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Abstract. We investigated the ice nucleating properties of 1 Introduction

mineral dust particles to understand the sensitivity of sim-

ulated cloud properties to two different representations of

contact angle in the Classical Nucleation Theory (CNT).Ic€e containing clouds constitute one of the largest sources of
These contact angle representations are based on two sétgcertainty in predicting the Earth’s climate according to the
of laboratory deposition ice nucleation measurements: Ari-Intergovernmental Panel on Climate Change (IPCC) 2007 re-
zona Test Dust (ATD) particles of 100, 300 and 500 nm Port (Forster et al., 2007). The uncertainty arises in part be-
sizes were tested at three different temperatures(—30 cause of the lack of understanding of the complex processes
and —35°C), and 400nm ATD and kaolinite dust species governing the formation of these clouds. Ice microphysics
were tested at two different temperature$0 and—35°C). has important impacts on precipitation and Earth’s radiative
These measurements were used to derive the onset relatii@lance by altering cloud microphysical and radiative prop-
humidity with respect to ice (Rit) required to activate 1%  €rties. Ice formation at temperatures below abe7°C

of dust particles as ice nuclei, from which the onset single@ccurs via both homogeneous and heterogeneous ice nucle-
contact angles were then calculated based on CNT. For thation mechanisms, while at warmer temperatures ice nucle-
probability density function (PDF) representation, parame-ation takes place only heterogeneously. Our understanding
ters of the log-normal contact angle distribution were deter-0f homogeneous nucleation has improved dramatically over
mined by fitting CNT-predicted activated fraction to the mea- the last decades (e.g., Heymsfield and Miloshevich, 1995;
surements at different RE. Results show that onset single Tabazadeh et al., 1997; Koop et al., 2000). Although ad-
contact angles vary frony18 to 24 degrees, while the PDF vancements in heterogeneous ice nucleation measurements
parameters are sensitive to the measurement conditions (i.8nd parameterizations have been reported (e.g. Kanji et al.,
temperature and dust size). Cloud modeling simulations wer&011; Wang and Knopf, 2011; DeMott et al., 2010 and refer-
performed to understand the sensitivity of cloud properties€nces therein), heterogeneous ice formation is still puzzling.
(i.e. ice number concentration, ice water content, and cloudl ere are at least two reasons why heterogeneous ice nu-
initiation times) to the representation of contact angle andcleation is much more complex than homogeneous freezing.
PDF distribution parameters. The model simulations showfirst, it requires special atmospheric aerosols, called ice nu-
that cloud properties are sensitive to onset single contact arf:lei (IN) (Pruppacher and Klett, 1997), which lower the free
gles and PDF distribution parameters. The comparison of oufnergy barrier for ice nucleation. Aerosol surface character-
experimental results with other studies shows that under simistics, such as morphology, solubility, active sites and epitax-
ilar measurement conditions the onset single contact angle@l Properties, have been postulated to play important roles

are consistent within:2.0 degrees, while our derived PDF in determining the IN efficiency of aerosol particles, but for-
parameters have larger discrepancies. mulating a relationship among these characteristics has been

difficult. Second, there are multiple heterogeneous ice nu-
cleation mechanisms observed or hypothesized (Vali, 1985),
such as deposition nucleation (ice formation directly from the
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7296 G. Kulkarni et al.: Dust deposition ice nucleation

vapor phase), condensation and immersion freezing (freezintpboratory immersion ice nucleation data. CNT was further
initiated by the IN located within the supercooled water or modified by Niedermeier et al. (2011), where instead of a dis-
solution droplet), and contact freezing (freezing occurring attribution of contact angles over the entire dust sample, they
the moment IN comes into contact with a supercooled watedescribed a conceptual model that treats each particle con-
droplet or solution droplet). The relative importance of eachsisting of a distribution of surface sites or properties of IN.
mechanism in producing ice particles at given meteorologi-They concluded that ice nucleation parameterizations that
cal conditions is not well understood. are based on the stochastic theory might be influenced by
Although heterogeneous ice formation is complex, sev-the heterogeneity of surface properties depending upon the
eral parameterizations, with or without a link to physio- time and freezing temperatures. More recently Wheeler and
chemical properties (chemistry and surface characteristicsBertram (2012) used onset Rk and particle surface area
of an individual IN, have been developed. These existingdistribution to test the PDF approach against the single con-
parameterizations can be broadly classified into two catetact angle model, the active site model and the determinis-
gories: empirical parameterizations that use laboratory otic model for deposition ice nucleation. They showed that
field measurements (e.g., Meyers et al., 1992; Diehl and Wurusing a single contact angle based on the onsgtRides
zler, 2004; Phillips et al., 2008; DeMott et al., 2010), and not fit the data well, while the PDF distributed contact angle
those that are based on the classical nucleation theory (CNTnodel fits the data within experimental uncertainties. Con-
(e.g., Khvorostyanov and Curry, 2000, 2004; Liu and Pennernolly et al. (2009) developed a new parameterization based
2005). Empirical parameterizations are appealing becausen laboratory heterogeneous ice nucleation data. Unlike the
they are easy to implement and computationally efficient forCNT approach, their model is based on the singular the-
regional/global models, but these schemes often have limitedry, or deterministic approach. In this approach it is assumed
temperature and/or supersaturation ranges where they can lieat particles have multiple nucleation sites where ice could
applied. In the CNT approach, the nucleability of IN can form and the most efficient nucleation site determines the ice
be quantified in terms of contact angle. For the depositionformation rate. In deposition ice nucleation experiments, as
ice nucleation mode, the contact angle of an ice embryo orsoon as any of those nucleation sites reach the characteristics
an IN represents a relationship between the surface energid®Hice, the ice will form immediately and if this characteristic
defined at the water vapor — ice, water vapor — catalyzingRHce is held constant, then no further ice nucleation events
substrate and ice — catalyzing substrate interfaces (Fletcheshould occur, suggesting there is no time dependence. Based
1962). The approach is based on the assumption that all INn the particle surface area Niemand et al., (2012) developed
have the equal probabilities to nucleate ice and behave in a new parameterization to parameterize the immersion freez-
purely stochastic fashion, which implies time dependenceing of desert dust particles in the temperature range between
Thus, the differences in surface properties among IN are ne—12°C and —36°C. They implemented the parameteriza-
glected. Several past studies have calculated the single valu®n into a model, and compared the calculated aerosol size
of contact angle under various ice nucleation conditions (e.gdistributions and IN number concentrations with the mea-
Eastwood et al., 2008; Welti et al., 2009; Kanji and Abbatt, surements. They also compared their results with other three
2010; Kulkarni and Dobbie, 2010). This approach has theexisting parameterizations. While the calculations show a
advantage that contact angle derived from various IN can b@ood agreement with the aerosol surface area measurements,
compared by formulating a deposition ice nucleation param-discrepancies among the IN concentrations detected by the
eterization as a function of relative humidity (e.g. Wang andIN device were observed. Comparison of parameterizations
Knopf, 2011). Recently, CNT approach was implemented inshowed that particle surface area dependent parameterization
a global climate model and used for long-term climate simu-is highly sensitive to the simulated temperatures, and agrees
lations (Hoose et al., 2010). It should be noted that paramewith the other parameterizations and measurements at certain
ters such as the magnitudes of elastic strain, aerosol surfademperature values. Recently, Ervens and Feingold (2012)
irregularities and active sites may affect the ice nucleationexplored the sensitivity of time-dependent CNT parameter-
behavior of dust particles, but are not included in CNT cal-izations against singular freezing theories in a box model
culations and are ignored in this study. We also recognize thathat simulated immersion and condensation freezing mech-
previous studies (e.g. Connolly et al., 2009; Niedermeier etanisms. They showed that predicted ice humber concentra-
al., 2011) have formulated new parameterizations based otions from different ice nucleation schemes are sensitive to
the ice-active surface site density approach, which is also nathe parameters such as time, size of IN, temperature and su-
considered here. persaturation, and suggested that these parameters should be
The original framework of CNT can be generalized to in- better constrained to simulate realistic cloud properties.
corporate the variability in surface properties of IN by as- Two empirical fits for the Ride dependence of deposi-
suming a PDF distribution of contact angles over the entiretion ice nucleation have been reported in literaturéhiér et
dust sample instead of using a single contact angle (e.g., Maal. (2006) suggested the exponential fit framework, similar to
collietal., 2007). This modified approach using a log-normalMeyers et al. (1992), whereas Welti et al. (2009) suggested a
PDF was employed by iond et al. (2010) to constrain the sigmoidal fit curve. Both approaches were constrained using
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laboratory measurement data. Welti et al. (2009) showed tha2 Methodology

the Mohler et al. (2006) approach does not fit their data well,

possibly because of different measurement conditions an@.1 Ice nucleation experiments

experimental techniques. These fit curve formulations can be

further improved by finding a universal fit function that can The experimental data on ice nucleation were obtained using
be adapted to deposition ice nucleation measurements of vathe recently developed CIC. The basic design and functional
ious IN sizes as a function of temperature andigHlere  details of the CIC are described in Stetzer et al. (2008) and
we show that a modified CNT approach can be used to find-riedman et al. (2011). The chamber consists of two verti-
such fit functions using deposition ice nucleation measure-cal parallel plates with an evaporation section attached at the
ments. The approach is based on the modified CNT approachottom of the chamber to remove water droplets (Stetzer et
of LUdnd et al. (2010), but the PDF distribution of contact al., 2008). The principle of a continuous flow water vapor dif-
angles is constrained by the laboratory data on deposition icéusion chamber ensures that aerosol particles that are placed
nucleation rather than immersion freezing. For the CNT cal-between the layers of two sheath flows are exposed to con-
culations the ice nucleation time is restricted to the particlestant temperature and REover the length of the chamber.
residence time within the ice nucleation chambet?s; see  The chamber wall temperatures are controlled using two ex-
Sect. 2). ternal cooling baths (Lauda Brinkmann Inc.) and the temper-

In this study, we experimentally investigate the ice nucle-ature data are logged using the National Instrument Com-
ating properties of mineral dust particles and examine thepactRIO programmable automation controller (cRI0-9114
impact of the nucleation properties within the original and combined with cRI0-9022). The chamber plates are inde-
modified CNT framework on cloud properties simulated with pendently temperature- controlled to develop a linear temper-
an offline module and a cloud resolving model (CRM). Two ature gradient across them, which according to the principle
types of mineral dust particles were investigated for their nu-of thermal gradient diffusion theory, produces a;RHgrofile
cleation properties: ATD and kaolinite. Deposition ice nu- between the plates (e.g. Rogers et al., 1988). At the beginning
cleation measurements of mineral dust particles were caref the experiment, the chamber walls are coated with an ice
ried out using the compact ice chamber (CIC) at the Pacifidayer (~0.5 mm thick) and the temperature gradient is set at
Northwest National Laboratory (PNNL) Atmospheric Mea- zero, which creates ice saturation conditions inside the cham-
surement Laboratory. These measurements, together with theer (RHc.e = 100 %), and then the refrigeration system cools
data from past studies (Welti et al., 2009), were used to calone plate and warms the other to increase the&Hhe to-
culate the single contact angle and PDF parameters (meatal flow used is 11 Lpm; sheath and sample flows used are 10
and standard deviation) of the contact angle distribution. Theand 1 Lpm, respectively, which limits the aerosol residence
sensitivity to these ice nucleating characteristics and broadetime to ~12 s within the CIC. Ice nucleates on the aerosol
implications of the CNT modifications are examined in the particles and the newly formed ice crystal grows to a size
context of CRM simulated cloud properties: the ice numbergreater than the original aerosol size, and ice crystals greater
concentration &/;), ice water content (IWC) and cloud evo- than 1 micrometer exiting the chamber are counted with an
lution. optical particle counter (OPC; CLIMET, model CI-3100).

In the rest of the paper, Sect. 2 describes the experimental A schematic of the experimental setup is shown in
method to obtain the ice nucleating properties of dust parti-Fig. 1. ATD (Powder Technology, Inc) and kaolinite (Sigma-
cles, presents the methodology for determining the PDF paAldrich) dust samples were used in the experiments. These
rameters from the contact angle distribution, and providesdust particles are dry-dispersed (dry powder dispersion; TSI,
a description of the model and simulation cases. Section 3433) and size-selected by a differential mobility analyzer
includes the results of contact angle and PDF calculationgdDMA; TSI, 3080). Different sizes of particles at 100, 300,
based on CIC measurements and a sensitivity analysis 0400 and 500 nm diameters, respectively, are selected and for-
the change in cloud properties to changes in the onset sinnvarded to the CIC and Condensation Particle Counter (CPC;
gle contact angle and PDF parameters. The PDF parametefsSI, 3010). It was observed that selected size particle sample
are also compared with the parameters derived from the litflow consists of multiple charged particles. For 100 nm di-
erature data under similar measurement conditions (tempelameter selected particles, the DMA produced particles with
ature, RHe, dust type and size). Finally, the summary and sizes of 152 nm (the size of double charged particles) and
future research directions are presented in Sect. 4. 197 nm (the size of triple charged particles), and their con-

tribution was 36 % and 16 %, respectively. For 300, 400 and
500 nm diameter selected particles, the contribution of mul-
tiple charged particles was less than 10 %. For sizes 100 and
300 nm diameter particles, the multiple charge calculations
were based on routine experimental measurements, whereas
for 400 and 500 nm diameter particles the calculations are
based on the Baron and Willeke (2001). An active fraction
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Table 1. PDF parameters, onset ice nucleation conditions and RMSE obtained for ATD. One experiment was performed at each temperature
and dust size. The range of onset single contact afylafiation was minimum compared to theparameter. The uncertainty errors for
andoare+3.0 deg andt0.04 rad, respectively.

Dust size \ 100 nm \ 300 nm \ 500 nm

T (°C) -25 -30 -3 | -25 -30 -3 | -25 -30 -35
u (deg) 56.0 38.0 38.0] 27.0 57.0 36.00 45.0 64.0 320
o (rad) 0.31 0.21 0.19] 0.05 0.29 0.19] 0.25 0.41 0.12

OnsetRhLe (%) | 132 130 131| 130 126 125| 128 127 126
Onsety (deg) 23.0 240 24.0 225 220 220|225 23.0 21.0
RMSE (%) 0.06 0.71 048 0.07 0.77 0.52H 0.38 056 1.52

e S
}MFC L

— PDF distribution
Mean = 40.0 deg
Standard deviation = 0.3

A

Probability
o

Ice r
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Fig. 1. Experimental setup used to determine the IN fraction of dust
particles. The ATD particles are dry dispersed size selected and in- 000} b %
vestigated for their ice nucleation efficiency. The atomizer set up RH._ (%)

is used to validate the temperature andi®tgonditions within the e

CIC (data not shown here). The polydisperse particles of ammOEig 2 Active fraction (Fie) of ATD particles, at—35°C and
nium sulfate were generated in the atomizer, and passed through thgyg nm in diameter (Table 2), is given as a function®HThe solid
drier to remove any water droplets and water residing on the ammog,;rve shows the PDE model fit to the experimental data points. The

nium sulfate particles. The sample flow is forwarded to the DMA jnset shows the PDF distribution with corresponding parameters.
and consequently to CIC and CPC. The remainder of the flow wentrhe grror for RH, is approximatelyt3 %.

to the exhaust. The valve (V) was used to switch between these two

types of experiments. The mass flow controller (MFC) was used to

regulate the CIC flows. According to CNT, the deposition nucleation ratk, of
critical ice embryos per unit area per unit time is given in
Pruppacher and Klett (1997) as,

| 1 I I
125 130 135 140

(Fice) is calculated as the ratio of the number of ice crys-
tals measured by the OPC to the total number of particles 167 M203 4

entering the chamber, as measured by the CR.calcu- J (Sv,i,e) = Aoexp(— ifv La) )
lations are corrected for the particle losses, averaged over

+0.5 % relative humidity with respect to water, and plotted as
a function of RH,e (e.g. shown in Fig. 2). The experimental
RHice uncertainty is~ +3 % that arises from the uncertainty
of temperature<£{+0.4°C) measurements.

3(RTpiInS, )2 kT

If the contact angle distribution is assumed to be log-normal
(Marcolli et al., 2007), then the PDF functiop(6), of con-
tact angleg, is given as (Crowe, 2006),

_ 2
exp(_ (n(6) —In () ) @)

2.2 PDF-contact angle model pO) = 52
o

0o /27
CNT provides a framework to parameterize deposition ice

nucleation measurements. This framework was modified torhen nucleated fraction from the P@Fmodel, F1%Y can
adopt the PDF approach for contact angle distribution frombe calculated:

LUond et al. (2010), and this modified CNT framework was P

used to derive the PDF parameters that parameterize the megmod _ ¢ _ / p6)- exp(—4zrr2 T (S0.4.0) t) .do ?)

surements, as illustrated in Eq. (1) to (4) below. ice
0
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Table 2. Comparison of derived PDF parameters and onset single contact ahgkldulated at two temperatures and dust types (of size
400 nm) with Welti et al. (2009). Possible sources of disagreement are outlined in the text. The data highlighted in bold are used to plot the
PDF distribution shown in Fig. 2. The uncertainty errorsgoando are+3.0 deg andt0.04 rad, respectively.

Group \ This study \ Welti et al. (2009)

Dust | ATD kaolinite | ATD kaolinite

T (°C) -30 -3 -30 -35| -30 -35 -30 -35
wu (deg) 33.0 40.0 62.0 56.0| 40.0 22.0 58.0 28.0
o (rad) 0.21 0.30 05 0.49| 0.295 0.065 0.36 0.29

Onset Rhte (%) | 117 121 121 115] 121 120 130 112
Onsety (deg) 18.0 20.0 20.0 17.5 20.0 20.0 23.0 17.0
RMSE (%) 1.05 14 0.73 1.26| 0.38 0.34 0.22 0.68

where in Egs. (1), (2) and (3):is the aerosol radius in me- Dust

ters,z is the aerosol residence time inside the CIC in seconds, ““°} ' N ' ' ]
o andyu are the logarithmic standard deviation and geomet- r /\ — Normal 1]
ric mean of the PDF contact angle distribution, respectively, ~ “*°[ // \ —  Obs
M, is the molar mass of watet=(0.018016 kg motl), o; /v r I/ \ 1
is the interfacial surface tension between the ice-vapor in- z %> ) \\ ]
terface & 0.106Jn72), R is the universal gas constant -
(=8.314JKmol™Y), s, is the saturation ratio with re- = o.10f- /
spect to ice (i.e., Rfg), k is the Boltzmann constant i /
(=1.38062210°23, JK 1), fhetis the compatibility param- o.05|- /

requency
.

eter given aghet = (24+m)(1—m)?/4,m is defined as co8, i )

T is the temperature andg is the pre-exponential factor, ool ol v

Ag =10m2?sL, 0@ o2 % size Curmy
The PDF approach assigns a single contact angle for each

IN, and the probability of occurrence of these contact angledig- 3. The normalized size distribution observed in Cziczo et

is given by a PDF distribution. The methodology to obtain a]. (20Q6) (red) and the fi_tted normal distribution used in the model

the PDF parameters that best describes the experimental daﬁﬁ““'at'cﬂs (black). The integrated dust number concentraign,

is as follows. The integral form of Wq. 3) was discretized IS 10717

into 2000 bins. Then for the given measurement conditions

(temperaturey, 7, S, ;), the PDF distribution parametexs,  peraturer, 1, S, ;) and are given in Tables 1 and 2. For these

: : : d _ : .
andy, were iterated to find the best fit betweBf>“andFice  calculations the onset Rid values were directly computed
values by minimizing the root mean square error (RMSE)from the PDF modeled fitted curve. For example, the onset

between them. The RMSE was calculated as: RHice for the data shown in Fig. 2 is121 %.
1Y 2 2.3 Description of model and the simulated case
RMSE= |~ [Fice— FI¥ @) P

1 Two sets of simulations were carried out to examine the sen-

WhereN is total number of data points. The PDF fit parame- Sitivity of modeled cloud properties to different representa-
ters that are associated with the least RMSE are given in Tations of contact angles in CNT.
bles 1 and 2 as a function of measurement conditions. Fig. 2 First, we ran offline module tests for the PBFand onset
showsFig“eOd curve andFice values for measurement condi- Single contact angle based CNT parameterizations to calcu-
tions at—35°C and 400 nm size ATD particles, and the inset late the ice number concentratioN,J°%) using a dust size
shows the associated PDF distribution. distribution from Cziczo et al. (2006) (Fig. 3), temperature,
Onset single contact angle based on the onsatdRHe.  RHice, and the PDF parameters (Table 1) with an integration
the value of Rike measured aFice = 1 %) can be calculated time step of 2 s. In the module tests for the PDparameter-

as follows: ization, we calcul::xte(FicmeOd and Fice from Egs. (3) and (5),
) respectively. We chose the dust size distribution from Cz-
Fice=1- eXp<—47TV T (Sv.i.0) - l) (5)  iczo etal. (2006) with total dust concentrationg of about

. . 10.7 L. The Ny was calculated by integrating the observed
Equations (1) and (5) are solved to calculatettfenset sin- st size distribution (Fig. 3).

gle contact angle) at various measurement conditions (tem-
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In the second set of simulations, we conducted sensitiv- U —
ity studies using a cloud-resolving model (CRM) that has the E 0% oc
dynamical framework of a large-eddy simulation model and [ 30 °C ()
a spectral-bin microphysical scheme (Khain et al., 2004; Fan = _35°C
et al., 2009) to simulate a stratiform/cirrus case (Comstock
et al., 2007). Briefly, the CRM solves an equation system e 1
for eight number size distributions for water drops, ice crys- - 3
tals (columnar, plate-like, and dendrites), snowflakes, grau- - " mral guyg At
pel, hail/frozen drops, and CCN. Each size distribution is 107 sww =g 250"
represented by 33 mass doubling bins, i.e. the mass of a par i ol S "

2| "'.'l

Active fraction
T

| |
ticle my in the k bin is determined agy;, = 2my_1. All rel- 10 -t ! A L

evant microphysical processes/interactions including droplet 100 110 120 130 140 150
nucleation, primary and secondary ice generation, condensa RH, (%)

tion/evaporation of drops, deposition/sublimation of ice par- o

ticles, freezing/melting, and mutual collisions between the
various hydrometeors were calculated explicitly. The depen- i . -30° ®) |
dence of the collision efficiencies on height and the effects of 10”! L -
turbulence on the rate of collisions were taken into account. - : ’ E
An updated remapping scheme has been used that conserve
three moments of the hydrometeor size distributions (con-
centration, mass, and radar reflectivity) to reduce spectral i

. . . . . -3

Ztrgzic’j;rggsg)fand be more consistent with observations (Khain ™ ¢ i_-'.""'"'."""-"

The PDF# and onset single contact angle based CNT pa- " , , , ,
rameterizations for deposition ice nucleation (as described in " 100 110 120 130 140 150
Sect. 2.2) were implemented into CRM for use in the sensi- RH. (%)
tivity studies, turning off all the other ice nucleation schemes. =
The onset single contact angle was increased from 5to 3¢ I g7 71777
degrees with an interval of 5 degrees. A series of sensitivity F = 25°C
tests by varying the PDF parameters were undertaken, anc _ 1| -30°C .
finally a sensitivity test to thé/g was performed (Table 3) to :
compare the change in cloud properties caused by the initial
No with the fixed PDF parameters.

The stratiform/cirrus cloud case observed from the US De- -
partment of Energy’s Atmospheric Radiation Measurement m--*:'
(ARM) facility located at the South Great Plain site on March F . - et
09, 2000 (Comstock et al., 2007) is chosen to test deposition _¢? " . . .
ice nuclegtmn. Slmu_latlons were run on a_two-d|m§n3|qnal 100 110 120 130 140 150
computational domain comprised of 72 horizontal grid points RH. (%)
and 60 vertical layers with a horizontal resolution of 200 m e
and s.t.retched vertical resolutions.. Pgriodic Iat.eral boundary;ig_ 4. Active fraction of ATD particles as a function of Réd (%).
conditions were used. The dynamic time step is 2 s. All Sim-tpree gifferent size particles were investigated at temperatures of
ulations were run for 12 h, starting from 1500 on 9 March _25 _30 and—35°C. (a), (b) and(c) corresponds to the 100 nm,
(UTC). The thermodynamic sounding and large-scale forc-300 nm and 500 nm diameter particles, respectively.
ing data employed to drive the model are available from the

Active fraction
=
I
g
[ ]
/!

Active fraction
]
|
..-
t [ |
[ ]
=3
|
|

ARM Archive.
tures (Fig. 4). The results suggest thade increases with
RHice, Which is also dependent on temperature. For all the
3 Results and discussion ATD sizes investigatedFice magnitudes at colder tempera-
ture (=30 and—35°C) are larger than at25°C. Further,
3.1 Onsetice nucleation and PDF parameter the ice nucleating properties of ATD and kaolinite dust par-
calculations ticles of 400 nm size at-30 and—35°C were also inves-

tigated (Fig. 5). These results also show that increases
The ice nucleating properties of different sizes of ATD par- with an increase in Rz, similar to ice nucleating proper-
ticles were investigated in a laboratory at various temperaties observed in Fig. 4.
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Table 3. Cloud sensitivity tests of. (deg),o (rad) andNg (L—l) variables. Three cases were simulated. In the case 3 simulations the
parameterg ando are 33.0 and 0.41 rad, respectively, were held constant.

Case 1 \ Case 2 \ Case 3
Simulations . with o =0.14 | Simulations o with . =230 | Simulations Ng
MU1 38.0 Sb1 0.14 INO No=107L"1
MuU2 33.0 SD2 0.22 IN1 3xNg
MU3 28.0 SD3 0.30 IN2 6x Ng
MU4 23.0 SD4 0.38 IN3 10x Ng
MU5 18.0 - - - -
10° St S S e the correlaftion betwgen P!DF p_arameter_s is low, we were un-
. 30°C @ ] able to derive a relationship suitable for implementation into
. s 35°C - ] the cloud model.
g 10 Sia un nae As described in the Sect. 2.2, the PBFRparameteriza-
b= _--ﬁ-‘.'.- ] tion assigns a single contact angle for each IN, and the best
£ 102k « ., . J fit PDF parameters produce a probability of occurrences of
2 L =:=:::_' E these contact angles that is given by a PDF distribution. Thus,
3 - B, ] the PDF distribution represents the spectra of activated frac-
10" ¢ E tion. Past studies (e.g. Kanji and Abbatt, 2010 and references
] therein), including the present study, have shown that ice nu-
1)y, PP NPT ISR PP P | cleating properties of dust particles vary with size and tem-
100 110 120 130 140 150 perature. The size effect could be attributed to the increased
RH._ (%) probability of finding active sites that are capable of initi-
ating the ice phase with larger particle sizes, whereas tem-
10" —————— perature might influence the rate of ice embryo formation at
= -30°C ®) 3 these sites (Pruppacher and Klett, 1997). Therefore, if the
q = 35°C . I activation properties of dust particles vary (see Fig. 4), then
8 K = ..p;-,.-" the PDF parameters also vary and may explain the scattering
3 x i -.“'-'.'."' ] of the PDF parameters shown in Tables 1 and 2. It should
= 107E IH'-'E--:-. o 3 be also noted that the particles having the smallest contact
5= : ] angle will induce nucleation first and other particles will ac-
< 10k ] tivate later, when favorable conditions exist. The sensitivity
of cloud properties to such contact angle distribution will be
2 explored in Sect. 3.3.
- S ——

I':lzlt]“ *--'I-;-a---~ *--*l-;-a---* ml"-u The onset single contact angle results (Tables 1 and 2) in-
RH. (%) * dicate that the IN ability does not vary over the range of tem-
ice peratures and three dust sizes studied here. Under the con-
ditions that we carried out our experiments, the onsetK&H
varied from 115 to 132 % and the respective single contact
angles varied between18 and 24 degrees. The dependency
of these contact angles on the onsetiRlib in agreement
with a previous study (Wang and Knopf, 2011) that param-
eterized the deposition ice nucleation as a function of:RH
We usedFice data of ATD particles to illustrate the PDF (Fig. S1, carried forward in the Supplement). The deposition
fitted curve and corresponding PDF distribution. Figure 2ice nucleation onset has been shown to be insensitive to the
shows the change ifiice as a function of Rige at —35°C experimental temperatures-25 to —35°C) in past studies
for ATD particles of 400 nm and PDF fitted curve and the in- (€.9. Kanji and Abbatt, 2006; Kulkarni and Dobbie, 2010)
set in the figure shows the PDF distribution and associatedor dust particles. This might be because the ice nucleating
parameters. The PDF parameters were also calculated for tHbilities of active sites (assuming active sites are favorable
other measurements, as shown in Tables 1 and 2 along witlpcations where water vapor can deposit and form ice) are
the corresponding RMSE magnitudes. The uncertainty errorénsensitive to temperature. The fact that we did not observe
for 1 ando are+3.0 deg andt0.04 rad, respectively. Since @ particle size dependence based on the onsgeRlhich

100 110

Fig. 5. Active fraction of 400 nm siz€a) ATD and (b) kaolinite
particles as a function of Rkt (%). The particles were investigated
at temperatures 6f30 and—35°C.

www.atmos-chem-phys.net/12/7295/2012/ Atmos. Chem. Phys., 12, 725888 2012



7302 G. Kulkarni et al.: Dust deposition ice nucleation

100nm 300nm 500nm
2 2 2
10° g . — 10 =T . 10 . .
%, 10"k 3 m onset 4 10'f ) 1 10k 9 i
o 10°F m PDF 4 10°h 4 10°F .
g0k 4 10t 4 10’k .
= 107k s 1 107 m - 107 " -
E ] 7 | | ] ]
100 T 120 100 110 120 100 110 120
2 2 2
10 T T T 10 T T T 10 T T T
< 10k 9 4 1L ® ml 10l " .-
o 10°+ 4 10’k 4 10’k .
S g 10" m 10} 4 10" g = W
£L o 2 ™ 2
= 107 - 4 107 4 102 i
* ] ] * | | | | | |
100 110 120 130 100 110 120 130 100 110 120 130
2 2 2
10 | n 10 T T T 10 — T T
< 10k 9) 4 0™ n 10'L P .
= 100 4 10°F 10° |-
3 1 [ ] 1 - -1
810+ 2 10k 10" =
g9 2 | 2 -2
= 107 4 107 - 10°h
1 1 | 1 | | I
100 190 120 130 140 100 110 120 130 140 100 110 120 130 140
RHice(%) RHice(%) RHice(%)

Fig. 6. Comparison owi’gé’de'calculated by the single onset contact angle and PDF-contact angle approaches under various IN measurement
conditions (Table 1)a) to (c), (d) to (f) and(qg) to (i) correspond te-25, —30 and—35°C, respectively.

would be expected by CNT, and may be due to experimenfrom the onset approach. Whereas the PDF approach pre-
tal RHe uncertainty. For example, larger size particles coulddicted non—zeroNi'C“é’de', and their magnitudes were lower
nucleate at lower onset Ridthan smaller size dust particles than those from the onset approach; see panels e, f, h and
due to the differences in surface area. This premise was veli:
ified using CNT, where the sensitivity of onset Réto the Different sensitivity ofNi'g‘é’de' as a function of RIge can
dust particle size was investigated keeping all other paramebe attributed to different representations (single contact angle
ters in Egs. (1) to (3) constant. We observed that for 500 nnmverses PDR) of ice nucleating properties. Onset single con-
particles, the onset RE was decreased by2 % compared tact angles are calculated at one jRHnagnitude, whereas
to 100 nm particles. The difference between these two onsethe PDF9 approach uses many experimental data points to
RHice magnitudes is still less than the experimentali®H calculate the PDF parameters. In ice clouds, lamy del
uncertainty ¢+3 % in this study), and therefore we would would resultin smaller ice particle effective radius and an in-
not be able to distinguish the size effect at onset conditions. crease in cloud albedo. Consequently, the Iafg§de'simu—
lated in models due to assumptions pertaining to IN parame-
3.2 Sensitivity to single onset contact angle and terizations could have a significant impact on cloud micro-
PDF-contact angle approaches physical and radiative properties. Here, it was shown that
nearly all particles are activated at one particularRire-

Ice number concentratiom\/@:deb were calculated using of- dicted by the_single contact angle parameterizatiqn, while ice
fline modules of CNT that consist of two approaches: singleNUmber predicted by the PDFapproach gradually increases
onset contact angle and PBFThe results from both these with increasing RI,—&_;. This difference will further |n'fluence .
tests are shown in Fig. 6. The tests are run for dust size§loud properties (Eidhammer et al., 2009) and climate (Liu
of 100, 300 and 500 nm at temperatures—#5, —30 and  €tal-, 2012).

—35°C, respectively, initialized withVg of 10.7 L~* and at

RHice values between 110 % and 140 % in 10 % increments3.3  Cloud property sensitivity to the single contact

with an integration time step of 2 s. For all the simulations, angle and PDF parameters with CRM

the onset approach predicted ze¥1°%' at low humidity

ranges and showed a step function (jump inmﬁg’de'from Figure 7 shows the horizontal domain- and time-averaged
zero to maximum) with an increase in the R&lexcept that  vertical profiles ofN; and IWC from the CRM simulations

at panels a to d and g conditions there is no ice activatiorfor the single contact angle approach. Clouds generally form
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gle contact angle. Increase in the contact angles (shown as ThetaX
where X is contact angle in degrees) results in the decreasg of
and IWC.

69.65 69.70 69.75 69.80 69.85 69.90 69.95
Time (Julian date)

Fig. 8. Time series of vertical profile of clouav; (horizontal

domain-average) simulated using CRM. The total cloud evolution

. . time simulated was-8 h. Each panel shows the cloud structure un-

at _the tem_perature range fromZ?_ to _14O.C In our sw_nu— der different onset single confact angle (shown as ThetaX, where

Iauorys',. It is shown that cloud microphysical properties arey is contact angle in degrees). Th& was 10.7 -1 in each case.

sensitive to the change of contact angle; as the contact anglfhe cloud structure and initiation time are sensitive to the contact

increasesy; and IWC decrease. The maximuwp and IWC  angles. The color bar shows.

occur at approximately 7.2 km altitude. At this height, when

contact angle is increased from 5 to 30 degréeand IWC

decrease by 80% and 30 %, respectively. The cloud depthicles with larger contact angles. In general, cloud formation

decreases as the contact angle increases (Fig. 7b). is delayed and cloud base height is higher with the increase
Cloud initiation time is also sensitive to the contact an- of contact angle (Fig. 8). But it should be noted that higher

gle as shown from the time-series 8f (Fig. 8). The cloud cloud height does not necessarily mean higheRkRH

structure (shape of the cloud ang) is similar over the en- Cloud sensitivity tests were also performed at various

tire simulation time as the contact angle is increased from 5u, and Ny (Table 3) with the PDF approach. Three sets of

to 10 degrees. At some periods of evolution, Meis equal  tests were simulated: first we varigdby fixing o, then we

to No, meaning ice nucleation is very efficient for dust with variedo by fixing 1, and in the third case we varied thg

such low contact angles and all dust particles are activatedwith fixed o and . Results indicate that cloud thickness is

When the contact angle is increased to 15 degrees, the clousknsitive tox and Ng but not too (Fig. 9). TheN; and IWC

initiation time is similar to the 5 and 10-degree simulations averaged over the cloudy points are also more sensitive to

but the cloud structure is different. For clouds simulated atu thano. As u is decreased from 38.0 to 23.0 degre®s,

larger contact angles, i.e. at 20, 25 and 30 degrees, the cloudcreases by more than 2-3 times and IWC by about 25 %,

initiation time is delayed by approximately 0.5, 3.8 and 6.0 h,comparable to the increases resulted from about 9 times in-

respectively. In these three cases the predidies smaller  crease inVg. Note that the cloud properties are only sensitive

than theNp, suggesting lower nucleation rates for dust par-to the change oft at some certain range: dramatic increases
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Fig. 9. N; and IWC averaged over the cloudy-points from the sensitivity tesfa)qgf (MU), (b) o (SD), and(c) Ng simulated in the CRM.
See Table 3 for details. The observed IWE) (vas retrieved from the ground-based lidar and radar observations (Comstock et al., 2007).

of cloud thicknesslV; and IWC are seen whenis decreased Based on CNT, we know that the smaller contact angles
from 28 to 23 degrees. BotN; and IWC are sensitive to the correspond to the higher ice nucleation efficiency compared
No (Fig. 9c¢) and, as expected, an increase inXgaesults  to the particles characterized by larger contact angles. For
in an increase of bothv; and IWC. Note that the simulated example, Chen et al. (2008) compared the contact angles
IWC (Fig. 9) is still much smaller than the retrieved values for various particles and in general, mineral dust particles
from the ground-based remote-sensing observations, esp&ad smaller contact angles compared to uncoated soot par-
cially above the height of 8.5 km. At these altitudes the tem-ticles. From the literature, we know that dust is a good IN
peratures are colder tharm0°C, and homogeneous freezing (e.g. Mohler et al., 2006; Eastwood et al., 2008; Kanji and
of aerosol could be the dominant mechanism as indicated byAbbatt, 2006; Welti et al., 2010) compared to uncoated soot
Solch and Karcher (2011). This ice formation mechanism is (e.g. Dymarska et al., 2006; Koehler et al., 2009; Friedman
not considered in our tests. The main purpose here is to test al., 2011) because it nucleates at relatively lowei.RH
the cloud sensitivity to different parameters for deposition at the same temperature. Cloud simulations show that it be-
nucleation only, instead of producing a good simulation tocomes more difficult to nucleate particles as the contact an-
match the observations. Other three heterogeneous ice ngfe increases (Fig. 7a). Although our version of CNT does
cleation mechanisms (condensation, immersion, and contact)ot directly include information of aerosol chemical compo-
are also not included in our simulations. sition and coating, the simulations with the larger contact an-
gles can be associated with the particles that have poor ice
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nucleating properties. This leads to delay in cloud formationments. They reported ando as 0.0 deg and 0.944 rad while
(Fig. 8) that might delay the onset of precipitation, and there-we calculated 56.0 deg and 0.49 rad, respectively.
fore could affect the weather and climate. Recently, Kanji et al. (2011) reported the results from the

The decrease ip results in a contact angle distribution Fourth International Ice Nucleation Workshop (DeMott et al.,
that shifts towards smaller values, which leads to the large2008). The results indicate good agreement between IN mea-
N; and IWC (Fig. 9a). The cloud depth also varies in thesesurements carried out by three different ice chamber instru-
cases (Fig. 9), which would affect cloud radiative forcing and ments (two of them are continuous flow diffusion chambers
cloud lifetime. Based on the simulations presented here, wand the other is the expansion-type cloud chamber); how-
find thato is not as important ag in terms of the effects on  ever, absolute differences in calculated onset temperature and
cloud properties. However, other extreme values de.g. RHice were noted. The study highlighted the importance of
o equal to tenth of a percent) need to be investigated in thece crystal detection threshold, experimental technique and
future to confirm our understanding. This information may low temperature kinetic effects on IN measurements. Com-
help to simplify the relationship between the PDF parame-paring our results with Wheeler and Bertram (2012), the fac-
ters if we only need to include the variability of thepa-  tors such as ice crystal detection threshold and experimental
rameter. In the last case (Fig. 9¢), it is evident that as mordechnique could have contributed to observed disagreements.
particles serve as an IN, under favorable ice nucleation con©Other factors, such as dust surface area and particle residence
ditions (low temperature and high RY), it would lead to  time in the chamber, could also have played a role. We think
the largerN; and IWC. This simulation was carried out to minimizing the contribution from these factors would help to
understand the sensitivity @&f; and IWC toNp using fixed  compare the IN measurements in future.
o andu. Although the sensitivities to the PDF parameters are
conducted under the relatively lop (10.7 L~1), the results
on cloud sensitivity to contact angle and PDF parameters ard Summary and future work
not expected to change qualitatively at the higigrsince
the fraction of activated IN is determined by the PDF param-Deposition ice nucleation experiments were carried out to in-
eters, not theVy. Certainly, No will change cloud properties vestigate the ice nucleating properties of 100, 300, 400 and
of a single case. It is a necessary quantity to be known to ex500 nm diameter dust particles-ap5,—30 and—35°C tem-
amine aerosol effects on clouds. Also, changing the breadtiperatures. These properties were parameterized using CNT
of dust distribution will certainly affect ice formation. But based PDF and onset single contact angle parameteriza-
the results of the sensitivity to the PDF parameters are notions, and the sensitivity of cloud propertie’; ( IWC and
expected to change qualitatively at different dust size distri-cloud initiation time) to these parameterizations were inves-
butions for the same reason. tigated using offline module tests and CRM simulations.

The main conclusions from this study are as follows:
3.4 PDF parameter comparison with the literature data
1. In the module tests of CNT, largev7o%! are simu-

The PDF parameters can be used as a proxy for comparing lated with the onset single contact angle approach com-
the IN measurements. To illustrate the idea, ice nucleation  pared with the PDF representation, which could result
measurements were carried out using ATD and kaolinite dust  in smaller ice crystal radii and might affect cloud mi-
particles at two different temperatures (Table 2) to compare  crophysical and radiative properties.
the measurements with Welti et al. (2009). Keeping similar
experimental conditions helped to compare the PDF param- 2. As expected on the basis of CNT, cloud properties are
eters directly with each other. The comparison showed that  sensitive to the contact angles. An increase in the con-
there is a general agreement among the onset single contact tact angle results in a decreaseMpand IWC. Also the
angles, and these values are in agreement with the previous cloud initiation time is delayed by-6 h when the con-
studies (Wang and Knopf, 2011 and references therein). But  tact angles are increased from 5 to 30 degrees.
discrepancies exist within the PDF parameters, which could
be attributed to the dust surface inhomogeneities, uncertain- 3. Both N; and IWC increase with a decrease in |, while

ties within the measurements (e.g. &) and the ice cham- they are not very sensitive to- N; increases by more

ber operational conditions (e.g. ice crystal detection thresh-  than 2-3 times and IWC increases by about 25 %, when

old; bath cooling rates; see Sect. 2.1). u decreases from 38 to 23 degrees. The modeled cloud
Based on the onset Rid and dust surface area available properties are highly sensitive to a certain range.of

for the deposition nucleation, Wheeler and Bertram (2012) Wheny is decreased from 28 to 23 degrees we observed
calculated the PDF parameters for kaolinite and illite dust increase in the cloud thicknesd; and IWC. Also as
samples. Direct comparison with their PDF parameters for expected an increase dfp leads to an increase iN;
kaolinite at their—34°C with our results at-35 °C, assum- and IWC. Overall, this implies that the cloud properties
ing within temperature uncertainty limits, showed disagree- are sensitive to the PDF parameters.
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