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Abstract: In order to investigate the impact of different treatments for the contact 16 

angle () in heterogeneous ice nucleating properties of natural dust and black carbon 17 

(BC) particles, we implement the classical-nucleation-theory-based parameterization 18 

of heterogeneous ice nucleation (Hoose et al., 2010) in the Community Atmospheric 19 

Model version 5 (CAM5), and then improve it by replacing the original single contact 20 

angle model with the probability density function of  (-PDF) model to better 21 

represent the ice nucleation behavior of natural dust found in observations. We re-fit 22 

the classical nucleation theory (CNT) to constrain the uncertain parameters (i.e., onset 23 

 and activation energy in the single  model; mean contact angle and standard 24 

deviation in the -PDF model) using recent observation datasets for Saharan natural 25 

dust and BC (soot). We investigate the impact of time-dependence of droplet freezing 26 

on mixed-phase clouds and climate in CAM5, and the roles of natural dust and soot 27 

by different nucleation mechanisms. Our results show that when comparing with 28 

observations, the potential ice nuclei (IN) calculated by the -PDF model has a better 29 

agreement than that calculated by the single- model at warm temperatures (T > 30 

-20
o
C). More ice crystals can form at low altitudes (with warm temperatures) 31 

simulated by the -PDF model compared with the single- model in CAM5. All of 32 

these can be attributed to different ice nucleation efficiencies among aerosol particles 33 

with some particles having smaller contact angles (higher efficiencies) in the -PDF 34 

model. In the sensitivity tests with the -PDF model, we find that the change of mean 35 

contact angle has larger impact on the active fraction at a given temperature than that 36 

of standard deviation, even though the change of standard deviation can lead to the 37 
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transition of freezing behavior. Both the single  and the -PDF model indicates that 38 

the immersion freezing of natural dust plays a more important role in the 39 

heterogeneous nucleation than that of soot in mixed-phase clouds. The new 40 

parameterizations implemented in CAM5 induce more significant aerosol indirect 41 

effect than the default parameterization.  42 

 43 

1. Introduction 44 

 45 

Ice microphysical processes in clouds are vital to cloud radiative properties and 46 

precipitation formation. They include the primary ice formation, vapor deposition on 47 

ice crystals, accretion of cloud droplets by ice crystals, ice aggregation and 48 

sedimentation, ice multiplication, sublimation, melting, and convective detrainment of 49 

cloud ice (Pruppacher and Klett, 1997; Morrison and Gettelman, 2008). Till now, ice 50 

formation mechanisms, especially by heterogeneous ice nucleation, have not been 51 

well understood. In mixed-phase clouds with temperatures between 0 and -38
o
C, 52 

primary ice formation can be via the heterogeneous ice nucleation with the aid of a 53 

fraction of aerosol particles called ice nuclei (IN) (DeMott et al., 2010). Various 54 

particles can act as IN, which include mineral dust, soot, volcanic ash, and primary 55 

biological particles (Hoose and Möhler, 2012; Murray et al., 2012). 56 

Mineral dust has been recognized as the most important/atmospherically relevant 57 

IN either from the laboratory measurements or field sample studies (Hoose and 58 

Möhler, 2012; Murray et al., 2012). Natural mineral dust particles are often internally 59 

mixtures of different minerals, quartz and other components (Murray et al., 2012). In 60 
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order to reduce the complexity encountered in natural mineral dusts, many laboratory 61 

studies, on the one hand, have often used commercially available minerals, in 62 

particular kaolinite, illite and montmorillonite (Hoose et al., 2008b; Hoose and 63 

Möhler, 2012). Other laboratory experiments, on the other hand, used commercially 64 

available Arizona Test Dust (ATD) as a surrogate for natural mineral dusts (e.g., 65 

Knopf and Koop, 2006; Marcolli et al., 2007; Kulkarni et al., 2012). ATD can 66 

possibly be more ice nucleation active than natural desert dust, either due to its 67 

enhanced roughness resulting from the milling or due to its different mineralogical 68 

composition (Möhler et al., 2006). Another reason for lower activity of natural dust 69 

particles is related to their aging processes in the atmosphere, which may reduce their 70 

ice nucleation ability (Sullivan et al., 2010).   71 

Heterogeneous ice nucleation occurs via several different mechanisms (Vali, 1985), 72 

called nucleation modes (immersion, deposition, condensation, and contact freezing). 73 

For immersion freezing, a supercooled cloud droplet containing an ice nucleus 74 

nucleates by subsequent cooling at a certain degree of supercooling. Prenni et al. 75 

(2007), through airborne measurements of IN number concentration and elemental 76 

composition from the U.S. Department of Energy (DOE) Atmospheric Radiation 77 

Measurement (ARM) Mixed-Phase Arctic Clouds Experiment (M-PACE) in northern 78 

Alaska, found that immersion and/or condensation freezing (instruments can not 79 

separate them) may be the dominant freezing mechanism within these clouds. The 80 

term “deposition nucleation” describes that the vapor phase directly deposits on a dry 81 
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ice nucleus and leads to the growth of ice. “Contact freezing” refers to the freezing of 82 

a supercooled droplet, which collides with a dry ice nucleus.  83 

To represent the heterogeneous IN number and ice nucleation process, several 84 

heterogeneous freezing parameterizations have been developed, which can be divided 85 

into two groups: singular (or deterministic) hypothesis and stochastic hypothesis. The 86 

first, “singular (or deterministic) hypothesis” proposed by Langham and Mason (1958) 87 

assumes that the radius of the ice germ forming on the aerosol surface, at a given 88 

supercooling, is controlled by surface features, and thermal fluctuations have a 89 

negligible influence on ice germ radius. Thus, the freezing of a droplet is only 90 

determined by whether the temperature is below the characteristic temperature of the 91 

immersed IN in the droplet (Phillips et al., 2008, 2012; DeMott et al., 2010; 92 

Niedermeier et al., 2010; Niemand et al., 2012). The second one, the “stochastic 93 

hypothesis” proposed by Bigg (1953), holds that heterogeneous ice nucleation is a 94 

function of time. During the time an immersed aerosol particle spends at constant 95 

environmental temperature, water molecules within supercooled water stay in the 96 

thermal fluctuation state of capturing and losing molecules to produce the cluster. 97 

This process resembles the structure of ice. When some of these ice germs reach to a 98 

size (the critical radius), they become stable and initiate freezing. The presence of a 99 

particle surface immersed in a supercooled droplet is helpful for ice formatting by 100 

reducing the number of water molecules that are required to reach the stable cluster 101 

radius by letting the germ form on it as a spherical cap. The rate of heterogeneous 102 

nucleation per aerosol particle and per time is referred to as the nucleation rate (Jhet). 103 
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This stochastic approach can be described by the classical nucleation theory (CNT) 104 

(Chen et al., 2008; Hoose et al., 2010; Niedermeier et al., 2011; Welti et al., 2012). 105 

In CNT, Jhet is proportional to the aerosol surface area and is the function of contact 106 

angle (), which is the angle where ice germ/liquid or ice germ/vapor interface meets 107 

the aerosol surface, and can be understood as the surrogate of the nucleation ability of 108 

aerosol particles. The particle with the smaller contact angle () has higher ice 109 

nucleating efficiency. The contact angle is often derived from the fitting to the 110 

laboratory data, as done in Marcolli et al. (2007) for ATD, in Lüönd et al. (2010) for 111 

kaolinite, and in Wheeler and Bertram (2012) for kaolinite and illite. As noted in these 112 

studies, assuming that each particle has the same fixed contact angle often does not fit 113 

to the observation data well, especially when the observed ice nucleating fraction 114 

increases slowly with the increase of time (Welti et al., 2012). These authors 115 

suggested to use a probability density function of contact angles (-PDF) instead of 116 

single values to better fit to the observed frozen fraction as a function of temperature 117 

(for immersion/condensation nucleation) or supersaturation (for deposition 118 

nucleation). In this -PDF model, contact angles are distributed to every particle, 119 

which means that each particle has one value of the contact angle and that the 120 

particles with low contact angles are rapidly depleted when the temperature is held 121 

constant, thus leading to a slow-down of the freezing of the sample. The -PDF 122 

model can be interpreted as an “intermediate” approach based on CNT between the 123 

two extremes of stochastic and singular hypotheses (Niedermeier et al., 2010).  124 
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 Several heterogeneous ice nucleation parameterizations which are based on 125 

laboratory studies or in-situ measurements have been implemented in global climate 126 

models (GCMs). Liu et al. (2007) implemented Meyers et al. (1992) in CAM3 and in 127 

CAM5 (Gettelman et al., 2010) for the immersion/condensation/deposition 128 

mechanisms. Xie et al. (2013) evaluated the DeMott et al. (2010) parameterization in 129 

CAM5, in comparison with Meyers et al. (1992). Lohmann and Diehl (2006) 130 

implemented the Diehl and Wurzler (2004) parameterization in the global climate 131 

model of the Max Planck Institute for Meteorology (ECHAM5) for the immersion 132 

freezing of cloud droplets. Hoose et al. (2010) implemented the CNT in CAM3-Oslo 133 

for the immersion, deposition and contact freezing of dust, soot, and biological 134 

aerosols. In their paper, they suggest that assuming stochastic ice nucleation with all 135 

particles having the same fixed single contact angle can not fit some observations very 136 

well. Immersion freezing and deposition nucleation by dust in Hoose et al. (2010) are 137 

fitted to the observation data obtained specifically for montmorillonite (Pitter and 138 

Pruppacher, 1973) and illite (Zimmermann et al., 2008) respectively. Thus their 139 

results may not reflect the ice nucleation behavior by natural dust particles, which are 140 

mixtures of complex mineral components. 141 

In this study, we implement the single- model (Hoose et al. 2010) in CAM5 to 142 

represent the heterogeneous ice nucleation of natural dust and BC in mixed-phase 143 

clouds. The single- model is further improved by the -PDF model to correct the 144 

time-dependent behavior of droplet freezing. To better represent the ice nucleation of 145 

natural dust found in ambient observations, we use recent observation data on Saharan 146 
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dust to constrain the parameters used in the CNT parameterization. The model 147 

description is presented in section 2. Section 3 describes the CNT parameterizations, 148 

with the resulting fitting parameters. In section 4, the model experiments and results 149 

are presented. Uncertainties and implications are discussed in section 5. 150 

 151 

2. CAM5 152 

CAM5 includes a two-moment stratiform cloud microphysics scheme (Morrison 153 

and Gettelman 2008 (MG08); Gettelman et al., 2008, 2010). This scheme predicts 154 

number concentrations and mass mixing ratios of cloud droplets and ice crystals, 155 

while the number concentrations and mass mixing ratios of snow and rain are 156 

diagnosed. MG08 treats the microphysical conversions among cloud liquid droplets, 157 

ice crystals, rain and snow. As for cloud droplet activation, it follows the 158 

Abdul-Razzak and Ghan (2000) parameterization. MG08 was further updated in 159 

CAM5 (Gettelman et al., 2010) to implement the Liu et al (2007) scheme for ice 160 

crystal nucleation in mixed-phase and cirrus clouds. In mixed-phase clouds, Meyers et 161 

al. (1992) is used for deposition, immersion, and condensation freezing of cloud 162 

droplets, which, however, does not provide a link of ice nuclei (IN) number 163 

concentration to aerosol properties. In addition, the Young (1974) scheme is used for 164 

the contact freezing of cloud droplets by the coarse mode dust. 165 

   CAM5 includes a modal aerosol module (MAM) to represent aerosol processes 166 

and properties in the atmosphere (Liu et al., 2012a). It predicts aerosol number 167 

concentrations and mass mixing ratios of multiple aerosol species in three aerosol 168 
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modes: Aitken, accumulation and coarse mode. MAM treats major aerosol species 169 

including mineral dust, BC, sea salt, sulfate, and primary and secondary organic 170 

aerosols. These aerosol species are internally mixed within a single mode, but 171 

externally mixed between different modes. Aerosol species in cloud-borne states are 172 

also explicitly treated, but not predicted in the model.   173 

The deep convection scheme in CAM5 follows Zhang and McFarlane (1995) but 174 

with the dilute Convective Available Potential Energy (CAPE) modification described 175 

in Neale et al. (2008). The shallow convection scheme is from Park and Bretherton 176 

(2009). The stratus-radiation-turbulence interactions in CAM5 are explicitly simulated 177 

by the moist turbulence scheme (Bretherton and Park, 2009). The radiative transfer 178 

calculations for aerosol and cloud radiative effects are based on the Rapid Radiative 179 

Transfer Model for GCMs (RRTMG) (Iacono et al., 2008). 180 

 181 

3. New Heterogeneous Ice Nucleation Parameterization in CAM5 182 

3.1. Single Contact Angle () Model 183 

  In the CNT, ice nucleation is treated as a stochastic process (Pruppacher and Klett, 184 

1997). An energy barrier has to be passed to capture more molecules to small 185 

agglomerates of ice (subcritical germs) on the surface of ice nucleus, until a critical 186 

germ size is reached. Following the notation in Hoose et al. (2010), both deposition 187 

and immersion freezing can be treated in the same general form based on the CNT. 188 

Following the suggestion of Chen et al. (2008), we calculate the contact freezing with 189 
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the critical germ radius of immersion freezing and the homogeneous energy of germ 190 

formation of deposition freezing, according to “Cooper’s hypothesis” (Cooper, 1974).  191 

We modify the original expression used in Hoose et al. (2010) about Jhet, the rate of 192 

heterogeneous nucleation per aerosol particle and per second, with the form factor (f) 193 

raised to the -1/2 power instead of 1/2 (see equation 1), due to the unphysical behavior 194 

of the original expression which implies that Jhet→0 when f→0 (i.e., the ice 195 

nucleation rate will become smaller on more easily wettable materials) (Määttänen et 196 

al., 2005; Barahona, 2012). 197 

𝐽𝑒𝑡 =
𝐴′𝑟𝑁

2

 𝑓
𝑒𝑥𝑝 

−∆𝑔# − 𝑓∆𝑔𝑔
𝑜

𝑘𝑇
                   (1) 

where 𝐴′  is a prefactor, 𝑟𝑁  is the aerosol particle radius, f is a form factor 198 

containing information about the aerosol’s ice nucleation ability, ∆𝑔#  is the 199 

activation energy, ∆𝑔𝑔
𝑜  is the homogeneous energy of germ formation, k is the 200 

Boltzmann constant, and T is the temperature in K.  201 

The second modification is about f itself. Due to the uncertainty of assuming a 202 

spherical substrate (or any other simple geometry) (Barahona, 2012), and the 203 

difference between a flat surface and a spherical surface can be ignored when the 204 

diameter of particle is larger than 100 nm, we calculate the compatibility parameter f 205 

with a flat surface instead of the convex surface. Thus f has the form as (Pruppacher 206 

and Klett, 1997) 207 

𝑓 =
1

4
 2 + 𝑚  1 −𝑚 2                    (2) 

where 𝑚 ≡  𝑐𝑜𝑠 𝛼, 𝛼 is the contact angle. 208 
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  Except for the above changes, detailed descriptions on the formulation of CNT for 209 

the immersion, deposition and contact freezing can be found in Hoose et al. (2010). 210 

We note that Hoose et al. (2010) used the activation fraction of aerosols, which is 211 

diagnosed from the droplet activation parameterization, to partition dust and soot 212 

number concentrations in each grid into the interstitial portion for the deposition and 213 

contact freezing and into the cloud borne portion for the immersion freezing. However, 214 

in CAM5 we directly use the interstitial and cloud borne dust and soot number 215 

concentrations in the ice nucleation calculation, since CAM5 explicitly treats these 216 

two states of aerosols.  217 

 218 

3.2. -PDF Model 219 

We consider the -PDF model for the immersion freezing by natural dust to replace 220 

the single- model in Hoose et al. (2010). In the -PDF model, we can take the 221 

heterogeneity of individual particles in the aerosol population into account. The 222 

particle surface is still uniform in the ice nucleation property for each particle but 223 

differs within an ensemble of particle population by a distribution of different contact 224 

angles, which are assumed to follow a log-normal probability density function 225 

(Marcolli et al., 2007; Lüönd et al., 2010) 226 

The log-normal probability density function which represents the occurrence 227 

probability of one contact angle for one particle is given by 228 

𝑝 𝛼 =  
1

𝛼𝜎 2𝜋
𝑒𝑥𝑝  −

 𝑙𝑛 𝛼 − 𝑙𝑛(𝜇) 2

2𝜎2
                   (3) 

Where 𝜇 is the mean contact angle and 𝜎 is the standard deviation.  229 
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The frozen fraction for a given temperature can then be calculated as 230 

𝑓𝑎𝑐𝑡 ,𝛼−𝑝𝑑𝑓 = 1 − 𝑝 𝛼 ∙ 𝑒𝑥𝑝 −𝐽𝑖𝑚𝑚  𝑇,𝛼 ∆𝑡 

𝜋

0

𝑑𝛼        (4) 

Here Jimm is the immersion nucleation rate for one particle with one certain contact 231 

angle, and t is the model time step. It should be mentioned that in the global climate 232 

model, the different time dependences of the frozen fraction in the single- model and 233 

the -PDF model are only treated within one time step. In the current CAM5 model, 234 

because of the added complexity and the computational demands, aerosol scavenging 235 

due to droplet freezing is not taken into account. It means only if the active fractions 236 

are large enough in the last time step, in the following time step additional (and 237 

unphysical) ice nucleation would occur with both contact angle distributions if 238 

temperature is constant. Especially for the -PDF model , as particles with small 239 

contact angles are not scavenged in each time step, these small contact angles can not 240 

be tracked with time in the model to adjust the distribution of contact angle (adding 241 

even more complexity). However, since we directly use predicted cloud borne dust 242 

and BC, during each model time step (30 minutes) cloud borne aerosols will be 243 

updated, which means that fresh particles as cloud condensation nuclei (CCN) will be 244 

nucleated into cloud droplets. As the new parameterizations implemented in this study 245 

predict the active fractions due to droplet freezing in one model time step of 30 min 246 

are much smaller than 100% (see e.g. Figure 2), these newly-formed cloud droplets 247 

are sufficient to make up those depleted amount of cloud droplets (i.e., ∆𝑡 in Eq. (4) 248 

may be also thought as time scale to replenish IN population in a grid point). 249 

Moreover, after the Wegener-Bergeron-Findeisen process sets in, further ice 250 
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nucleation will be suppressed. Overall, In this case we actually benefit from the long 251 

time step because the clouds and the environmental conditions change significantly 252 

from time step to time step, such that starting from fresh is not a bad assumption. In 253 

particular, entrainment of new IN, temperature changes and the shutdown of ice 254 

nucleation through the Bergeron process are thought to be important. Therefore, no 255 

aerosol scavenging due to droplet freezing and assuming a constant distribution of 256 

contact angles in the -PDF model among time steps only causes the new 257 

parameterizations to have a small artifact. Another point is that new parameterizations 258 

in the CAM5 model reduce nucleated ice crystals compared to the default Meyers et 259 

al. scheme (see Table 4), which means that the depletion of cloud-borne aerosols has a 260 

smaller effect on model results than the default scheme. 261 

 262 

3.3. Fitting Parameters for Natural Dust and Soot 263 

  Fitting parameters in the CNT such as the single contact angle (𝛼) and activation 264 

energy (Δg
#
) in the single-α model can be derived by minimizing the root mean square 265 

error (RMSE) of frozen fractions between observation data and model results. Thus 266 

the RMSE is calculated as: 267 

𝑅𝑀𝑆𝐸 =  
1

𝑁
 [𝐹𝑖𝑐𝑒 − 𝐹𝑖𝑐𝑒

𝑚𝑜𝑑 ]2

𝑁

1

             (5) 

where 𝐹𝑖𝑐𝑒  is the observed frozen fraction, 𝐹𝑖𝑐𝑒
𝑚𝑜𝑑  is the frozen fraction calculated 268 

from the single-α model, and N is total number of observation data points. 269 
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The formula to derive uncertain parameters in the α-PDF approach is the same as 270 

Eq. (5) except that we calculate 𝐹𝑖𝑐𝑒
𝑚𝑜𝑑  from the α-PDF model. In order to calculate 271 

𝐹𝑖𝑐𝑒
𝑚𝑜𝑑 , its integral form of Eq. (4) was discretized into 2000 bins, and then the PDF 272 

distribution parameters, standard deviation (σ) and mean contact angle (μ) were 273 

iterated to find the best fit following Eq. (5).  274 

  The resulting fitting parameters for the immersion and deposition freezing based 275 

on the single- model are listed in Table 1. Observation data for the immersion 276 

freezing of dust is obtained from the Colorado State University CFDC-HIAPER 277 

version I (CSU CFDC-IH) experiment, which is selected for the relative humidity 278 

with respect to water (RHw) at 106% (CSU106) (DeMott et al., 2011), and data for the 279 

deposition freezing on dust is from the Koehler et al. (2010)’s laboratory study. Both 280 

of the two studies used samples for Saharan dust, which generally contain quartz, 281 

feldspars and clay minerals in different compositions (Linke et al., 2006). The 282 

immersion and deposition by soot are still based on the measurements (DeMott, 1990; 283 

Möhler et al., 2005) used in Hoose et al. (2010). However due to the modification of 284 

expressions of Jhet and f in section 3.1, we refit to these data again. In the case of 285 

deposition freezing in Table 1, ∆𝑔# is negative and the reason is as follows. ∆𝑔# 286 

(activation energy) is the energy of desorption per molecule, which stands for the 287 

surface with the outward flux of desorbed molecules. Instead, 𝐽𝑒𝑡  specifies the flux 288 

of water molecules to the germs. Actually in 𝐽𝑒𝑡  for the deposition freezing, there 289 

should be no a negative sign before ∆𝑔# (see Eq. 9-8b in Pruppacher and Klett, 290 

1997). However, in order to use the unified formula for both immersion and 291 
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deposition freezing (Eq. 1), a negative sign is added before ∆𝑔# (as in Chen et al., 292 

2008). Thus the fit result for the activation energy in the case of deposition freezing is 293 

negative to offset this negative sign. 294 

  For the -PDF model, in the formulation by Chen et al. (2008), the activation 295 

energy for the transfer of a water molecule across the water-ice boundary is aerosol, 296 

nucleation mode and temperature dependent and thus should from a theoretical 297 

standpoint be independent on the contact angle (Zobrist et al., 2007; Hoose et al., 298 

2010), we use the same value for the activation energy as that in the single- model. 299 

The resulting fit parameters from different experiments are listed in Table 2. For the 300 

comparison, fit parameters with the single-α model, including CSU106 listed in Table 301 

1, are also given. The experiments were performed over a wide temperature range for 302 

Saharan dust sampled in the 2007 International Workshop on Comparing Ice 303 

Nucleation Measuring Systems ICIS-2007 (DeMott et al., 2011). These include two 304 

experiments of CSU CFDC-IH with 106% and 108% RHw (CSU106 and CSU108, 305 

respectively), and three experiments conducted with the Zurich Ice Nuclei Chamber 306 

(ZINC) at RHw of 106%, 108% and 110% (ZINC106, ZINC108, and ZINC110, 307 

respectively). It can be seen that the RMSEs with the single- model in all five 308 

experiments are larger than those with the -PDF model. The reason about this result 309 

can be seen from the Figure 1, which shows the observation data from CSU106 and 310 

ZINC106, and their fits with the single- model and the -PDF model. The -PDF 311 

model reproduces the slow decrease of active fraction with the increase of 312 

temperature and makes a better agreement with observation data points at warm 313 
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temperatures (T > -20
o
C) while the single- model leads to a steep decrease of active 314 

fraction with the increase of temperature and thus results in large errors at warm 315 

temperatures. Therefore, larger RMSEs with the single- model are mainly from its 316 

fit at warm temperatures (CSU106 for T=-18.5
o
C and ZINC106 for T=-27.7

o
C). At 317 

warmer temperatures between -10
o
 and -15

o
C, there are no CFDC observation data to 318 

constrain the parameterizations because CFDC cannot provide observation data at 319 

warm temperatures (> -15
o
C). However, Niemand et al. (2012) reported the Aerosol 320 

Interactions and Dynamics in the Atmosphere (AIDA) cloud chamber measurement of 321 

natural dust at temperatures of -13 and -16 ◦C with active fractions of 10
-4

 and 10
-5

, 322 

which agree with our fitted active fractions from the -PDF model. As Saharan 323 

natural dust is reported in recent CFDC observations that it has onset temperatures 324 

ranging from about -10
o
 to -15

o
C, which is consistent with laboratory observations of 325 

various types of surrogate dust (Phillips et al., 2012). Therefore, we apply a cut off of 326 

0 for the active fractions at temperatures larger than -10 
o
C for two contact angle 327 

distributions. 328 

 329 

3.4. Sensitivity Tests of Time Dependence 330 

We perform sensitivity tests to check whether it is appropriate to use a 331 

classical-theory-based parameterization with a crude time step of 30 minutes in the 332 

CAM5 model. Figure 2 shows the active fraction with different contact angle 333 

distributions as a function of integration time at different temperatures. It can be seen 334 

that at T = 263 K the active fractions in all contact angle distributions are almost 335 
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constant with time, indicating very weak dependence of the active fraction on time at 336 

warm temperature (the active fractions in the α-PDF models with σ = 0.01 and σ = 337 

0.08 are about 0.499×10
-5

 and 0.516×10
-5

 respectively, so these two lines are 338 

overlapped). At T = 253 K and T = 243 K, the active fractions in the single-α model 339 

and the α-PDF models with σ = 0.01 and 0.08 increase with time (the α-PDF model 340 

with σ = 0.01 is very similar as the single-α model), but the active fraction in the 341 

α-PDF model with σ = 0.08 is a little insensitive to time than that in the single-α 342 

model. With increasing standard deviation in the α-PDF model, the active fractions 343 

become weaker dependent on time, especially for the weakest time dependence with σ 344 

= 1.0. As the single-α model can be thought as the special α-PDF model with σ = 0, 345 

and increasing the standard deviation reduces the time dependence, we can conclude 346 

the single-α model has stronger time dependence than the α-PDF model, which is 347 

consistent with Welti et al. (2012). Although the single-α model has stronger time 348 

dependence, if we use the following diagnostics, originally developed by Ervens and 349 

Feingold (2013), to determine the sensitivity of the active fraction to time in detail, we 350 

will find the active fraction in the single-α model is still only weakly dependent on 351 

time. 352 

𝑆 𝑋 =
𝜕𝑃

𝜕𝑙𝑛𝑋
          (6) 

where P is the active fraction, X can be any of parameters from temperature, particle 353 

size, contact angle or time. At T = 253 K, from t = 10s (P = 0.00011) to t = 1800s (P = 354 

0.02), S(X) is 0.0038. At T = 243K, from t = 10s (P = 0.013) to t = 1800s (P = 0.9044), 355 
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S(X) is 0.172. The very small values of S(X), which are consistent with the values in 356 

Ervens and Feingold (2013), indicate that the active fraction in the single-α model is 357 

the least sensitive to time. Ervens and Feingold (2013) performed many sensitivity 358 

tests to investigate relative importance of temperature, particle size, contact angle and 359 

time for classical nucleation theory. They used Eq. (6) to explore the sensitivity of the 360 

active fraction to the above four parameters. From Figure 1(a) to Figure 1(d) of their 361 

paper, they found from comparison of S(X) that among the four parameters P is the 362 

least sensitive to time. Ervens and Feingold (2013) concluded that a change in T 363 

(temperature) of ~1 K has a similar impact on P (the active fraction) as θ (contact 364 

angle) changes of Δθ = 2
o
 whereas a similar change is only caused by an increase in 365 

DIN (particle diameter) by one order of magnitude or in t (time) by three orders of 366 

magnitude. They hence suggested that it seems feasible to develop more physically 367 

(CNT) based relationships instead of those empirically based relationships in 368 

large-scale models. Therefore, the overestimate of the frozen fraction due to a crude 369 

time step of 30 min is negligible compared to the uncertainties in temperature and 370 

mean contact angle.  371 

 372 

4. Results 373 

A control experiment (CTL) with the default freezing parameterization in CAM5 374 

(Meyers et al., 1992), an experiment based on the CNT in Hoose et al. (2010) 375 

(single-), an experiment with the new -PDF model as described above, and several 376 
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sensitivity experiments with the -PDF model have been carried out (see Table 3). 377 

The sensitivity experiments are designed to explore the sensitivities of model 378 

simulations to the mean contact angle and standard deviation in the -PDF model. 379 

The mean contact angle is changed by ±15
 o
 (in order to include 61 

o
, which is the fit 380 

result from the ZINC measurements), and standard deviation increased by 4 and 8 381 

times in these sensitivity experiments. 382 

All these simulations are run for 6 years with the model configuration of 1.9
o
×2.5

o
 383 

and 30 levels, using prescribed sea surface temperatures (SST) and sea ice extent. The 384 

aerosol input uses the online aerosol model, MAM3. The last 5-year results are used 385 

in the analysis. 386 

 387 

4.1. Particle Number Concentrations 388 

The zonal and annual mean number concentrations of interstitial, cloud borne and 389 

total (interstitial plus cloud borne) mineral dust and soot particles are shown in Figure 390 

3. As is shown in Figure 3, the magnitudes of interstitial dust and soot number 391 

concentrations are about one order of magnitude larger than those of cloud borne ones. 392 

In cloud borne aerosols, there are more dust particles than soot particles, which is an 393 

important point to explain the dominant role of dust in heterogeneous freezing 394 

compared to soot. The maximum number concentration of interstitial soot, internally 395 

mixed in the accumulation mode, is near the surface in the Northern Hemisphere 396 

(NH), exceeding 50 cm
-3

 in the zonal mean. Interstitial mineral dust particles in the 397 

accumulation and coarse mode, reach 10-50 cm
-3

 in the sub-tropics and at the surface 398 
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of NH (~30
o
N). Interstitial mineral dust and soot are uplifted from their source 399 

regions to the middle and upper troposphere and transported to the Arctic in the upper 400 

troposphere (Liu et al., 2012b). The total number concentrations of these two species 401 

are mainly from their interstitial particles. As noted above, cloud borne aerosols are 402 

used as an input for the immersion freezing, while interstitial aerosols (only the 403 

uncoated portion showed in Figure 4) are used as an input for deposition and contact 404 

freezing (see next paragraph for definitions of coated and uncoated portion). 405 

Compared to Hoose et al. (2010), the total number concentration of soot is one order 406 

of magnitude lower in CAM5, which can be attributed to the different size 407 

distributions used for soot in two models (CAM5 and CAM3-Oslo). In the 408 

CAM3-Oslo model, soot is emitted into the nucleation (initial diameter: 0.024 µm), 409 

the Aitken (initial diameter: 0.08 µm) and accumulation (initial diameter: 0.2 µm) 410 

modes (Seland et al, 2008). Its number concentration is dominated by uncoated 411 

nucleation and Aitken mode particles, which contribute to the higher number 412 

concentration, while in CAM5 soot is emitted in the accumulation mode with a larger 413 

emission size (0.08 μm in diameter). Dust number concentrations in CAM5 are 414 

mainly from the accumulation mode with the diameter range of 0.1-1.0 μm, while 415 

coarse mode number concentration is one order of magnitude lower (Liu et al., 2012a). 416 

A similar ratio between accumulation and coarse mode dust is also found in 417 

CAM3-Oslo.     418 

  The interstitial mineral dust and soot particles are further divided into two 419 

categories: coated and uncoated particles. The number concentrations of them are 420 
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derived from the coated fraction fcoated, which is calculated by distributing the soluble 421 

mass (sulfate and organic) over the soot and dust cores in the internally mixed modes, 422 

requiring a minimum coverage of one monolayer. Suppression of heterogeneous ice 423 

nucleation is dependent on coating thickness or the fractional soluble mass coverage. 424 

Generally we assume that if a potential IN is covered by more than one monolayer, its 425 

heterogeneous nucleation behavior in the deposition and contact modes will be 426 

suppressed completely due to a shift to the higher onset relative humidity with respect 427 

to ice, RHi, and to the colder onset temperature (Hoose et al., 2010; Möhler et al., 428 

2008). Therefore, only those uncoated particles will participate in ice nucleation. The 429 

number concentrations of coated and uncoated interstitial aerosol particles are shown 430 

in Figure 4. It can be seen that the uncoated dust number concentration is several 431 

orders of magnitude lower than that of coated dust particles, with the criteria of one 432 

monolayer coating by soluble aerosol species. Compared to dust, nearly all the soot 433 

particles are coated (the concentration of the uncoated soot particles is smaller than 434 

10
-6

 cm
-3

). This is because soot cores have the smaller sizes than dust cores and soot is 435 

directly emitted into the accumulation mode in MAM3. If soot is directly emitted into 436 

the primary carbon mode (e.g., MAM4 or MAM7), which is the insoluble mode, there 437 

should be much more uncoated soot particles, especially with slow aging of the 438 

primary carbon mode (not shown in this paper). However, as compared to dust, soot is 439 

a much less efficient IN and immersion freezing is the dominant process (see section 440 

4.2), it won’t have large effects on the total nucleated ice number concentrations even 441 

using MAM4 or MAM7.   442 
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 443 

4.2. Ice Nucleation Rates 444 

The zonal and annual mean rates of immersion, deposition, and contact freezing 445 

(ΔNi/Δt, here ΔNi is the ice crystal number concentration change only predicted from 446 

the immersion, deposition and contact freezing respectively over one model time step 447 

Δt (30 min); note that it is different from Jhet) by dust and soot in the PDF simulation 448 

are shown in Figure 5. It can be seen that the immersion freezing by dust is the 449 

dominant ice nucleation mechanism, which is consistent with Hoose et al. (2010), 450 

followed by soot immersion, dust deposition, and dust contact freezing. Recent 451 

observations (de Boer et al., 2011) also indicated that immersion freezing may be the 452 

dominant freezing mechanism in mixed-phase clouds, compared to other freezing 453 

modes (deposition freezing and contact freezing). This was concluded from the 454 

observation that liquid droplets occurred prior to the ice formation in mixed-phase 455 

clouds, which was also detected by Ansmann et al. (2008). A recent laboratory study 456 

by Bunker et al. (2012) found that hundreds of collisions of mineral dust particles 457 

with a supercooled droplet are needed to initiate the contact freezing. Thus the contact 458 

freezing might not be a dominant ice formation pathway in mixed-phase clouds. The 459 

other two nucleation modes by soot (i.e., soot deposition and soot contact) are nearly 460 

negligible, because the number concentration of uncoated interstitial soot particles is 461 

very small (see Figure 4). In general, the ice nucleation rates peak over the regions 462 

where dust and soot particles are emitted. It should be noted here that freezing rates 463 

appear larger than 0 at T > 0 
o
C and T < -37 

o
C is due to the zonal and annual 464 
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averaging. The vertically integrated and globally averaged nucleation rates in the PDF 465 

simulation are shown in Figure 6. The relative roles of all these rates in mixed-phase 466 

clouds can be seen more clearly. The freezing rates by dust are similar to those of 467 

Hoose et al. (2010). However, the freezing rates by soot are much smaller because of 468 

the large differences in the simulated soot number concentrations between two models 469 

(CAM5 and CAM-Oslo) as well as the internal mixture of soot in the accumulation 470 

mode assumed in CAM5 (section 4.1), which leads to smaller ice nucleation rates in 471 

CAM5. In CAM-Oslo, a larger fraction of the soot particles are uncoated and can thus 472 

contribute to deposition and contact nucleation, which we do not consider realistic, in 473 

particular as these two processes are not observed at warm subzero temperatures in 474 

laboratory experiments. 475 

  For the comparison, the immersion freezing rates by dust simulated by the single- 476 

(CNT) and -PDF (PDF) models are shown in Figure 7. We can see that compared to 477 

the single- model, the major increases of the freezing rates in the -PDF model 478 

locate at low altitudes (with warm temperatures), which is attributed to the PDF 479 

distribution of contact angles in the -PDF model. It means that particles with smaller 480 

contact angles in the -PDF model can nucleate at warm temperatures where the 481 

particles with the same contact angles in the single- model can’t nucleate. 482 

 483 

4.3. Occurrence Frequency of Ice Nucleation Modes 484 

  In order to count the different ice nucleation events, we follow the same method as 485 

that in Liu et al. (2012b), which counts the homogeneous ice nucleation and 486 
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heterogeneous ice nucleation events in cirrus clouds when there are new nucleated ice 487 

number concentrations from these two ice nucleation modes respectively. Therefore, 488 

in this study, only when the freezing rate (ΔNi/Δt) from one ice nucleation mode is 489 

larger than 0, then we count this ice nucleation event. The occurrence frequency of 490 

immersion freezing, deposition nucleation and contact nucleation as a function of 491 

temperature sampled every 3 hours from the PDF simulation and the frequency of 492 

immersion freezing from the CNT simulation are shown in Figure 8. All the data in 493 

each temperature bin (2 K) are shown with the whiskers indicating the 5th and 95th 494 

percentiles and with the boxes indicating the 25th and 75th percentiles. The 495 

occurrence frequencies for a period of 5 years (hourly data) are output between -90 
o
S 496 

to 90 
o
N and from 1000 hPa to 500 hPa. It is obvious to see that the frequency of 497 

immersion freezing is higher than contact nucleation and deposition nucleation, At 498 

warm temperatures (T > 257 K), the frequency of deposition nucleation decreases 499 

rapidly with the increase of temperature, resulting in one order of magnitude smaller 500 

than contact nucleation. The frequency of immersion freezing in the PDF simulation 501 

at T > 261 K is higher than that in the CNT simulation. 502 

  Figure 9 shows the zonal and annual mean frequency distribution of immersion 503 

freezing, deposition nucleation and contact nucleation. The pattern of immersion 504 

freezing is different from the two other modes. There are two maximum centers 505 

located in the polar regions. The deposition and contact nucleation peak over the 506 

source regions at 30
o 

N-60
o 

N and 20
o 

S-40
o 

S. It is because dust and soot near the 507 

source regions are uncoated, leading to occurrence of the deposition and contact 508 
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nucleation. When these particles age and are coated in the process of uplifting and 509 

transporting to polar regions, the deposition and contact nucleation become even less 510 

important and conversely immersion freezing dominates. The frequency of immersion 511 

freezing after introducing the -PDF model (PDF) compared to the single- model 512 

(CNT) is increased a little at low altitudes (with warm temperatures). 513 

 514 

4.4. Sensitivity Tests with the -PDF Model 515 

Figure 10 shows the effects of changes of the uncertain parameters in the α-PDF 516 

model on active fraction with temperature. Figure 10(a) shows the impact of mean 517 

contact angle. It’s obvious that with the decrease of the mean contact angle, the active 518 

fraction increases, making the curve shift upwards. However, the temperature range in 519 

which ice fraction rapidly increases doesn’t become broader, indicating that changes 520 

of the mean contact angle do not change much the slope of variations of active 521 

fraction with temperature. Instead in Figure 10(b), the temperature dependence of the 522 

active fraction changes with the change of the standard deviation. With the increase of 523 

standard deviation, a broader distribution of contact angles will be allocated to aerosol 524 

particles. Since the different contact angle on each particle results in the different 525 

freezing temperature of each particle, the temperature range in which droplets freeze 526 

becomes broader. For example, for σ = 0.01, droplets freeze within a narrow 527 

temperature interval of about 10 
o
C, while for σ = 0.08, freezing occurs over a 528 

temperature range of about 18 
o
C. The change of the activated fraction with 529 

temperature (Figure 10(b)) becomes smoother with increase of the standard deviation, 530 
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which indicates the “recovery” of the singular behavior (Niedermeier et al., 2011, 531 

2014; Welti et al., 2012) and weakening of the time dependence of the stochastic 532 

behavior (see Figure 2 for the change of the time dependence with increase of the 533 

standard deviation). Although the magnitude of changes of active fraction due to the 534 

change of the standard deviation is much smaller than that due to the mean contact 535 

angle at a given temperature, increasing the standard deviation results in the transition 536 

of the freezing behavior, from the stochastic behavior to the singular behavior 537 

(Niedermeier et al., 2011, 2013). Some variances of cloud properties with the changes 538 

of these uncertain parameters in the α-PDF model will be shown in section 4.6. 539 

 540 

4.5. Comparison of IN Concentrations with Observations 541 

Currently the mostly used instrument for detecting IN concentrations in the 542 

atmosphere is the continuous-flow diffusion chamber (CFDC) (Rogers et al., 2001), 543 

which allows interstitial aerosol particles to enter through an inlet and to expose a 544 

specific temperature and/or humidity in the chamber. Then the number concentration 545 

of ice crystals nucleated in the chamber after a residence time of 5-20 s is counted. 546 

We calculate modeled IN concentrations and compare them with CFDC observations. 547 

The calculation uses modeled interstitial aerosol concentrations which are sampled at 548 

the same locations and pressures as observations and with the same processing 549 

temperatures as operated in the CFDC. In the same way, the relative humidity is 550 

assumed to be equal to the processing conditions in the instrument. It is assumed in 551 

our calculations that 100% of the relative humidity with respect to water (RHw) is 552 
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used for the immersion freezing, and 98% RHw for the deposition freezing. Thus 553 

immersion/condensation and deposition nucleation modes are taken into account, 554 

which is consistent with the observed dominant ice nucleation modes in the CFDC. 555 

The reason that the contact nucleation mode is not considered is that the residence 556 

time in CFDC is short and thus its technique can not directly assess whether aerosols 557 

particles are active as contact freezing nuclei (DeMott et al., 2010). 558 

  Both the single-α and α-PDF models are time dependent, and CFDC has a 559 

residence time of approximate 10 s, so we define the modeled IN number 560 

concentration (hereafter termed “model IN(10s)”) as a 10 s integral over the freezing 561 

rate (ΔNi/Δt) for a direct comparability to the observations, following Hoose et al. 562 

(2010). Figure 11 shows the model IN(10s) concentrations in two simulations (CNT 563 

and PDF), which are diagnosed based on interstitial aerosol concentrations from the 564 

simulations at the measurement locations and are diagnosed at the same pressure level 565 

as field observations. The magnitude of model IN(10s) concentrations simulated by 566 

CNT and PDF are similar as observations except for Barrow, Alaska (some data 567 

points which are clearly below the acceptable minimum detection limit of CFDC are 568 

removed). At warmer temperatures (T > -20
o
C) model IN(10s) concentrations 569 

simulated by the PDF simulation at Colorado region from winter icing in storms 570 

project in 1994 (WISP94) in February and at Storm Peak in April/May agree with 571 

observations better than those by CNT in which the simulated IN(10s) concentrations 572 

are several orders of magnitude smaller than observations. The modeled weak 573 

temperature dependence at T > -20
o
C in Colorado region in the PDF simulation is 574 
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confirmed by observations, where there is an indication for trend to be flatter (the 575 

observation data in Lüönd et al. (2010) also has this trend at warm temperatures). 576 

Conversely, when the temperature is warmer than -20
o
C, the IN(10s) concentrations 577 

simulated by the CNT simulation reduce rapidly, resulting in several orders of 578 

magnitude discrepancy with observations (see Figure 11(a) and Figure 11(c)). The 579 

temperature variation of model IN(10s) concentrations in the CNT and PDF 580 

simulations become flat at T < -25
o
C at Storm Peak, which is consistent with the 581 

observations. The model IN(10s) concentrations at Barrow, Alaska in the CNT and 582 

PDF simulations are both one or two orders of magnitude smaller than observations. 583 

Due to good agreement of IN(10s) concentrations with other observations (see Figure 584 

11(a)-(c)) and confirmed relationship between IN concentrations and aerosol number 585 

concentrations with diameter larger than 0.5 μm for all gridpoints (see Figure 12 in 586 

detail), we may derive that the simulated aerosol number concentrations with diameter 587 

larger than 0.5μm in these locations (i.e., Figure. 11(a)-(c)) should be in agreement 588 

with observations and the large underestimates of IN(10s) concentrations in Barrow, 589 

Alaska is the fact that the simulated number concentrations of aerosol particles (e.g., 590 

soot) in Arctic are one or two orders of magnitude smaller than observations (Wang et 591 

al., 2011; Liu et al., 2012a).  592 

  For a more detailed comparison at warm temperature regions, spatial distributions 593 

of model IN(10s) concentrations from the simulation PDF are shown in Figure 12 594 

with some field measurements of IN concentrations around the globe (DeMott et al. 595 

(2010), Central USA, 239 K < T < 246 K and 241 K < T < 258 K; Rosinski et al. 596 
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(1987), Central Pacific, 254 K < T < 260.5 K; Rosinski et al. (1995), East China Sea, 597 

T = 253 K; Bigg et al. (1973), South of Australia, T = 258 K). In the East China Sea, 598 

Brazil and Central USA regions, as there is only one single field campaign at each 599 

region (i.e., only one single circle at each region in the Figure 12) and their colors are 600 

similar as the background colors of modeled IN(10s) concentrations, we utilize 601 

darkgreen rectangles to highlight them for seeing them clearly. The model IN(10s) 602 

concentrations are selected for three specific temperatures which fall into the 603 

corresponding range of observed temperatures as specified in each plot. All the field 604 

measurements are located on surface, and thus we also use interstitial aerosol 605 

concentrations at surface as input to diagnose IN concentrations. It can be seen that 606 

the model IN(10s) concentrations are in agreement with observations, especially at 607 

East China Sea, Brazil and Central USA. In near-surface-air over marine regions, 608 

compared to dust IN, marine biogenic IN (types of marine biogenic particles include 609 

marine microorganisms, exopolymer secretions/colloidal aggregates, glassy organic 610 

aerosols, crystalline hydrated NaCl and frost flowers) are most likely to play a 611 

dominant role in determining IN concentrations at high temperatures. Thus over the 612 

Southern Ocean at 258 K, especially near the Antarctic coast, the model greatly 613 

underestimates IN(10s) concentrations (Burrows et al., 2013). Another region where 614 

the model significantly underestimates IN(10s) concentrations at 258 K is over the 615 

Pacific. In the remote marine boundary layer of equatorial Pacific Ocean, due to ocean 616 

upwelling, ship-based measurements found that atmospheric IN concentrations were 617 

associated with high concentrations of biogenic materials (Rosinski et al., 1987). 618 
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Therefore, from Figures 11 and 12, the α-PDF model enhances the IN concentrations 619 

at warm temperatures and agrees well with observations, which can be attributed to a 620 

distribution of contact angles. 621 

  Georgii and Kleinjung (1967) found that IN number concentrations correlate well 622 

with the number concentration of coarse mode aerosol particles but not with the total 623 

aerosol number concentration, which is dominated by smaller particles. More recent 624 

IN measurements with the CFDC obtained the similar results (DeMott et al., 2006; 625 

DeMott et al., 2010; DeMott et al., 2014). Figure 13 shows the model IN(10s) 626 

concentrations in the CNT and PDF simulations as a function of number 627 

concentrations of aerosols with diameter larger than 0.5 μm (Na500), sampling at T = 628 

-21
o
C (Figure 13(a) and Figure 13(b)) which is the temperature used in the 629 

observations (DeMott et al., 2006; Georgii and Kleinjung, 1967) and sampling at T = 630 

-27
o
C (Figure 13(c) and Figure 13(d)) to compare with DeMott et al. (2014) with the 631 

same processing temperature. In CAM5, we sample Na500 as follows: dust number 632 

concentration in the accumulation mode with the diameter larger than 0.5 μm is 633 

calculated with predicted dust mass mixing ratio in this mode and prescribed size 634 

distribution for transported dust (Zender et al., 2003) (transported dust is in coarse 635 

mode with mass median diameter 2.524μm and standard deviation is 2.0). Dust 636 

number concentration in the coarse mode is calculated from the predicted total 637 

number concentration in the coarse mode weighted by the mass fraction of dust in this 638 

mode. Then we use these two dust number concentration as the Na500. We neglect the 639 

contribution of soot (due to its smaller size) and sea salt to Na500. In Figure 13(a) and 640 
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Figure 13(b), for both the CNT and PDF simulations, almost all dots locate 641 

in-between the two power-law fits by DeMott et al. (2006) and Georgii and Kleinjung 642 

(1967). Compared to the CNT simulation, the model IN(10s) concentrations simulated 643 

from the PDF simulation shift a little upwards. In order to compare with DeMott et al. 644 

(2014), we convert modeled Na500 and IN(10s) to those at standard temperature and 645 

pressure conditions and the results are shown in Figure 13(c) and Figure 13(d). Both 646 

in the CNT and PDF simulations, the magnitude of the model IN(10s) concentrations 647 

are at and around the DeMott et al. (2014) proposed parameterization (solid red line), 648 

thus yielding excellent agreement. The DeMott et al. (2014) parameterization, 649 

developed from the DeMott et al. (2010) parameterization to account for additional 650 

aerosol compositional dependencies, is for the dust ice nuclei exclusively. For 651 

atmospheric application, an additional correction factor is introduced to account for 652 

the underestimate of the immersion freezing fraction of mineral dust particles for 653 

CFDC data. Their parameterization reflects the mineral dust data from the Saharan or 654 

Asian regions very well and indicates they can be parameterized as a common particle 655 

type for global modeling. Therefore, the atmospheric application of our 656 

parameterization based on Saharan dust is successfully confirmed by DeMott et al. 657 

(2014). 658 

 659 

4.6. Aerosol Indirect Effect 660 

  Table 4 lists the global and annual mean cloud and radiative properties for the 661 

present-day simulations and differences of these variables between the present-day 662 
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and preindustrial simulations. As for the present-day experiments, with the 663 

implementation of two stochastic heterogeneous ice nucleation parameterizations, the 664 

global mean ice water path (IWP) decreases for the CNT and all the PDF simulations 665 

compared to the CTL simulation due to fewer nucleated ice crystals in the CNT and 666 

PDF simulations. This can be confirmed from the comparison of the vertically 667 

integrated column ice crystal number concentration (ICENUM) in mixed-phase 668 

clouds (-37 
o
C < T < 0 

o
C) among different simulations. The CTL simulation has the 669 

largest ICENUM in mixed-phase clouds, which is because Meyers’ scheme 670 

overestimates the nucleated ice number concentrations (DeMott et al., 2010). As a 671 

consequence, the CNT and all the PDF simulations exhibit larger global mean liquid 672 

water path (LWP) than that in the CTL simulation. This is because fewer ice crystals 673 

slow down Wegener-Bergeron-Findeisen process, and thus increase the liquid water 674 

content. The larger (smaller) mean contact angle with the smaller (larger) active 675 

fraction in MU1 (MU2) in the PDF sensitivity simulations results in smaller (larger) 676 

ICENUM in the mixed-phase clouds.  677 

The LWP and IWP changes between present-day and pre-industry in the CTL 678 

simulation are 3.26 g m
-2

 and 0.14 g m
-2

 respectively, while those in the CNT and 679 

PDF simulations are much larger, especially the IWP change. There may be two 680 

reasons that cause changes of IWP between the present-day and preindustrial 681 

simulations with the new parameterizations to be generally larger than those in CTL. 682 

One is increased dust concentrations (partly due to less efficient wet scavenging) and 683 

increased soot concentrations in the PD simulations (the default scheme in CTL 684 
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doesn’t link to aerosols). The other reason may be that soot is taken into account in 685 

new parameterizations, which enlarges the differences between the present-day and 686 

preindustrial simulations. Larger changes of IWP and LWP between present-day and 687 

pre-industry in the CNT and PDF simulations lead to larger changes of shortwave 688 

cloud forcing (SWCF) and longwave cloud forcing (LWCF). The SWCF change 689 

differs by 0.18 W m
-2 

and LWCF change by 0.26 W m
-2

 between the CTL and CNT 690 

simulations (0.30 W m
-2

 and 0.32 W m
-2

 between the CTL and PDF simulations 691 

respectively), although the net cloud forcing change differs by less than 0.1 W m
-2

. 692 

The changes of total cloud cover (TCC), low-cloud cover (LCC) and integrated 693 

column ice crystal number concentration (ICENUM) in the mixed-phase clouds 694 

between present-day and pre-industry are also larger in the CNT and PDF simulations 695 

than those in the CTL simulation. 696 

 697 

5. Conclusions 698 

  A classical-nucleation-theory-based parameterization of heterogeneous ice 699 

nucleation is implemented in CAM5 based on Hoose et al. (2010). In addition, we 700 

make further improvements by introducing a probability distribution of contact angles 701 

for the freezing process by natural dust. We fit the uncertain parameters of the 702 

single- and the -PDF models to laboratory data for natural dust and BC (soot). 703 

Compared to the single-α model, the α-PDF model has a better agreement with 704 

observations at warm temperatures (T > -20
o
C) by enhancing the IN number 705 

concentrations and further results in weaker temperature dependence of IN number 706 
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concentration. Therefore, more ice crystals can form at low altitudes (with warm 707 

temperatures) from the -PDF model than those from the single- model. 708 

From the sensitivity tests with the -PDF model, we find that though the change of 709 

mean contact do not change the slope of variations of active fraction with temperature, 710 

it still can change the active fraction at a given temperature. When increasing 711 

(reducing) the mean contact angle, the active fraction will decrease (increase). 712 

Meanwhile, the increase of standard deviation will lead to a transition of the 713 

nucleation behavior: from stochastic behavior to singular behavior. Judged from the 714 

absolute changes of the active fraction at a given temperature (not from its 715 

temperature dependence), the mean contact angle has a larger impact on the active 716 

fraction than that of standard deviation, which is consistent with the cloud-resolving 717 

model results by Kulkarni et al. (2012). Immersion freezing by natural dust in both 718 

single- and -PDF models is the dominant nucleation mechanism in mixed-phase 719 

clouds, consistent with Hoose et al. (2010). After implementing the new 720 

parameterizations, there are significant boosts to LWP due to effectively reducing the 721 

nucleated ice number concentration. The new parameterizations also induce more 722 

significant aerosol indirect effect than the default parameterization. 723 

  Although the heterogeneity of individual particles in the aerosol population has 724 

been taken into account with introducing the -PDF model, the heterogeneity on the 725 

surface area of each particle can also influence the freezing behavior. Therefore, other 726 

stochastic models considering the heterogeneity of surface area like the active site 727 
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model and the soccer ball model (Niedermeier et al., 2014) should be implemented 728 

and then their behaviors should be explored in global models. 729 
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Tables 1080 

Table 1. Parameters for the ice nucleation parameterization in single contact angle (α) model. In the table, DeMott et al. (2011) and Koehler et 1081 

al. (2010) are Saharan Dust. Δg
#
 is the activation energy; fi,max,x is the maximum ice nucleating fraction. 1082 

 1083 

Aerosol Reference Nucleation mode α (
o
) Δg

# 
(10

-20
J) fi,max,x 

Soot DeMott (1990) Immersion 48.0 14.15 0.01 

Dust DeMott et al. (2011) Immersion 46.0 14.75 1 

Soot Möhler et al. (2005) Deposition 28.0 -20 0.01 

Dust Koehler et al. (2010) Deposition 20.0 -0.81 1 

 1084 

 1085 

  1086 
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Table 2. Fit parameters obtained for the two models for the immersion freezing by dust. The root mean square errors (RMSE) between the fit 1087 

curves and the data are given. In the table, μ is the mean contact angle; σ is the standard deviation. 1088 

Model Parameter/RMSE CSU106 CSU108 ZINC106 ZINC108 ZINC110 

Single-α 

α (
o
) 46.0 47.0 61.0 61.0 59.0 

Δg
#
 (10

-20
 J) 14.75 14.4 13.5 13.45 13.65 

RMSE 0.029 0.236 0.087 0.0983 0.147 

α-PDF 

μ (
o
) 46.0 47.0 62.0 61.0 59.0 

σ 0.01 0.01 0.04 0.01 0.02 

RMSE 0.01 0.225 0.08 0.07 0.08 

  1089 
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Table 3. Simulation descriptions 1090 

Simulation Description 

CTL CAM5 with the default heterogeneous ice nucleation parameterization (Meyers et al. 1992) 

CNT 
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 dust: α=46
o
, Δg

#
(10

-20
 J)=14.75) 

PDF As in CTL, but with the improved CNT by introducing α-PDF model in immersion freezing on dust (μ=46
o
, σ=0.01) 

MU1 As in PDF, but with μ=31
o
, σ=0.01 

MU2 As in PDF, but with μ=61
o
, σ=0.01 

SD1 As in PDF but with μ=46
o
, σ=0.04 (4σ) 

SD2 As in PDF but with μ=46
o
, 4=0.08 (8σ) 

 1091 
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Table 4. Global annual mean fields for the present-day simulations and differences of these variables between present-day and preindustrial 1092 

simulations. Variables listed in the table are: total cloud cover (TCC, %), low cloud cover (LCC, %), liquid water path (LWP, g m
-2

), ice water 1093 

path (IWP, g m
-2

), shortwave cloud forcing (SWCF, W m
-2

), longwave cloud forcing (LWCF, W m
-2

) and integrated column ice number 1094 

concentration in mixed-phase clouds (ICNUM, 10
3
cm

-2
) 1095 

Run CTL CNT PDF MU1 MU2 SD1 SD2 

TCC 64.0 64.0 63.9 64.0 64.1 64.0 64.0 

ΔTCC 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 

ΔLCC 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 

ΔLWP 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 

ΔIWP 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 

ΔSWCF -1.64 -1.82 -1.94 -2.01 -2.08 -2.03 -2.05 

LWCF 24.04 23.61 23.65 23.65 23.75 23.69 23.68 

ΔLWCF 0.50 0.76 0.82 0.92 0.92 0.81 0.84 

CF -27.96 -28.47 -28.55 -28.52 -28.58 -28.55 -28.56 

ΔCF -1.14 -1.06 -1.13 -1.10 -1.16 -1.22 -121 

ICNUM 2.863 2.366 2.395 2.407 2.381 2.401 2.389 

ΔICNUM 0.036 0.045 0.074 0.068 0.052 0.069 0.066 
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 1097 

 1098 

Figure 1. Active fractions determined with CSU106 and ZINC106 respectively 1099 

(DeMott et al., 2011) are presented as a function of temperature T (indicated by the 1100 

different color cycles). The different lines represent the single-α model and the 1101 

α-PDF model results fitting the experimentally determined active fractions 1102 

(parameters in two models are given in the Table 2).  1103 
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 1106 

 1107 

 1108 

 1109 

 1110 

 1111 

 1112 

 1113 

 1114 

 1115 

 1116 

Figure 2. Calculated change in the active fraction with time at different 1117 

temperatures for 300nm monodisperse particles and for different contact angle 1118 

distributions. 1119 

  1120 
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 1121 

 1122 

 1123 

 1124 

 1125 

 1126 

 1127 

 1128 

 1129 

 1130 

Figure 3. Zonal and annual mean number concentrations (cm
-3

) of (a) interstitial, (b) 1131 

cloud borne and (c) total mineral dust (upper) and soot particles (lower).  1132 

  1133 
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 1134 

 1135 

 1136 

 1137 

 1138 

 1139 

 1140 

 1141 

 1142 

 1143 

Figure 4. Zonal and annual mean number concentrations of (a) interstitial coated and 1144 

(b) interstitial uncoated mineral dust (upper) and soot particles (lower).  1145 

  1146 
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 1147 

 1148 

Figure 5. Zonal and annual mean immersion, deposition, and contact freezing rates 1149 

in the PDF simulation. Isotherms of 0°C and -37°C are plotted.   1150 
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 1151 

 1152 

 1153 

 1154 

 1155 

 1156 

 1157 

 1158 

 1159 

 1160 

Figure 6. Global and annual mean vertically integrated nucleation rates in the PDF 1161 

simulation.  1162 
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 1163 

 1164 

 1165 

Figure 7. Zonal and annual mean immersion freezing rates in the CNT and PDF 1166 

simulations. Isotherms of 0°C and -37°C are plotted.   1167 
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 1168 

 1169 

 1170 

 1171 

 1172 

 1173 

 1174 

 1175 

 1176 

Figure 8. Simulated frequency of immersion freezing (red), deposition nucleation 1177 

(blue) and contact nucleation (green) in the PDF simulation, and immersion freezing 1178 

(black) in the CNT simulation as a function of temperature sampled every 3 hours. 1179 

The whiskers represent the 5th and 95th percentiles and the boxes represent the 25th 1180 

and 75th percentiles and the median.   1181 
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 1182 

 1183 

Figure 9. Zonal and annual mean distribution of occurrence frequency of (a) 1184 

immersion mode in the CNT simulation, and of (b) immersion, (c) deposition, and (d) 1185 

contact freezing modes in the PDF simulation. Isotherms of 0°C and -37°C are 1186 

plotted.   1187 
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 1188 

 1189 

 1190 

Figure 10. Active fraction as a function of temperature for the α-PDF model settings. 1191 

Observation data is from CSU106 and the black solid line is its fit curve. The red 1192 

and blue solid lines are sensitivity tests to (a) mean contact angle, and (b) standard 1193 

deviation.  1194 
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 1195 

 1196 

 1197 

Figure 11. IN(10s) concentrations for specified temperature, selected at the grid 1198 

points including the measurement locations and at the same pressure level as field 1199 

observations in the CNT simulation (red boxes and whiskers) and in the PDF 1200 

simulation (blue boxes and whiskers). The whiskers represent the 5th and 95th 1201 

percentiles, and the boxes represent the 25th and 75th percentiles and the median. 1202 

The symbols indicate CFDC IN measurements.  1203 
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 1204 

Figure 12. Spatial comparison of IN(10s) concentration with field data. IN(10s) 1205 

concentrations are sampled for three specific temperatures which fall into the same 1206 

range of observed temperatures as chosen for measurements on the surface. The 1207 

field IN measurements are indicated by colored circles (DeMott et al. (2010) in 1208 

Central USA; Rosinski et al. (1987) in Central Pacific; Rosinski et al. (1995) in East 1209 

China Sea; Bigg et al. (1973) in South of Australia). Especially, field IN 1210 

measurements at East China Sea, Brazil and Central USA are highlighted by 1211 

darkgreen rectangles to see clearly. 1212 
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 1213 

 1214 

Figure 13. IN(10s) concentrations in the CNT and PDF simulations, displayed as a 1215 

function of the number concentrations of aerosol particles with d>0.5 μm at (a and b) 1216 

T=-21
o
C which is the observed temperature used in the power-law fit to observations 1217 

(DeMott et al. 2006 (blue solid line); Georgii and Kleinjung 1967 (blue dash line)) 1218 

and at (c and d) T=-27
o
C which is used for the DeMott et al. (2014) proposed 1219 

parameterization (solid red line) 1220 

  1221 
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List of Figure Captions 

Figure 1 Active fractions determined with 

CSU106 and ZINC106 respectively 

(DeMott et al., 2011) are presented as a 

function of temperature T (indicated by 

the different color cycles). The different 

lines represent the single-α model and the 

α-PDF model results fitting the 

experimentally determined active 

fractions (parameters in two models are 

given in the Table 2). 

Figure 2 Calculated change in the active fraction 

with time at different temperatures for 

300nm monodisperse particles and for 

different contact angle distributions. 

Figure 3 Zonal and annual mean number 

concentrations (cm
-3

) of (a) interstitial, 

(b) cloud borne and (c) total mineral dust 

(upper) and soot particles (lower). 

Figure 4 Zonal and annual mean number 

concentrations of (a) interstitial coated 
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and (b) interstitial uncoated mineral dust 

(upper) and soot particles (lower). 

Figure 5 Zonal and annual mean immersion, 

deposition, and contact freezing rates in 

the PDF simulation. Isotherms of 0°C and 

-37°C are plotted. 

Figure 6 Global and annual mean vertically 

integrated nucleation rates in the PDF 

simulation. 

Figure 7 Zonal and annual mean immersion 

freezing rates in the CNT and PDF 

simulations. Isotherms of 0°C and -37°C 

are plotted. 

Figure 8 Simulated frequency of immersion 

freezing (red), deposition nucleation 

(blue) and contact nucleation (green) in 

the PDF simulation, and immersion 

freezing (black) in the CNT simulation as 

a function of temperature sampled every 

3 hours. The whiskers represent the 5th 

and 95th percentiles and the boxes 

represent the 25th and 75th percentiles 
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and the median. 

Figure 9 Zonal and annual mean distribution of 

occurrence frequency of (a) immersion 

mode in the CNT simulation, and of (b) 

immersion, (c) deposition, and (d) contact 

freezing modes in the PDF simulation. 

Isotherms of 0°C and -37°C are plotted. 

Figure 10 Active fraction as a function of 

temperature for the α-PDF model 

settings. Observation data is from 

CSU106 and the black solid line is its fit 

curve. The red and blue solid lines are 

sensitivity tests to (a) mean contact angle, 

and (b) standard deviation. 

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 
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percentiles, and the boxes represent the 

25th and 75th percentiles and the median 

The symbols indicate CFDC IN 

measurements..  

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 on the surface. 

The field IN measurements are indicated 

by colored circles (DeMott et al. (2010) 

in Central USA; Rosinski et al. (1987) in 

Central Pacific; Rosinski et al. (1995) in 

East China Sea; Bigg et al. (1973) in 

South of Australia). Especially, field IN 

measurements at East China Sea, Brazil 

and Central USA are highlighted by 

darkgreen rectangles to see clearly.  

Figure 13 IN(10s) concentrations in the CNT and 

PDF simulations, displayed as a function 

of the number concentrations of aerosol 
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particles with d>0.5 μm at (a and b) 

T=-21
o
C which is the observed 

temperature used in the power-law fit to 

observations (DeMott et al. 2006 (blue 

solid line); Georgii and Kleinjung 1967 

(blue dash line)) and at (c and d) T=-27
o
C 

which is used for the DeMott et al. (2014) 

proposed parameterization (solid red line) 
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List of Table Captions 

Table 1 Parameters for the ice nucleation 

parameterization in single contact angle 

(α) model. In the table, DeMott et al. 

(2011) and Koehler et al. (2010) are 

Saharan Dust. Δg
#
 is the activation 

energy; fi,max,x is the maximum ice 

nucleating fraction. 

Table 2 Fit parameters obtained for the two 

models for the immersion freezing by 

dust. The root mean square errors 

(RMSE) between the fit curves and the 

data are given. In the table, μ is the mean 

contact angle; σ is the standard devaiation. 

Table 3 Simulation descriptions 

Table 4 Global annual mean fields for the 

present-day simulations and differences 

of these variables between present-day 

and preindustrial simulations. Variables 

listed in the table are: total cloud cover 

(TCC, %), low cloud cover (LCC, %), 

liquid water path (LWP, g m
-2

), ice water 
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path (IWP, g m
-2

), shortwave cloud 

forcing (SWCF, W m
-2

), longwave cloud 

forcing (LWCF, W m
-2

) and integrated 

column ice number concentration in 

mixed-phase clouds (ICNUM, 10
3
cm

-2
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