of continuous observation from1 X 4¢"
July to 14 July 2011 on the highest peak of the Huangshan % 107 [
Mountains. Each sample was collected under different wind %
speeds. As can be seen from Fig. 5, both the concentration iz" 10° —
of IN and aerosol particles were highly correlated with wind =~ 10* I
speed. From Table 5, one can see that high IN concentrations ]
were often observed on days with strong wind. For exam- 10'; 0 0-1 ARt I

ple, from 1 July to 8 July, under higher wind speed (average
of 7.45 m s1), the average concentration of IN was 0.851
L—1. From 9 July to 14 July the average wind speed was 3.74
m s 1, and the average concentration of IN was 0.395.L Fig. 4. The size distribution of the number concentration_of (:_:1)
As proposed by Hogan (1979), strong winds can increase thiY @nd (b) aerosols; and (c) the ratio of IN concentration in
mixing of air near the surface and lead to higher concentraf’leros‘OI concentration (IN/aerosols) in different sizegen
tions of large particles, and thus higher concentrationlpf
at higher elevations. In order to understand the impact of different sources of
] . ] ] ] ] air masses on IN concentration, the HYSPLIT model was
3.6. Therelationship between air masstrajectoriesandice sed to separate the types of 36-h back trajectories of the
nuclei concentration air masses during the observation period on the highest peak
In addition to local meteorological conditions, the sosrceof the Huangshan Mountains. Figure 6a shows how the air
of air masses also have an effect on the effectiveness of INnasses were divided into three types based on their incoming

diameter (um)
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Table 5. Average meteorological conditions during sampling.

Atmospheric  RH in the air Wind direction Wind speed  0.5+20 aerosol 1.2-2@m aerosol

-1
Data IN (L) temperature°C) (%) ©) (ms1)  concentration (cm®) concentration (cmq)
1 Jul 2011 1.269 17.0 95.9 229 8.50 32.35 0.66
2 Jul 2011 1.121 17.7 93.3 229 8.26 23.35 0.63
3Jul 2011 0.942 18.2 87.7 233 9.11 33.10 0.73
4 Jul 2011 0.535 18.7 88.8 243 6.12 23.22 0.56
5Jul 2011 0.796 18.8 90.1 241 7.95 37.65 0.60
6 Jul 2011 0.652 19.1 90.3 229 7.77 54.78 0.68
7 Jul 2011 0.821 19.2 89.4 242 6.06 33.93 0.55
8 Jul 2011 0.675 17.7 94.5 257 5.81 33.28 0.38
9 Jul 2011 0.338 18.9 90.2 99 3.16 28.21 0.39
10 Jul 2011 0.373 18.6 79.8 210 3.09 30.21 0.48
11 Jul 2011 0.569 19.0 87.0 173 3.31 26.42 0.36
12 Jul 2011 0.333 19.3 90.6 228 3.40 23.97 0.45
13 Jul 2011 0.367 20.2 90.4 251 3.84 28.77 0.53
14 Jul 2011 0.388 20.1 82.2 223 5.63 29.91 0.52
14 B direction. These air masses were named as follows: local air
y=0.115x - 0.0179 -

120 R 07045 mass (track 1); northeastern air mass (track 2); and south-
western air mass (track 3).
Figure 6b compares the IN concentrations in the three

1.04

~ 08 types of air mass back trajectory. As can be seen, the concen-
; 0.64 tration of IN that was under the influence of the southwestern
=
0.44 Cluster means - Standard
Backward trajectories
0.24 GDAS Meteorological Data
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Fig. 5. The concentrations of INTg = —20°C, Sy = 5%) and Temperature(C)

aerosols as a function of wind speed. The points are measured Fig. 6. (a) 36-h back trajectory analyses from the measurement
values and the line is a fit to those values. site, and (b) IN concentration in different trajectories.
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o search), version 4.2. As can be seen from Fig. 7, in the
northeastern direction of the measurement site are the more
seriously polluted areas, and the emission rate of Pivas
high. Therefore, the concentration of the aerosol pasitie

the northeastern air mass was the highest (Fig. 8), regutin

the highest concentration of IN. On the contrary, in the obse
vation site and its southwestern direction, the emissit;of

40N &=

I PM;o was low and the air was relatively clean. Furthermore,
IO 2 under the influence of southwestern air masses, coarse parti
0 cles were diminished in the process of long distance tramspo

from the southeast, and the concentration of aerosol festic
was low. Thus, the concentration of IN was lowest in the
southwestern air mass.

Table 6 provides various statistical analyses of IN, the
local meteorological conditions and atmospheric aerasols
Fig. 7. The emission rate of P\ [units: tyr-1 (0.1x 0.1°)~1], different air masses on the highest peak of the Huangshan
and the black dot (308°N, 118.09E) in this figure presentsthe  Mountains. During the sampling period, the ambient rela-
position of the observation site in the Huangshan Mountains  tive humidity in the three different air masses changets|itt
implying that the high IN concentration in the northeastern
air mass was mainly impacted by the number concentration

25N

20N + = -
100E  105€  110E 1156  120E 1256 130

e 10° T T th 't by of aerosol particles. In addition, the ratio between the-con
IE 10° southwestern air mass centrations of IN and aerosol particles is given in Tablet6. |
RS ] +— local air mass ! can be seen that the ratio was very low, indicating that only a
' 10"y +— northeastern air mass J small fraction of the aerosol particles could act as IN, Whic
ERPN was similar to the results reported by Bingemer et al. (2012)

= ] 1 who studied the IN around a volcanic eruption area.
-1
8 10 1 1
© ] AL A .
> 1074 oo | 4. Conclusions
T . .
10; P4 A T 6 By analyzing IN data observed in the Huangshan Moun-

tains from May to September 2011, the following conclusions
can be drawn:
Fig. 8. The spectral distribution of aerosols in the three differen (1) On the highest peak of the Huangshan Mountains,
air masses. when the activation temperatu(&,) was —20°C, the total
number concentration of IN measured by the mixing cloud
air mass was the lowest, while the highest IN concentratioglsamber was 16.61%. When the supersaturation was set to
were observed in the northeastern air masses. This mighB9¢ with respect to wat€S, ) and with respect to ic€5), the
due to the differences in the concentrations of aerosoi-partumber concentrations of IN measured by the static diffusio
cles in these three different air masses. Figures 7 and 8 stefvamber were 0.8901} and 0.105 L%, respectively. More
the emission rate of P\ in East China, and the spectral disabundant soil dust in spring and autumn might be responsible
tribution of the aerosols in the three different air masses, for the higher concentrations of IN in these seasons, while i
spectively. The emission inventory of Rywas taken from the summer more rainfall could clean a large number of IN.
EDGAR (Emission Database for Global Atmospheric Ré&he concentrations of IN were very much dependent on tem-

Table 6. Statistical values of IN and aerosols in different clusters

Southwestern air mass Local air mass Northeastern air mass

Environmental relative humidity (%) 75.6 73.3 69.2

Wind speed (mst) 6.13 3.76 5.51
Concentration of INTa = —20°C, Sy = 5%) (L) 0.8 1.068 1.217
Concentration of INTa= —20°C, § = 5%) (L™ 1) 0.16 0.17 0.28
Concentration of total IN afy = —20°C (L™1) 7.2 20.15 50.30

0.5-20um aerosol concentration (CrA) 38.47 43.38 48.98

Ta= —20°C, Sy = 5%, IN/total aerosok 10~° 2.08 2.46 2.48

Ta= —20°C, § = 5%, IN/ total aerosok 10~° 4.16 3.91 5.72

Ta= —20°C total IN/ total aerosok 104 1.87 4.64 10.27
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perature and humidity. The concentration of IN was found  on Cloud PhysicsClermont-Ferrand, France, 665-668.

to exponentially increase with a decrease in temperatatcke, a Cziczo, D. J., K. D. Froyd, S. J. Gallavardin, O. Moehler, S.
also increased with increasing relative humidity. The con-  Benz, H. Saathoff, and D. M. Murphy, 2009: Deactivation
centration of IN at the foot of the mountains was higher than ~ Of ice nuclei due to atmospherically relevant surface coat-
that at the peak, indicating that more aerosols near thengrou ~ I"9S: Environ. Res. Lett.4(4), 044013, doi: 10.1088/1748-

cause high concentrations of IN. 9326/4/4/044013.

. . eMott, P., 2002: Laboratory studies of cirrus cloud preess
(2) The correlation between concentrations of IN andD Cirrus, Chapter 5, D. K. Lynch et al., Eds., Oxford University

aerosol particles of sizes in the range of 1.2420was the Press Inc. 102—135
most significant, indicating that coarse mode aerosolgeasti DeMott, P. J., Y. Chen, S. M. Kreidenweis, D. C. Rogers,
contribute more to IN. and D. E. Sherman, 1999: Ice formation by black car-

(3) The concentration of IN was found to vary with mete- bon particlesGeophys. Res. Let26(16), 2429-2432, doi:
orological conditions such as wind speed, with high IN con-  10.1029/1999GL900580.
centrations observed on days with strong wind. DeMott, P. J., and Coauthors, 2003: Measurements of theecenc
(4) An analysis of the backward trajectories of air masses  tration and composition of nuclei for cirrus formatid®ro-
showed that the concentration of IN under the southwestern ~ceedings of the National Academy of Sciences of the United
air mass was the lowest, and that under the northeastern ajr States of Americal00(25), 14 655-14 660.

mass was the highest. This was because of the high concépeMott P J.,_ar_ld C_:oa_uthors, 2010: _Pred|ct|ng gl(_)bal apinesc
ice nuclei distributions and their impacts on clim&eoceed-

tration of aerosols from the northeastern direction. ings of the National Academy of Sciences of the United States
of America 107(25), 17-22.
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