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Abstract. In order to investigate the impact of different treat- model. In the sensitivity tests with tkePDF model, we find
ments for the contact angle) in heterogeneous ice nucle- that the change in mean contact angle has a larger impact on
ating properties of natural dust and black carbon (BC) par-the active fraction at a given temperature than a change in
ticles, we implement the classical-nucleation-theory-basedtandard deviation, even though the change in standard de-
parameterization of heterogeneous ice nucleation (Hoose afiation can lead to a change in freezing behavior. Both the
al., 2010) in the Community Atmospheric Model version 5 singlee and thex-PDF model indicate that the immersion
(CAMS5) and then improve it by replacing the original single- freezing of natural dust plays a more important role in the
contact-angle model with the probability-density-function- heterogeneous nucleation than that of soot in mixed-phase
of-o («-PDF) model to better represent the ice nucleationclouds. The new parameterizations implemented in CAM5
behavior of natural dust found in observations. We refit theinduce more significant aerosol indirect effects than the de-
classical nucleation theory (CNT) to constrain the uncertainfault parameterization.

parameters (i.e., onsetand activation energy in the single-

o model; mean contact angle and standard deviation in the

«a-PDF model) using recent observation data sets for Saharan

natural dust and BC (soot). We investigate the impact of thel  Introduction

time dependence of droplet freezing on mixed-phase clouds

and climate in CAMS5 as well as the roles of natural dust and!ce microphysical processes in clouds are vital to cloud ra-
soot in different nucleation mechanisms. Our results showdiative properties and precipitation formation. They include
that, when compared with observations, the potential ice nuPrimary ice formation, vapor deposition on ice crystals, ac-
clei (IN) calculated by the--PDF model show better agree- cretion of cloud droplets by ice crystals, ice aggregation and
ment than those calculated by the singlenodel at warm sedimentation, ice multiplication, sublimation, melting, and
temperaturesi(; T > —20°C). More ice crystals can form at convective detrainment of cloud ice (Pruppacher and Klett,
low altitudes (with warm temperatures) simulated by dhe 1997 Morrison and Gettelman, 2008). Until now, ice forma-
PDF model than compared to the singlenodel in CAM5. tion mechanisms, especially heterogeneous ice nucleation,
All of these can be attributed to different ice nucleation ef- have not been well understood. In mixed-phase clouds with
ficiencies among aerosol particles, with some particles haviemperatures between 0 ar@8°C, primary ice formation

ing smaller contact angles (higher efficiencies) in¢heDF ~ Can be via heterogeneous ice nucleation with the aid of a frac-
tion of aerosol particles called ice nuclei (IN) (DeMott et al.,
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2010). Various particles can act as IN, which include min-the “stochastic hypothesis” proposed by Bigg (1953), holds
eral dust, soot, volcanic ash and primary biological particlesthat heterogeneous ice nucleation is a function of time. Dur-
(Hoose and Mohler, 2012; Murray et al., 2012). ing the time an immersed aerosol particle spends at a con-
Mineral dust has been recognized as the most importantstant environmental temperature, water molecules within su-
atmospherically relevant IN in laboratory measurements angercooled water stay in the thermal fluctuation state of cap-
field sample studies (Hoose and Mohler, 2012; Murray etturing and losing molecules to produce a cluster. This cluster
al., 2012). Natural mineral dust particles are often internallyresembles the structure of ice. When some of these ice germs
mixed, consisting of different minerals, quartz and otherreach a certain size (the critical radius), they become stable
components (Murray et al., 2012). In order to reduce theand initiate freezing. The presence of a particle surface im-
complexity encountered in natural mineral dusts, many lab-mersed in a supercooled droplet is helpful for ice formation
oratory studies have, on the one hand, often used commeby reducing the number of water molecules that are required
cially available minerals, in particular kaolinite, illite and to reach the stable cluster radius by letting the germ form on
montmorillonite (Hoose et al., 2008; Hoose and Médhler, the particle surface as a spherical cap. The rate of heteroge-
2012). On the other hand, other laboratory experiments usedeous nucleation per aerosol particle and per time is referred
commercially available Arizona test dust (ATD) as a surro- to as the nucleation ratd{er). This stochastic approach can
gate for natural mineral dusts (e.g., Knopf and Koop, 2006;be described by classical nucleation theory (CNT) (Chen et
Marcolli et al., 2007; Kulkarni et al., 2012). ATD can pos- al., 2008; Hoose et al., 2010; Niedermeier et al., 2011; Weli
sibly be more ice nucleation active than natural desert dustet al., 2012).
either due to its enhanced roughness resulting from milling In CNT, Jhet is proportional to the aerosol surface area
or due to its different mineralogical composition (Mohler et and is a function of the contact angte)( which is the angle
al., 2006). Another reason for lower activity of natural dust where the ice-germ-liquid or ice-germ—vapor interface meets
particles is related to their aging processes in the atmospher¢he aerosol surfacdhet can be understood as the surrogate of
which may reduce their ice nucleation ability (Sullivan et al., the nucleation ability of aerosol particles. The particle with
2010). the smaller contact angle( has a higher ice nucleating ef-
Heterogeneous ice nucleation occurs via several differenficiency. The contact angle is often derived from the fitting
mechanisms (Vali, 1985), called nucleation modes (immer-to the laboratory data, as done in Marcolli et al. (2007) for
sion, deposition, condensation and contact freezing). For imATD, in Lu6énd et al. (2010) for kaolinite and in Wheeler
mersion freezing, a supercooled cloud droplet containing arand Bertram (2012) for kaolinite and illite. As noted in these
ice nucleus nucleates by further cooling to a certain tem-studies, assuming that each particle has the same fixed con-
perature. Using airborne measurements of IN humber contact angle often does not fit the observation data well, es-
centration and elemental composition from the US Depart-pecially when the observed ice nucleating fraction increases
ment of Energy (DOE) Atmospheric Radiation Measurementslowly with the increase in time (Welti et al., 2012). These
(ARM) Mixed-Phase Arctic Clouds Experiment (M-PACE) authors (Marcolli et al., 2007; Lu6nd et al, 2010; Wheeler
in northern Alaska, Prenni et al. (2007) found that immer- and Bertram, 2012; Welti et al., 2012) suggested using a
sion and/or condensation freezing (instruments can not disprobability density function of contact angleg-PDF) in-
tinguish between them) may be the dominant freezing mechstead of single values to better fit the observed frozen fraction
anism within these clouds. The term “deposition nucleation”as a function of temperature (for immersion/condensation
describes the vapor phase being deposited directly onto a dmyucleation) or supersaturation (for deposition nucleation). In
ice nucleus, which leads to the growth of ice. “Contact freez-thisa-PDF model, contact angles are distributed to every par-
ing” refers to the freezing of a supercooled droplet which ticle, which means that each particle has one value for the
collides with a dry ice nucleus. contact angle and that the particles with low contact angles
To represent the heterogeneous IN number and ice nuare rapidly depleted when the temperature is held constant,
cleation process, several heterogeneous freezing parametdhus leading to a slowdown of the freezing of the sample.
izations have been developed, which can be divided intoThea-PDF model can be interpreted as an “intermediate” ap-
two types: the singular (or deterministic) hypothesis and theproach based on CNT between the two extremes of stochastic
stochastic hypothesis. The first, “singular (or deterministic)and singular hypotheses (Niedermeier et al., 2010).
hypothesis”, proposed by Langham and Mason (1958), as- Several heterogeneous ice nucleation parameterizations
sumes that the radius of the ice germ forming on the aerosolvhich are based on laboratory studies or in situ measure-
surface at a given supercooling is controlled by surface feaments have been implemented in global climate models
tures and that thermal fluctuations have a negligible influ-(GCMs). Liu et al. (2007) implemented Meyers et al. (1992)
ence on the ice germ radius. Thus, the freezing of a droplein Community Atmospheric Model version 3 (CAM3) and
is only determined by whether the temperature is below than Community Atmospheric Model version 5 (CAM5; Get-
characteristic temperature of the immersed IN in the dropletelman et al., 2010) for the immersion, condensation and
(Phillips et al., 2008, 2012; DeMott et al., 2010; Niedermeier deposition mechanisms. Xie et al. (2013) evaluated the De-
et al., 2010; Niemand et al., 2012). The second hypothesisMott et al. (2010) parameterization in CAM5, comparing it
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to Meyers et al. (1992). Lohmann and Diehl (2006) imple- (Liu et al., 2012a). It predicts aerosol number concentra-
mented the Diehl and Wurzler (2004) parameterization intions and mass mixing ratios of multiple aerosol species
the global climate model of the Max Planck Institute for in three aerosol modes: Aitken, accumulation and coarse
Meteorology (European Center/Hamburg Model version 5;mode. MAM treats major aerosol species including mineral
ECHAMS) for the immersion freezing of cloud droplets. dust, BC, sea salt, sulfate, and primary and secondary or-
Hoose et al. (2010) implemented the CNT in Community At- ganic aerosols. These aerosol species are internally mixed
mosphere Model version 3 (CAM3)-Oslo for the immersion, within a single mode but externally mixed between different
deposition and contact freezing of dust, soot and biologicaimodes. Aerosol species in cloud-borne states are also explic-
aerosols. In their paper, they suggest that assuming stochastiity treated but not predicted in the model.
ice nucleation with all particles having the same fixed single The deep-convection scheme in CAM5 follows Zhang and
contact angle does not fit some observations very well. Im-McFarlane (1995) but with the diluted convective available
mersion freezing and deposition nucleation by dust in Hoosgotential energy (CAPE) modification described in Neale et
et al. (2010) are fitted to the observation data obtained specifal. (2008). The shallow-convection scheme is from Park and
ically for montmorillonite (Pitter and Pruppacher, 1973) and Bretherton (2009). The stratus—radiation—turbulence interac-
illite (Zimmermann et al., 2008), respectively. Thus their re- tions in CAM5 are explicitly simulated by the moist tur-
sults may not reflect ice nucleation behavior by natural dustulence scheme (Bretherton and Park, 2009). The radiative
particles, which are mixtures of complex mineral compo- transfer calculations for aerosol and cloud radiative effects
nents. are based on the Rapid Radiative Transfer Model for GCMs
In this study, we implement the singtemodel (Hoose et (RRTMG) (lacono et al., 2008).
al. 2010) in CAMS5 to represent the heterogeneous ice nu-
cleation of natural dust and BC in mixed-phase clouds. The ) .
singlee model is further improved by the-PDF model to 3 New heterogeneous ice nucleation
correct the time-dependent behavior of droplet freezing. To ~ Parameterization in CAMS
better represent the ice nucleation of natural dust found ir‘é
ambient observations, we use recent observation data on Sa-

haran dust to constrain the parameters used in the CNT pgp, the CNT, ice nucleation is treated as a stochastic process

rameterization. The model description is presented in Sect. 2('Pruppacher and Klett, 1997). An energy barrier has to be

Section 3 describes the CNT parameterizations, with the rehassed to capture more molecules to form small agglomer-

sulting fitting parameters. In Sect. 4, the model experimentSyias of jce (subcritical germs) on the surface of an ice nu-
and results are presented. Uncertainties and implications ar§e s until a critical germ size is reached. Following the re-

discussed in Sect. 5. marks in Hoose et al. (2010), both deposition and immersion
freezing can be treated in the same general form based on
the CNT. Following the suggestion of Chen et al. (2008),

2 CAMS we calculate contact freezing with the critical germ radius
of immersion freezing and the homogeneous energy of germ

CAMS includes a two-moment stratiform cloud micro- ,rmation in deposition freezing according to “Cooper’s hy-
physics scheme (Morrison and Gettelman 2008 (MGOS);pothesis" (Cooper, 1974).

Gettelman et al., 2008, 2010). This scheme predicts num- /o modify the original expression used in Hoose et

ber qoncentrations and mass mixing ratigs of cloud dropleltsaL (2010) concerninghet (the rate of heterogeneous nucle-
and ice crystals; the number concentrations and mass MiXs4ion per aerosol particle and per second) with the form factor
ing ratios of snow and rain are also determined. MGO8 treat%f) raised to the-1/2 power instead of 1/2 (see Eq. 1); this

the microphysical conversions among cloud liquid droplets,ig gone due to the unphysical behavior of the original expres-
ice crystals, rain and snow. As for cloud droplet activation, gion which implies thathet—0 when f —0 (i.e., the ice
it follows the Abdul-Razzak and Ghan (2000) parameteriza-n,cjeation rate will become smaller on more easily wettable

tion. MG(_)S was further updated in CAM5 (Gettelmgn etal., materials) (Maattanen et al., 2005; Barahona, 2012).
2010) to implement the Liu et al. (2007) scheme for ice crys-

tal nucleation in mixed-phase and cirrus clouds. In mixed- A/,}% —Ag? — fAgg

phase clouds, Meyers et al. (1992) is used for deposition, im-het= 7T e T ,

mersion and condensation freezing of cloud droplets; it does
not, however, provide a link between IN number concentra—WhereA, is a prefactorry is the aerosol particle radiug,is
a form factor containing information about the aerosol’s ice

1 Single-contact-anglec) model

)

tion and aerosol properties. In addition, the Young (1974)

scheme is used for contact freezing of cloud droplets due 19, ucleation ability, Ag* is the activation energyAg? is the
coarse-mode dust. 9

CAMS includes a modal aerosol module (MAM) to rep- homogeneous energy of germ formatiéns the Boltzmann

S constant and’ is the temperature in K.
resent aerosol processes and properties in the atmosphere
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The second modification conceryistself. Due to the un- It should be mentioned that, in the global climate model, dif-
certainty of assuming a spherical substrate (or any other simferent time dependencies of the frozen fraction in the single-
ple geometry) (Barahona, 2012) and due to the fact that thee model and thexr-PDF model are only treated within one
difference between a flat surface and a spherical surface caiime step. In the current CAM5 model, because of the added
be ignored when the diameter of a particle is larger thancomplexity and the computational demands, aerosol scav-
100 nm, we calculate the compatibility paramefewith a enging due to droplet freezing is not taken into account. This
flat surface instead of the convex surface. Thfid)as the = means that only if the active fractions are large enough in

form (Pruppacher and Klett, 1997) the last time step would additional (and unphysical) ice nu-
cleation occur in the following time step with both contact

f= }(2+m)(1 —m)?, ) angle distributions if temperaturg is constant. Especially for

4 the «-PDF model, as particles with small contact angles are

wherem = cosy anda is the contact angle not scavenged in each time step, these small contact angles
Except for the above changes, detailed descriptions of th%ar? not be tracked with time in th.e model to adjust the di;tri-
formulation of CNT for immersion, deposition and contact ution of th_e contact angle (a_lddlng even more complexity).
freezing can be found in Hoose et al. (2010). We note thatj(;"?;l\(/:etlverélzlng-eb(z\:?]eusa_eer%fslsCteﬁl %lZUd'z(;:gg 3u?_tnan:a3(]3
Hoose et al. (2010) used the activation fraction of aerosols ' Y, clou : > Wi up uring
model time step (30 min), which means that fresh particles,

which is diagnosed from the droplet activation parameter- ; . :
ization, to divide dust and soot number concentrations infSUCh as cloud condensation nuclei (CCN), will be nucleated

each grid into the interstitial portion for deposition and con- Into clou_d dr_oplets. As the new param_eterlzatl_ons imple-
tact freezing and into the cloud-borne portion for immer- mented in this study predict that the active fractions due to

sion freezing. However, in CAM5 we use the interstitial and droplet freezing in one model time step of 30 min are much

0 .
cloud-borne dust and soot number concentrations directly insmaller than 100% (see, e.g., Fig. 2), these newly formed

the ice nucleation calculation, since CAM5 explicitly treats CIfOl:d ddrc&pletls ?re.sufﬁc!er::_tto Take upt;thel detp;:etedh?n;ounts
these two states of aerosols. of cloud droplets (i.e.Ar in Eq. (4) may be also thought of as

a timescale to replenish IN population in a grid point). More-
3.2 «-PDF model over, after the Wegener—Bergeron—Findeisen process sets in,

further ice nucleation will be suppressed. Overall, in this
We consider ther-PDF model for immersion freezing by case we actually benefit from the long time step because the
natural dust in order to replace the singlenodel in Hoose clouds and the environmental conditions change significantly
et al. (2010). In thex-PDF model, we can take the hetero- from time step to time step, such that starting afresh is not a
geneity of individual particles in the aerosol population into Pad assumption. In particular, entrainment of new IN, tem-
account. The particle surface is still uniform in the ice nu- perature changes and the shutdown of ice nucleation through
cleation property for each particle but differs within an en- the Bergeron process are thought to be important. Therefore,
semble of particle population by a distribution of different the new parameterizations only have a small artifact due to
contact angles. The distribution of contact angles is assumethe absence of aerosol scavenging because of droplet freez-
to follow a log-normal probability density function (Marcolli ing and the assumption that there is a constant distribution
et al., 2007; Liénd et al., 2010). of contact angles in the-PDF model among time steps. An-

The log-normal probability density function which repre- other point is that new parameterizations in the CAM5 model

sents the occurrence probability of one contact angle for onéeduce nucleated ice crystals when compared to the default

particle is given by Meyers et al. scheme (see Table 4), which means that the de-
pletion of cloud-borne aerosols has a smaller effect on model
(In(a) — In(w))? results than the default scheme.
pl@) = exp| ——— . (3)
ao/2r 20

3.3 Fitting parameters for natural dust and soot
wherey is the mean contact angle aads the standard de-

viation. . . Fitting parameters in the CNT, such as the single contact an-
The frozen fraction for a given temperature can then begle («) and activation energyAg®) in the singlee model,

calculated as can be derived by minimizing the root mean square error

- (RMSE) of frozen fractions between observation data and

model results. Thus the RMSE is calculated as

Jactp-pdf=1— / p (@) - exp(—Jimm(T, @) Ar)da. (4)

0

N

Here Jimm is the immersion nucleation rate for one particle RpMSE = iZ[Fice— Fmo 2’ ()
with one certain contact angle, and is the model time step. N e
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whereFi is the observed frozen fraction‘ﬁ\“-,’c“eOd is the frozen 107 : : :
fraction calculated from the singkemodel andV is the total O CSU106: Obs
number of observation data points. 10l ngﬂ}gg :i;]zgz |
The formula to derive uncertain parameters indhBDF O ZINC106: Obs
approach is the same as Eq. (5) except that we calclii@?é 5 . ——ZINC106: a—PDF
from thea-PDF model. In order to calculatgm?d its inte- gl = = ~ZINC106: single |
gral form of Eq. (4) was discretized into 2000 bins, and then s
the PDF distribution parameters, standard deviationapnd § 107
mean contact anglewj were iterated to find the best fit fol-
lowing Eq. (5). 107k
The resulting fitting parameters for the immersion and ) -
deposition freezing based on the singlenodel are listed - ‘ ‘ Ly ‘ ‘
in Table 1. Observation data for the immersion freezing -40 35 30 25 -20 -15 -10 -5 0
Temperature

of dust are obtained from the Colorado State University
CFDC (continuous-flow diffusion chamber)-HIAPER ver- Figure 1. Active fractions determined with CSU106 and ZINC106
sion 1 (CSU CFDC-1H) experiment, which is selected for (DeMott et al., 2011) are presented as a function of temperature
the 106 % (CSU106) relative humidity with respect to water T (indicated by the different color circles). The different lines rep-
(RHy) (DeMott et al., 2011); data for the deposition freezing resent the single- model and thex-PDF model results fitting the

on dust are from the laboratory study in Koehler et al. (2010).experimentally determined active fractions (parameters in the two
Both of the two studies used samples for Saharan dust, whicf10dels are given in Table 2).

generally contains quartz, feldspars and clay minerals in dif-

ferent compositions (Linke et al., 2006). The immersion and . 0 0
deposition by soot are still based on the measurements (DeVyIth 106 % and 108 % Rid (CSU106 and CSU108, respec-

Mott, 1990; Méhler et al., 2005) used in Hoose et al. (2010).f\'|"‘3'?’).agf]I thrse e’;‘?ﬁr(':mert‘ts Cond“‘f’t‘i‘é (‘S"f;h tlhoes% /“”Ch d'ce
However, due to the modification of the expressidgs and uclei Chamber ( ) at an Rifo 2 o an

f in Sect. 3.1, we refit uncertain parameters in the siagle- 110% (ZINC106, ZINC108 and Z.INC110’. respectively). It

model to these data again. In the case of deposition freeziné’fln be_ seen _that the RMSES with the smg_lenodel are

in Table 1,Ag" is negative and the reason is as followg* rger in all five experiments than those with thePDF

(activation energy) is the energy of desorption per molecule,mOdeI' The reason for this result can be seen in Fig. 1, which

which stands for the surface with an outward flux of des—ShQWS. the Qbservatlpn data from CSU106 and ZINC106 and
their fits with the singlex model and thex-PDF model.

orbed molecules. Howeverpet specifies the flux of water The «-PDF model reproduces the slow decrease in active
molecules to the germs. There should not actually be a negf- . ith the | P . d sh b
ative sign beforeAg” in Jhet for deposition freezing (see raction wit t € Increase in tempera_ture and shows better
Egs. 9-8b in Pruppacher and Klett, 1997), but in order toagreement with obse_rvatlon _data points at warm tempera-
use the unified formula for both immersion and depositiontures > ._ZOOC.:)’ wh||e.the s!nglex ”.‘Ode' IeaQs toasteep
freezing (Eq. 1), a negative sign is added befagd (as in decrease in actlye fraction with the increase in temperature
Chen et al., 2008). Thus, the fit result for the activation en-2nd thus results in large errors at warm temperatures. There-
ergy in the case of deposition freezing is negative to offsetfore_’ larger RMSEs with the singie-model are ma|E1Iy from
this negative sign. its fit at warm temperatljres (CSU106 fbr= —18.5°C and

For the «-PDF model, in the formulation by Chen ZINC106 forT:—f?.? C). At warmer temperatur(_es, be-
et al. (2008), the activation energy for the transfer tween—lO‘f and—15°C, therg are no CFDC observation data
of a water molecule across the water—ice boundary {0 constrain the parameterizations because CFDC can not

ovide observation data at warm temperatures 15°C).

aerosol-, nucleation-mode- and temperature-dependent al .
thus should, from a theoretical standpoint, be independent of owever, Niemand et al. (2012) reported the Aerosol Interac-

the contact angle (Zobrist et al., 2007; Hoose et al., 2010)tlonS and Dynamics in the Amosphere (AIDA) cloud cham-

We use the same value for the activation energy as that ir? (TGTgas.ltJfr]em?nt (f)f n?tural (jfulsft)4at t%”i%?gatur:?ﬂh@ and
the singlee model. The resulting fit parameters from differ- with active fractions o an » Which agree

ent experiments are listed in Table 2. For the comparison\r’\/Ith Ol‘;r f'ttleo? a;:’glve fracttlogs from t UtE gggcmot? el Satl.ha— i
fit parameters with the singke-model, including CSU106 an naturar gust Is reported in recen observations 1o
have onset temperatures ranging from abei® to—15°C,

listed in Table 1, are also given. The experiments were per- hich i istent with laborat b i f vari
formed over a wide temperature range for Saharan dust sanjynich IS consistent with faboratory observations of various

pled in the 2007 International Workshop on Comparing lce YPes of surrogate dust (Phillips et al., 2012). Therefore, we

Nucleation Measuring Systems (ICIS-2007; DeMott et al_,apply a cutoff of 0 for the active fractioqs "?‘t tgmperatures
2011). These include two experiments of CSU CI:Dc_lHIargerthan—lO"Cfor two contact angle distributions.

www.atmos-chem-phys.net/14/10411/2014/ Atmos. Chem. Phys., 14, 104043Q 2014



10416 Y. Wang et al.: Different contact angle distributions

Table 1. Parameters for the ice nucleation parameterization in the single contact ahgi®del. In the table, DeMott et al. (2011) and
Koehler et al. (2010) represent Saharan digt* is the activation energyfi max,x is the maximum ice nucleating fraction.

Aerosol  Reference Nucleation modex (°)  Ag# (1072%0)  fi maxx
Soot DeMott (1990) Immersion 48.0 14.15 0.01
Dust DeMott et al. (2011) Immersion 46.0 14.75 1
Soot Méhler et al. (2005)  Deposition 28.0 -20 0.01
Dust Koehler et al. (2010) Deposition 20.0 -0.81 1

Table 2. Fit parameters obtained for the two models for immersion freezing by dust. The root mean square errors (RMSEs) between the fit
curves and the data are given. In the taplés the mean contact angle;is the standard deviation.

Model Parameter/RMSE CSU106 CSU108 ZINC106 ZINC108 ZINC110
Singleee  « (°) 46.0 47.0 61.0 61.0 59.0
Ag* (10720)) 14.75 14.4 13.5 13.45 13.65
RMSE 0.029 0.236 0.087 0.0983 0.147
a-PDF 1 (9) 46.0 47.0 62.0 61.0 59.0
o 0.01 0.01 0.04 0.01 0.02
RMSE 0.01 0.225 0.08 0.07 0.08
, (a) T=263K 3.4 Sensitivity tests for time dependence
10 T T
510° o o
g We perform sensitivity tests to check whether it is appro-
t priate to use a classical-theory-based parameterization with
<0 a crude time step of 30 min in the CAM5 model. Figure 2
shows the active fraction with different contact angle distri-
107 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ butions as a function of integration time at different tempera-
0 200 400 600 800 1000 1200 1400 1600 1800 . . .
Time (sec) tures. It can be seen that,/at= 263 K, the active fractions in

(b) T=253K

0 200 400 600 800 1000 1200 1400 1600 1800

Time (sec)
7
-2

Active Fraction

(c) T=243K

—Single—o: 6=46°
__0~PDF: p =46 ° 5,=0.01

. — o —
___a—PDF: uU—46 GO—OAOS

Active Fraction

. — o —
___a—PDF: ;10—46 60—05

0~PDF: pi =46 ° 0,=10

10

0 200 400 600 800 1000 1200 1400 1600 1800
Time (sec)

all contact angle distributions are almost constant with time,
indicating very weak dependence of the active fraction on
time at warm temperatures (the active fractions inatHeDF
models witho = 0.01 ando = 0.08 are about 0.499 10~°

and 0.516< 10~°, respectively, so these two lines overlap).
At T =253K andT = 243K, the active fractions in the
singlee model and thex-PDF models withc = 0.01 and
0.08 increase with time (the-PDF model witho = 0.01

is very similar to the single- model), but the active frac-
tion in the «-PDF model witho = 0.08 is a little more in-
sensitive to time than that in the singlemodel. With in-
creasing standard deviation in thePDF model, the active
fractions become more weakly dependent on time, the weak-
est time dependence haviag= 1.0. As the singlex model

can be thought of as the specialPDF model withc =0

and as increasing the standard deviation reduces the time
dependence, we can conclude that the singleodel has

a stronger time dependence than th®DF model, which

Figure 2. Calculated change in the active fraction with time at dif- IS consistent with Welti et al. (2012). A|th099h the single-
ferent temperatures for 300 nm monodisperse particles and for dife model has a stronger time dependence, if we use the fol-

ferent contact angle distributions.

Atmos. Chem. Phys., 14, 10411:043Q 2014

lowing diagnostics, originally developed by Ervens and Fein-
gold (2013), to determine in detail the sensitivity of the ac-
tive fraction to time, we will find the active fraction in the

www.atmos-chem-phys.net/14/10411/2014/
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Figure 3. Zonal and annual mean number concentrations @&nof (a) interstitial, (b) cloud-borne andc) total mineral dust (upper) and
soot particles (lower).

singlee model is still only weakly dependent on time. the overestimate of the frozen fraction due to a crude time
9P step of 30 min is negligible compared to the uncertainties in
S(X) = e (6)  temperature and mean contact angle.

where P is the active fraction an& can be any of the pa-

rameters temperature, particle size, contact angle or time (t4 Results

At T = 253K, S(¢) is 0.0038 fromt = 10s (P = 0.00011)

tor=1800s P =0.02). At T =243K, S(¢) is 0.172 from A control experiment (CTL) with the default freezing param-
t=10s (P =0.013) tor =1800s (P =0.9044). The very eterization in CAM5 (Meyers et al., 1992), an experiment
small values ofS(z) are consistent with the results in Ervens based on the CNT in Hoose et al. (2010) (sing)e-an ex-

and Feingold (2013). Ervens and Feingold (2013) performedoeriment with the new-PDF model as described above and
many sensitivity tests to investigate the relative importanceseveral sensitivity experiments with tkePDF model have

of temperature, particle size, contact angle and time for clasbeen carried out (see Table 3). The sensitivity experiments
sical nucleation theory. They used Eq. (6) to explore the senare designed to explore the sensitivities of model simulations
sitivity of the active fraction to the above four parameters. Asto the mean contact angle and standard deviation invthe
seen in Fig. 1a to d of their paper, they found, from a com-PDF model. The mean contact angle is changedtiys°
parison ofS(X), that P is the least sensitive to time of the (in order to include 63, which is the fit result from the ZINC
four parameters. Ervens and Feingold (2013) concluded thameasurements), and standard deviation increased by four and
a change irf” of ~ 1K has a similar impact o® asf (con-  eight times in these sensitivity experiments.

tact angle) changes a6 = 2°, whereas a similar change is  All these simulations are run for 6 yr with the model con-
only caused by an increase Iny (particle diameter) by 1  figuration of 1.9 x 2.5° and 30 levels, using prescribed sea
order of magnitude or im (time) by 3 orders of magnitude. surface temperatures (SSTs) and sea ice extent. The aerosol
They hence suggested that it seemed feasible to develop moieput uses the online aerosol model MAM3. The last 5 yr of
physically (CNT) based relationships instead of the empir-results are used in the analysis.

ically based relationships in large-scale models. Therefore,

www.atmos-chem-phys.net/14/10411/2014/ Atmos. Chem. Phys., 14, 1040%3Q 2014
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Table 3. Simulation descriptions.

Simulation

Description

CTL
CNT

PDF

MUl
MU2
SD1
SD2

CAMS with the default heterogeneous ice nucleation parameterization (Meyers et al., 1992)
As in CTL, but with the classical nucleation theory based on Hoose et al. (2010), using new
fitting parameters in Table 1 (e.g., for immersion freezing on dust46°, Ag#(10720J) =

14.75)

As in CTL, but with the CNT improved by introducingPDF model in immersion freezing

on dust ft = 46°, 0 =0.01)

As in PDF, but withu = 31°, 0 = 0.01

As in PDF, but withu = 61°, 0 = 0.01

As in PDF but withu = 46°, 0 = 0.04 (4)

As in PDF but withu = 46°, o0 = 0.08 (&)

Figure 4. Zonal and annual mean number concentration@pihterstitial coated an¢b) interstitial uncoated mineral dust (upper) and soot

particles (lower).

4.1 Particle number concentrations

The zonal and annual mean number concentrations of interstitial mineral dust particles in the accumulation and coarse

Pressure(hPa)

Pressure(hPa)

(a) coated (b) uncoated
dust dust

[em?]

90S 60S 308 0 30N 60N 90N

soot soot
10°®

10*
10°
10®

90S  60S  30S 0 30N 60N 90N 90S 60S 308 0 30N 60N 90N

sphere (NH), exceeding 50 cthin the zonal mean. Inter-

stitial, cloud-borne and total (interstitial plus cloud-borne) mode reach 10-50 crd in the subtropics and at the surface
mineral dust and soot particles are shown in Fig. 3. As isof the NH (~30° N). Interstitial mineral dust and soot are

shown in Fig. 3, interstitial dust and soot number concen-uplifted from their source regions to the middle and upper
trations are about 1 order of magnitude larger than those ofroposphere and transported to the Arctic in the upper tropo-
cloud-borne ones. In cloud-borne aerosols, there are morephere (Liu et al., 2012b). The total number concentrations
dust particles than soot particles, which is an important pointof these two species are mainly derived from their intersti-
in explaining the dominant role of dust in heterogeneoustial particles (i.e., their cloud-borne particles have negligible
freezing compared to soot. The maximum number conceneontributions to the total number concentrations). As noted

tration of interstitial soot, internally mixed in the accumula-

Atmos. Chem. Phys., 14, 10411:043Q 2014
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Figure 5. Zonal and annual mean immersion, deposition and contact freezing rates in the PDF simulation. Isothé@remf-037°C are
plotted.

above, cloud-borne aerosols are used as an input for immefraction fcoated Which is calculated by distributing the sol-
sion freezing, while interstitial aerosols (only the uncoateduble mass (sulfate and organic) over the soot and dust cores
portion showed in Fig. 4) are used as an input for depo-in the internally mixed modes, requiring a minimum cover-
sition and contact freezing (see next paragraph for defini-age of one monolayer. Suppression of heterogeneous ice nu-
tions of coated and uncoated portion). Compared to Hooseleation is dependent on coating thickness or the fractional
et al. (2010), the total number concentration of soot is 1 or-soluble mass coverage. Generally we assume that, if a poten-
der of magnitude lower in CAMS5, which can be attributed to tial IN is covered by more than one monolayer, its hetero-
the different size distributions used for soot in two models geneous nucleation behavior in the deposition and contact
(CAM5 and CAM3-Oslo). In the CAM3-Oslo model, sootis modes will be suppressed completely due to a shift to the
emitted into the nucleation (initial diameter: 0.024 um), the higher-onset relative humidity with respect to ice, RHi, and
Aitken (initial diameter: 0.08 pm) and the accumulation (ini- to the colder onset temperature (Hoose et al., 2010; Méhler et
tial diameter: 0.2 um) modes (Seland et al., 2008). Its num-al., 2008). Therefore, only uncoated particles will participate
ber concentration is dominated by uncoated nucleation andh ice nucleation. The number concentrations of coated and
Aitken-mode particles, which contribute to the higher num- uncoated interstitial aerosol particles are shown in Fig. 4. It
ber concentration, while in CAM5 soot is emitted in the ac- can be seen that with the criteria of one monolayer coating
cumulation mode with a larger emission size (0.08 um in di-by soluble aerosol species the uncoated dust number con-
ameter). Dust number concentrations in CAM5 are mainlycentration is several orders of magnitude lower than that of
from the accumulation mode, with the diameter range of 0.1-coated dust particles. Compared to dust, nearly all the soot
1.0 um, while coarse-mode number concentration is 1 ordeparticles are coated (the concentration of the uncoated soot
of magnitude lower (Liu et al., 2012a). A similar ratio be- particles is smaller than 16 cm~3). This is because soot
tween accumulation and coarse-mode dust is also found iores have smaller sizes than dust cores and soot is directly
CAM3-Oslo. emitted into the accumulation mode in MAMS. If soot is di-
The interstitial mineral dust and soot particles are furtherrectly emitted into the primary carbon mode (e.g., MAM 4
divided into two categories: coated and uncoated particlesmodes (MAM4) or MAM 7 modes (MAM7)), which is the
Their number concentrations are derived from the coatednsoluble mode, there should be much more uncoated soot

www.atmos-chem-phys.net/14/10411/2014/ Atmos. Chem. Phys., 14, 104043Q 2014
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. Units: m?s” over the regions where dust and soot particles are emitted. It
10 ‘ ‘ ‘ ‘ ‘ ‘ should be noted here that freezing rates appear larger than 0
at7T > 0°C andT < —37°C,; this is due to zonal and annual
averaging. The vertically integrated and globally averaged
102 - a nucleation rates in the PDF simulation are shown in Fig. 6.
The relative roles of all these rates in mixed-phase clouds can
be seen more clearly. The freezing rates by dust are similar
to those of Hoose et al. (2010). However, the freezing rates

10°

10 by soot are much smaller because of the large differences in
. the simulated soot number concentrations between the two
10 models (CAM5 and CAM-Oslo) as well as becasue of the
10° internal mixture of soot in the accumulation mode assumed

in CAM5 (Sect. 4.1), which leads to smaller ice nucleation

10° rates in CAM5. In CAM-Oslo, a larger fraction of the soot

& & 8 OQ@O‘ OQ@G\ particles are uncoat_ed and can thus cor_1tribute_ to de_po_siti_on

& & & & &6\0 %06& and contact nucleation; we do not consider this realistic, in

particular as these two processes are not observed at warm
Figure 6. Global and annual mean vertically integrated nucleation SUDZero temperatures in laboratory experiments.
rates in the PDF simulation. For comparison, the immersion freezing rates by dust sim-
ulated by the single- (CNT) ande-PDF (PDF) models are
shown in Fig. 7. We can see that, compared to the siagle-
particles, especially with slow aging of the primary carbon model, the major increases in the freezing rates irntRbDF
mode (not shown in this paper). However, as compared tgnodel are located at low altitudes (with warm temperatures),
dust, soot is a much less efficient IN, and immersion freezingwhich is attributed to the PDF distribution of contact angles
is the dominant process (see Sect. 4.2). Therefore, it will noin thee-PDF model. It means that particles with smaller con-
have large effects on the total nucleated ice number concertact angles in the-PDF model can nucleate at warm temper-
trations even using MAM4 or MAM7. atures, whereas the particles with the same contact angles in
the singlee model can not nucleate.
4.2 Ice nucleation rates
The zonal and annual mean rates of immersion, depositioﬁ"3 Occurrence frequency of ice nucleation modes
and contact freezing by dust and soot in the PDF simulation
are shown in Fig. 54Nj/At; here AN; is the ice crystal In order to count the different ice nucleation events, we fol-
number concentration change predicted only from immer-low the same method as that in Liu et al. (2012b), which
sion, deposition and contact freezing over one model timecounts the homogeneous ice nucleation and heterogeneous
step Ar (30 min); note that it is different fronihey). It can ice nucleation events in cirrus clouds when there are new nu-
be seen that immersion freezing by dust is the dominantleated ice number concentrations from these two ice nucle-
ice nucleation mechanism, which is consistent with Hooseation modes. Therefore, in this study, we count an ice nu-
et al. (2010), followed by soot immersion, dust deposition cleation event only when the freezing rate Xj/At) from
and dust contact freezing. Recent observations (de Boer @ine ice nucleation mode is larger than 0. The occurrence
al., 2011) also indicated that immersion freezing may be thefrequency of immersion freezing, deposition nucleation and
dominant freezing mechanism in mixed-phase clouds whertontact nucleation as a function of temperature sampled ev-
compared to other freezing modes (deposition freezing anery 3 h from the PDF simulation and the frequency of immer-
contact freezing). This was concluded from the observatiorsion freezing from the CNT simulation are shown in Fig. 8.
that liquid droplets occurred prior to ice formation in mixed- All the data in each temperature bin (2K) are shown, with
phase clouds, a situation which was also detected by Ansthe whiskers indicating the 5th and 95th percentiles and with
mann et al. (2008). A recent laboratory study by Bunkerthe boxes indicating the 25th and 75th percentiles. The oc-
et al. (2012) found that hundreds of collisions of mineral currence frequencies for a period of 5yr (every 3 hr data)
dust particles with a supercooled droplet are needed to iniare output between90° S and 99 N and from 1000 hPa to
tiate contact freezing. Thus, contact freezing might not be500 hPa. It can be seen clearly that the frequency of immer-
a dominant ice formation pathway in mixed-phase clouds.sion freezing is higher than that of contact nucleation and
The other two nucleation modes by soot (i.e., soot depositiordeposition nucleation. At warm temperaturds> 257 K),
and soot contact) are nearly negligible, because the numbehe frequency of deposition nucleation decreases rapidly with
concentration of uncoated interstitial soot particles is verythe increase in temperature, resulting in one order of magni-
small (see Fig. 4). In general, the ice nucleation rates peakude smaller than that of contact nucleation. The frequency

Atmos. Chem. Phys., 14, 10411:043Q 2014 www.atmos-chem-phys.net/14/10411/2014/
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Figure 7. Zonal and annual mean immersion freezing rates in the CNT and PDF simulations. Isotheft@sasfd-37°C are plotted.

T v. Frequency, (1000-500hPa, -90 to 90lat) lar regions, deposition and contact nucleation become even
100 - less important and, conversely, immersion freezing domi-
=L :lt ’:L :L :It jlt nates. The frequency of immersion freezing after introduc-
‘ rH ing thea-PDF model (PDF) compared to the singlenodel
(CNT) increases a little at low altitudes (with warm temper-
atures).

HT—

)F
/

|

EAHE— 33—
TH—
=

S

Frequency
3
—E=———9
= ‘
T
—
/
F-f———— P —A———H
/
- A= =T

I

4.4 Sensitivity tests with thex-PDF model

Figure 10 shows the effects of changes in the uncertain pa-
rameters in the-PDF model on active fraction with temper-
ature. Figure 10a shows the impact of the mean contact angle.

F———— —

S -

102 Lo . . Itis obvious that, with the decrease in the mean contact angle,
237 241 245 249 253 257 261 the active fraction increases, making the curve shift upwards.
Temperature (K) However, the temperature range in which ice fraction rapidly
increases does not become broader, indicating that changes
Contact(PDF) Deposition(PDF)

in the mean contact angle do not change the slope of vari-
Immersion(PDF) Immersion(CNT) ations in active fraction with temperature much. Instead, in

. ) ) ) ) Fig. 10b, the temperature dependence of the active fraction
Figure 8. Simulated frequency of immersion freezing (red), depo- changes with the change in the standard deviation. With the

sition nucleation (blue) and contact nucleation (green) in the PD increase in standard deviation. a broader distribution of con
simulation and immersion freezing (black) in the CNT simulation ! : viation, IStributi

as a function of temperature sampled every 3 h. The whiskers re tact angles will be allocated to aerosol particles. Since the

resent the 5th and 95th percentiles, and the boxes represent the 25@ifferent contact angle on each particle results in a different
and 75th percentiles and the median. freezing temperature for each particle, the temperature range

in which droplets freeze becomes broader. For example, for
o = 0.01, droplets freeze within a narrow temperature inter-
of immersion freezing in the PDF simulation’at- 261 Kis  val of about 10C, while foro = 0.08, freezing occurs over
higher than that in the CNT simulation. a temperature range of about 8. The change in the ac-
Figure 9 shows the zonal and annual mean frequency distive fraction with temperature (Fig. 10b) becomes smoother
tribution of immersion freezing, deposition nucleation and with an increase in the standard deviation, which indicates
contact nucleation. The pattern of immersion freezing is dif-the “recovery” of singular behavior (Niedermeier et al., 2011,
ferent from the two other modes. There are two maximum2014; Welti et al., 2012) and a weakening of the time depen-
centers located in the polar regions. The deposition and condence of stochastic behavior (see Fig. 2 for the change in
tact nucleation peak over the source regions at 3ON&Ind  time dependence with an increase in the standard deviation).
20-40 S. This is because dust and soot near the source reAlthough the magnitude of changes in active fraction due to
gions are uncoated, leading to the occurrence of depositiothe change in the standard deviation is much smaller than
and contact nucleation. When these particles age and anhat due to the mean contact angle at a given temperature, in-
coated in the process of being uplifted and transported to poereasing the standard deviation results in the transition of the

www.atmos-chem-phys.net/14/10411/2014/ Atmos. Chem. Phys., 14, 1040430 2014
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Figure 9. Zonal and annual mean distribution of the occurrence frequen@) @hmersion mode in the CNT simulation aig) immersion,
(c) deposition andd) contact freezing modes in the PDF simulation. Isotherms°& @nd—37°C are plotted.
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Figure 10.Active fraction as a function of temperature for txd®DF model settings. Observation data are from CSU106 and the black solid
line is its fit curve. The red and blue solid lines are sensitivity tesfa)tmean contact angle argd) standard deviation.

freezing behavior from stochastic behavior to singular behavtions. The calculation uses modeled interstitial aerosol con-
ior (Niedermeier etal., 2011, 2013). Some variations in cloudcentrations which are sampled at the same locations and pres-
properties with the changes in these uncertain parameters isures as observations and with the same processing temper-

thea-PDF model will be shown in Sect. 4.6. atures as operated in the CFDC. In the same way, the rela-
tive humidity is assumed to be equal to the processing condi-
4.5 Comparison of IN Concentrations with tions in the instrument. It is assumed in our calculations that
observations 100 % of the relative humidity with respect to water (RH

is used for immersion freezing and 98 % RHbr deposi-

Currently the most frequently used instrument for detectingtlon freezing. Thus, immersion/condensation and deposition

: . . ucleation modes are taken into account, which is consis-
IN concentrations in the atmosphere is the CFDC (Rogers € : . . ) X

) . " . ent with the observed dominant ice nucleation modes in the
al., 2001), which allows interstitial aerosol particles to en-

. o CFDC. The reason that the contact nucleation mode is not
ter through an inlet and be exposed to a specific tempera-

e considered is that the residence time in the CFDC is short,
ture and/or humidity in the chamber. Then, the number con- - . .
and thus its technique can not directly assess whether aerosol

centration of ice crystals nucleated in the chamber after & _ . . : .
. . : articles are active as contact freezing nuclei (DeMott et al.,
residence time of 5-20s is counted. We calculate modele 010)

IN concentrations and compare them with CFDC observa-

Atmos. Chem. Phys., 14, 10411:043Q 2014 www.atmos-chem-phys.net/14/10411/2014/
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(a) Colorado region from WISP94 (February/March) (b) Storm Peak, Colorado (November)
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Figure 11.IN(10s) concentrations for specified temperature, selected at the grid points including the measurement locations and at the same
pressure level as field observations in the CNT simulation (red boxes and whiskers) and in the PDF simulation (blue boxes and whiskers).
The whiskers represent the 5th and 95th percentiles, and the boxes represent the 25th and 75th percentiles and the median. The black cross
indicate CFDC IN measurements.
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Figure 12. Spatial comparison of IN(10s) concentration with field data. IN(10s) concentrations are sampled for three specific temperatures,
which fall into the same range of observed temperatures as chosen for measurements at the near-surface layer. The field IN measuremen
are indicated by colored circles (DeMott et al. (2010) in the central USA; Rosinski et al. (1987) in the central Pacific; Rosinski et al. (1995)
in the East China Sea; Bigg et al. (1973) to the south of Australia). Field IN measurements in the East China Sea, Brazil and the central USA
are highlighted by dark green rectangles to show them more clearly.

www.atmos-chem-phys.net/14/10411/2014/ Atmos. Chem. Phys., 14, 1040430 2014



10424 Y. Wang et al.: Different contact angle distributions

Both the singlex anda-PDF models are time-dependent, cific, 254 K <I'<260.5 K; Rosinski et al. (1995), East China
and CFDC has a residence time of approximately 10s, s@ea,T = 253 K; Bigg et al. (1973), the south of Australia,
we define the modeled IN number concentration (hereaftell’ = 258 K). As there is only one single field campaign in
termed “model IN(10s)”) as a 10s integral over the freez-the East China Sea, Brazil and central USA regions, (i.e.,
ing rate (AN;/Ar) in order to provide direct comparability only one single circle in each region in Fig. 12) and the re-
to the observations, following Hoose et al. (2010). Figure 11gions’ colors are similar to the background colors of mod-
shows the model IN(10s) concentrations in two simulationseled IN(10s) concentrations, we utilize dark green rectan-
(CNT and PDF), which are diagnosed based on interstitialgles to show them more clearly. The model IN(10s) concen-
aerosol concentrations from the simulations at the measurdrations are selected for three specific temperatures, which
ment locations and are diagnosed at the same pressure levill into the corresponding range of observed temperatures
as field observations. The magnitude of model IN(10s) con-as specified in each plot. All the field measurements are lo-
centrations simulated by CNT and PDF is similar to ob- cated at the surface, and thus we also use interstitial aerosol
servations except in the case of Barrow, Alaska (some dataoncentrations at the surface as input to diagnose IN con-
points which are clearly below the acceptable minimum de-centrations. It can be seen that the model IN(10s) concen-
tection limit of CFDC are removed). At warmer tempera- trations are in agreement with observations, especially in
tures C > —20°C) model IN(10s) concentrations simulated the East China Sea, Brazil and the central USA. In near-
by the PDF simulation during the Winter Icing in Storms surface air over marine regions, marine biogenic IN (types
Project in 1994 (WISP94) in the Colorado region in Febru- of marine biogenic particles include marine microorganisms,
ary and March (Fig. 11a) and at Storm Peak in April and May exopolymer secretions/colloidal aggregates, glassy organic
(Fig. 11c) agree better with observations than the concentraaerosols, crystalline hydrated NaCl and frost flowers), un-
tions simulated by CNT which are several orders of mag-like dust IN, are most likely to play a dominant role in de-
nitude smaller than observations. The modeled weak temtermining IN concentrations at high temperatures. Thus over
perature dependence At> —20°C in the Colorado region the Southern Ocean at 258K, especially near the Antarc-
(Fig. 11a) in the PDF simulation is confirmed by observa-tic coast, the model greatly underestimates IN(10s) concen-
tions, where there is an indication of the trend being flat-trations (Burrows et al., 2013). Another region where the
ter (the observation data in Lu6nd et al. (2010) also showamodel significantly underestimates IN(10s) concentrations at
this trend at warm temperatures). By contrast, when the tem258 K is over the Pacific. In the remote marine boundary
perature is warmer than20°C, the IN(10s) concentrations layer of the equatorial Pacific Ocean, ship-based measure-
simulated by the CNT simulation reduce rapidly, resulting ments found that atmospheric IN concentrations were asso-
in a discrepancy of several orders of magnitude with obserciated with high concentrations of biogenic materials due to
vations (see Fig. 11a and c). The temperature variation obcean upwelling (Rosinski et al., 1987). Therefore, as can
model IN(10s) concentrations in the CNT and PDF simula-be seen from Figs. 11 and 12, thePDF model enhances
tions becomes flat df < —25°C at Storm Peak (Fig. 11b the IN concentrations at warm temperatures and agrees well
and c), which is consistent with the observations. The modelvith observations, which can be attributed to a distribution
IN(10s) concentrations at Barrow, Alaska (Fig. 11d), in the of contact angles.

CNT and PDF simulations are both 1 or 2 orders of magni- Georgii and Kleinjung (1967) found that IN number con-
tude smaller than observations. Due to good agreement afentrations correlate well with the number concentration of
IN(10s) concentrations with observations (see Fig. 11la—cxoarse-mode aerosol particles but not with the total aerosol
and a confirmed relationship between IN concentrations anchumber concentration, which is dominated by smaller parti-
aerosol number concentrations with a diameter larger tharmtles. More recent IN measurements with the CFDC obtained
0.5 um for all grid points (see Fig. 12 for details), we may de- similar results (DeMott et al., 2006; DeMott et al., 2010; De-
duce that the simulated aerosol number concentrations with 8ott et al., 2014). Fig. 13 shows the model IN(10s) con-
diameter larger than 0.5 um in these locations (i.e., Fig. 11a-€entrations in the CNT and PDF simulations as a function
¢) should be in agreement with observations, and the largef number concentrations of aerosols with a diameter larger
underestimates of IN(10s) concentrations in Barrow, Alaskathan 0.5 pum (Ngpyo), sampled af” = —21°C (Fig. 13a and
are due to the fact that the simulated number concentrationb), which is the temperature used in the observations (De-
of aerosol particles (e.g., soot) in the Arctic are 1 or 2 ordersMott et al., 2006; Georgii and Kleinjung, 1967), and sam-
of magnitude smaller than observations (Wang et al., 2011pled atT = —27°C (Fig. 13c and d) which is used in De-
Liu et al., 2012a). Mott et al. (2014). In CAM5, we sample Ng& as follows:

For a more detailed comparison for warm temperature rethe accummulation-mode dust number concentration with a
gions, spatial distributions of model IN(10s) concentrationsdiameter larger than 0.5 um is calculated with the predicted
from the simulation PDF are shown in Fig. 12 with some dust mass mixing ratio of this mode and the prescribed size
field measurements of IN concentrations around the globalistribution for transported dust (Zender et al., 2003) (trans-
(DeMott et al. (2010), central USA, 239K T <246K and  ported dust is in coarse mode with a mass median diame-
241 K< T < 258K; Rosinski et al. (1987), the central Pa- ter of 2.524 um, and the standard deviation is 2.0). The dust
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Figure 13.IN(10s) concentrations in the CNT and PDF simulations, displayed as a function of the number concentrations of aerosol particles
with a diameter greater than 0.5 um7at= —21°C (a andb), which is the observed temperature used in the power-law fit to observations
(DeMott et al., 2006 (solid blue line); Georgii and Kleinjung 1967 (dashed blue line)) afid=at-27°C (c andd), which is used for the
parameterization proposed by DeMott et al. (2014) (solid red line).

number concentration in the coarse mode is calculated fronties, is exclusively for dust ice nuclei. For atmospheric ap-
the predicted total number concentration in the coarse modelication, an additional correction factor is introduced to ac-
weighted by the mass fraction of dust in this mode. Follow- count for the underestimate of the immersion freezing frac-
ing this, we use these two dust number concentrations as thiion of mineral dust particles for CFDC data. The parame-
Nasoo, We neglect the contribution of soot (due to its smaller terization reflects the mineral dust data from the Saharan or
size) and sea salt to Ng. In Fig. 13a and b, for both the Asian regions very well and indicates that they can be pa-
CNT and PDF simulations, almost all dots are located in be+ameterized as a common particle type for global modeling.
tween the two power-law fits by DeMott et al. (2006) and Therefore, the atmospheric application of our parameteriza-
Georgii and Kleinjung (1967). Compared to the CNT simu- tion based on Saharan dust is successfully confirmed by De-
lation, the model IN(10s) concentrations simulated from theMott et al. (2014).

PDF simulation shift upwards a little. In order to compare

them with DeMott et al. (2014), we convert modeledsippa 4.6  Aerosol indirect effect

and IN(10s) to values at standard temperature and pressure

conditions (Naoo[s cni~3] and IN(10s)[std L1]), and the re-  Table 4 lists the global and annual mean cloud and radiative
sults are shown in Fig. 13c and d. Both in the CNT and properties for the present-day simulations and differences
PDF simulations, the magnitude of the model IN(10s) con-in these variables between the present-day and preindus-
centrations is at and around the parameterization proposegial simulations. As for the present-day experiments, with
by DeMott et al. (2014) (solid red line), thus yielding excel- the implementation of two stochastic heterogeneous ice nu-
lent agreement. The DeMott et al. (2014) parameterizationcleation parameterizations, the global mean ice water path
developed from the DeMott et al. (2010) parameterization(IWP) decreases for the CNT and all the PDF simulations
to account for additional aerosol compositional dependencompared to the CTL simulation due to fewer nucleated ice
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Table 4. Global annual mean fields for the present-day simulations and differences in these variables between present-day and preindustria
simulations. Variables listed in the table are total cloud cover (TCC, %), low cloud cover (LCC, %), liquid-water path (LWq?, Fmwater

path (IWP, gnT2), shortwave cloud forcing (SWCF, W), long-wave cloud forcing (LWCF, W 2), net cloud forcing (CF, W m?2)

and integrated column ice number concentration in mixed-phase clouds (ICEN@M;nI@).

Run CTL CNT PDF MU1 MuU2 SD1 SD2
TCC 64.0 64.0 63.9 64.0 64.1 64.0 64.0
ATCC 0.14 0.42 0.28 0.57 0.59 0.44 0.62
LCC 43.6 43.1 43.1 43.1 43.2 43.1 43.1
ALCC 0.32 0.58 0.49 0.68 0.72 0.66 0.72
LWP 44.59 46.41 46.51 46.34 46.72 46.60 46.56
ALWP 3.26 3.66 3.80 3.73 3.98 3.96 3.77
IWP 17.78 16.10 16.22 16.28 16.23 16.27 16.24
AIWP 0.14 0.16 0.32 0.42 0.34 0.36 0.33
SWCF —-52.00 -52.10 -52.20 -52.17 -52.34 -52.24 -52.25
ASWCF -164 -182 -194 -201 -208 -2.03 -2.05
LWCF 24.04 23.61 23.65 23.65 23.75 23.69 23.68
ALWCF 0.50 0.76 0.82 0.92 0.92 0.81 0.84
CF —27.96 -—-28.47 —-28.55 -—-2852 -28.58 -2855 -—-28.56
ACF -114 -106 -113 -110 -116 -122 -1.21
ICENUM 2.863 2.366 2.395 2.407 2.381 2.401 2.389

AICENUM 0.036 0.045 0.074 0.068 0.052 0.069 0.066

crystals in the CNT and PDF simulations. This can be con-CNT and PDF simulations lead to larger changes in short-
firmed from the comparison, among different simulations, of wave cloud forcing (SWCF) and long-wave cloud forcing
the vertically integrated column ice crystal number concen-(LWCF). The SWCF change differs by 0.18 W and
tration (ICENUM) in mixed-phase clouds-B7°C<T < LWCF change by 0.26 W ? between the CTL and CNT
0°C). The CTL simulation has the largest ICENUM in simulations (0.30 W m? and 0.32 W n2 between the CTL
mixed-phase clouds, which is because Meyers et al. (1992and PDF simulations, respectively), although the net cloud
scheme overestimates the nucleated ice number concentréercing change differs by less than 0.1 W#n The changes
tions (DeMott et al., 2010). As a consequence, the CNT andn total cloud cover (TCC), low cloud cover (LCC) and inte-
all the PDF simulations exhibit a larger global mean liquid- grated column ice crystal number concentration (ICENUM)
water path (LWP) than that in the CTL simulation. This is be- in the mixed-phase clouds between the present day and the
cause fewer ice crystals slow down the Wegener—Bergeronpreindustrial period are also larger in the CNT and PDF sim-
Findeisen process and thus increase the liquid-water contentilations than those in the CTL simulation.

The larger (smaller) mean contact angle with the smaller

(larger) active fraction in MU1 (MU2) (the PDF sensitivity

simulations with only modifying the mean contact angle) re-5 Conclusions

sults in smaller (larger) ICENUM in mixed-phase clouds.

The LWP and IWP changes between the present day ané classical-nucleation-theory-based parameterization of het-
the preindustrial period in the CTL simulation are 3.26t¥m  erogeneous ice nucleation is implemented in CAM5 based on
and 0.14gm?, respectively, while those in the CNT and Hoose et al. (2010). In addition, we make further improve-
PDF simulations are larger, especially the IWP change. Therénents by introducing a probability distribution of contact an-
may be two reasons that cause the changes in IWP betweegles for the freezing process by natural dust. We fit the un-
the present-day and preindustrial simulations with the newcertain parameters of the singleand thex-PDF models to
parameterizations to be generally larger than those in CTLlaboratory data for natural dust and BC (soot). Compared to
One reason is increased dust concentrations (partly due tthe singlee model, thea-PDF model shows better agree-
less efficient wet scavenging) and increased soot concerment with observations at warm temperatures~ —20°C)
trations in the PD simulations (the default scheme in CTL by enhancing the IN number concentrations and, further, re-
doesn't link to aerosols). The other reason may be that soosults in a weaker temperature dependence of IN number con-
is taken into account in the new parameterizations, whichcentration. Therefore, more ice crystals can form at low alti-
enlarges the differences between the present-day and preitiides (with warm temperatures) from thePDF model than
dustrial simulations. Larger changes in IWP and LWP be-from the singlee model.

tween the present day and the preindustrial period in the From the sensitivity tests with the-PDF model, we find
that though the change in mean contact does not change
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the slope of variations of active fraction with temperature, eral Dust Experiment, J. Geophys. Res.-Atmos., 113, D04210,
it can still change the active fraction at a given tempera- doi:10.1029/2007JD008783008.

ture. When increasing (reducing) the mean contact angle, thBarahona, D.: On the ice nucleation spectrum, Atmos. Chem. Phys.,
active fraction will decrease (increase). Meanwhile, the in- 12, 3733-3752, ddl0.5194/acp-12-3733-2012012.

crease in standard deviation will lead to a change in nucleB99: E. K. The formation of atmospheric ice crystals by the
ation behavior from stochastic behavior to singular behavior, €Zing of droplets, Q. J. Roy. Meteor. Soc., 79, 510-519,

. . . . doi:10.1002/qj.49707934207953.
Judging by the absolute changes in the active fraction at igg, E. K: Ice nucleus concentrations in remote ar-

given temperature (not by its temperature dependence), the .o 3 Atmos. Sci. 30 1153-1157. @6i1175/1520-
mean contact angle has a larger impact on the active fraction 469(1973)030<1153:INCIRA>2.0.CQ:2973.

than standard deViation, which is consistent with the CIOUd'Bretherton, C. S. and Park' S.: A new moist turbulence parame-
resolving model results by Kulkarni et al. (2012). Immersion  terization in the community atmosphere model, J. Climate, 22,
freezing by natural dust in both singleand a-PDF mod- 3422-3448, doi:0.1175/2008JCLI2556,2009.

els is the dominant nucleation mechanism in mixed-phaseéBunker, K. W., China, S., Mazzoleni, C., Kostinski, A., and
clouds, consistent with Hoose et al. (2010). After implement-  Cantrell, W.: Measurements of ice nucleation by mineral dusts
ing the new parameterizations, there are significant boosts to in the contact mode, Atmos. Chem. Phys. Discuss., 12, 20291
LWP due to the nucleated ice number concentration having 20309, doil0.5194/acpd-12-20291-2012012.

been effectively reduced. The new parameterizations also in84""oWs: S M., Hoose, C., Poschl, U., and Lawrence, M. G.. Ice

duce more significant aerosol indirect effects than the default nuclei in marine air: biogenic particles or dust?, Atmos. Chem.
. g_ Phys., 13, 245-267, ddi0.5194/acp-13-245-2013013.
parameterization.

. o . . Chen, J.-P., Hazra, A., and Levin, Z.: Parameterizing ice nu-
Although the heterogeneity of individual particles in the  ¢jeation rates using contact angle and activation energy de-

aerosol population has been taken into account in introduc- rived from laboratory data, Atmos. Chem. Phys., 8, 7431-7449,
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each particle can also influence the freezing behavior. Therecooper, W. A.. A possible mechanism for contact nucle-

fore, other stochastic models considering the heterogeneity ation, J. Atmos. Sci., 31, 1832-1837, dfi:1175/1520-

of surface area, such as the active site model and the soc- 0469(1974)031<1832:APMFCN>2.0.CQ1974.

cer ball model (Niedermeier et al., 2014), should be imple-dé Boer, G., Morrison, H., Shupe, M. D., and Hildner, R.: Evi-

mented, and then their behavior should be explored in global dence of liquid dependent ice nucleation in high-latitude strat-
models iform clouds from surface remote sensors, Geophys. Res. Lett.,
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