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Abstract 9 

This study presents the sensitivity of global ice crystal number concentration, Nc, to the 10 

parameterization of heterogeneous ice nuclei (IN). Simulations are carried out with the NASA 11 

Global Modeling Initiative (GMI) chemical and transport model coupled to an analytical ice 12 

microphysics parameterization. Heterogeneous freezing is described using nucleation spectra 13 

derived from theoretical and empirical considerations, considering dust, black carbon, 14 

ammonium sulfate, and glassy aerosol as IN precursors. When competition between 15 

homogeneous and heterogeneous freezing is considered, global mean Nc vary by up to a factor 16 

of twenty depending on the heterogeneous freezing spectrum used. IN effects on Nc strongly 17 

depend on dust and black carbon concentrations, and are strongest under conditions of weak 18 

updraft and high temperature. Regardless of the heterogeneous spectrum used, dust is an 19 

important contributor of IN over large regions of the northern hemisphere. Black carbon 20 

however exhibits appreciable effects on cN  when the freezing fraction is greater than 1%. 21 

Compared to in situ observations, Nc is overpredicted at temperatures below 205 K, even if a 22 

fraction of liquid aerosol is allowed to act as glassy IN. Assuming that cirrus formation is 23 

forced by weak updraft addressed this overprediction but promoted heterogeneous freezing 24 
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effects to the point where homogeneous freezing is inhibited even for IN concentrations as 25 

low as 1 L-1. Chemistry and dynamics must be considered to explain cirrus characteristics at 26 

low temperature. Only cloud formation scenarios where competition between homogeneous 27 

and heterogeneous freezing is the dominant feature would result in maximum supersaturation 28 

levels consistent with observations. 29 

 30 

1 Introduction  31 

The role of cirrus clouds in a changing climate system constitutes a major source of 32 

uncertainty in anthropogenic climate change assessment and prediction [Baker and Peter, 33 

2008; Cantrell and Heymsfield, 2005; Seinfeld, 1998]. Cirrus clouds form by homogeneous 34 

freezing of deliquesced aerosol and heterogeneous freezing of ice nuclei (IN) [Pruppacher 35 

and Klett, 1997]. Analysis of ice crystal residues from field campaigns shows that both 36 

freezing mechanisms interact during cirrus formation [e.g., DeMott et al., 2003; Haag et al., 37 

2003; Prenni et al., 2007], suggesting that IN can strongly affect cloud ice crystal 38 

concentration and size distribution [Barahona and Nenes, 2009a; DeMott et al., 1994; 39 

Gierens, 2003; Kärcher and Lohmann, 2003; P Spichtinger and K Gierens, 2009].  40 

 41 

Global modeling studies have shown that heterogeneous IN emissions can impact the global 42 

distribution of ice crystal concentration, cN , resulting in a potentially large climatic effect. 43 

Lohmann et al. [2004] performed simulations considering either pure homogeneous or pure 44 

heterogeneous freezing (both from sulfate aerosol) as limits of variability induced from 45 

heterogeneous IN effects. Compared to homogeneous freezing, heterogeneous freezing 46 

resulted in lower cN , higher precipitation rates, and smaller ice water paths. Hendricks, et al. 47 

[2005] studied the effect of aircraft emissions of black carbon on cN , assuming that the 48 
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freezing mechanism shifted from homogeneous to heterogeneous when the grid-cell black 49 

carbon concentration, bcN , exceeded a threshold value (around  0.5 cm-3); considering IN 50 

effects reduced cN  between 10 and 40% at the midlatitudes of the northern hemisphere. A 51 

similar approach was used by Lohmann et al. [2008] to study the effect of IN from dust on 52 

cN ; it was found that considering IN effects decreased the shortwave cloud forcing associated 53 

with cirrus clouds by 2.7 W m-2. Competition between homogeneous and heterogeneous 54 

freezing of dust and black carbon IN during cloud formation was considered by Penner, et al. 55 

[2009] using the parameterizations of Liu and Penner  [2005] and Kärcher, et al. [2006] to 56 

describe ice crystal production. The aerosol indirect forcing from black carbon IN emissions 57 

ranged between -0.72 and 0.04 W m-2.  58 

 59 

At atmospherically-relevant conditions, dust, soot, and biogenic particles can act as IN 60 

[DeMott et al., 2003; Fridlind et al., 2004; Pratt et al., 2009; Prenni et al., 2009; Uno et al., 61 

2009]. The large seasonal and geographical variability of aerosol and the limited 62 

understanding of heterogeneous nucleation challenges the prediction of IN concentrations 63 

[Baker and Peter, 2008; Cantrell and Heymsfield, 2005; Lin et al., 2002; Waliser et al., 2009]. 64 

Most of the uncertainty in predicting the impact of aerosol emissions on cirrus clouds is 65 

associated with estimating the fraction of the aerosol that freezes heterogeneously, i.e., the IN 66 

concentration, INN  [Baker and Peter, 2008; Cantrell and Heymsfield, 2005; Lin et al., 2002]. 67 

Typically, heterogeneous freezing is treated as an extension of homogeneous nucleation 68 

[Kärcher and Lohmann, 2003], or using classical nucleation theory, herein referred to as CNT 69 

[Khvorostyanov and Curry, 2004]. Empirical correlations [e.g., DeMott et al., 1998; Meyers et 70 

al., 1992; Phillips et al., 2008] are also heavily used.  71 

 72 
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Cloud studies have shown that cN  can be very sensitive to the assumptions made in the 73 

calculation of INN  [e.g., Barahona and Nenes, 2009b; Eidhammer et al., 2009; Hendricks et 74 

al., 2005]. Lin et al. [2002] compared cN  from several parcel models using different 75 

parameterizations for INN , leading to two orders of magnitude difference amongst models. 76 

Monier et al. [2006] used several empirical expressions [DeMott et al., 1997; DeMott et al., 77 

1998; Meyers et al., 1992] and CNT methods to describe heterogeneous nucleation within the 78 

same cloud parcel model. It was found that a factor of 10 variation in INN  translated into a 79 

factor of 3 difference in calculated cN  from the combined effects of homogeneous and 80 

heterogeneous freezing. A similar approach was followed by Eidhammer et al. [2009] who 81 

found several orders of magnitude variation in cN  when empirical parameterizations and 82 

CNT-derived approaches where used to calculate INN .  83 

 84 

The large sensitivity of cN  to INN  reported in parcel model studies has not been reflected in 85 

global circulation model (GCM) studies to date. This is largely because cirrus formation 86 

parameterizations used in GCM studies [e.g., Kärcher et al., 2006; Liu and Penner, 2005] are 87 

highly constrained, considering specific INN  parameterizations with a prescribed dependency 88 

on T, p, si,  and aerosol concentration. This limitation can be relaxed using the Barahona and 89 

Nenes [2008; 2009a; b] framework, which predicts cN  using any form of INN  90 

parameterization (theoretical or experimental) and unravels the dependency of cN  on 91 

thermodynamic, chemical and dynamic factors that drive cloud formation. In this study, this 92 

parameterization is incorporated within the NASA Global Modeling Initiative (GMI) 93 

framework [Liu et al., 2005; Rotman et al., 2001] to study the sensitivity of cN  that would 94 

form in cirrus clouds using several common parameterizations of INN . The sensitivity of our 95 
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findings to the meteorological features is also considered, by carrying out simulations using 96 

meteorological fields from the NASA Goddard Institute for Space Studies GCM (GISS) and 97 

the NASA former Global Data Assimilation Office (DAO) GCMs. 98 

 99 

2 Model Description  100 

The Global Modeling Initiative (GMI) is a state-of-the-art modular 3-D chemical and 101 

transport model developed for assessment calculations of anthropogenic effects on climate 102 

[Liu et al., 2007b; Rotman et al., 2001]. GMI utilizes off-line meteorological fields to 103 

calculate advective and convective transport of chemical species, transformation, and removal 104 

by wet and dry deposition [Rotman et al., 2001]. Here we use fields derived from the NASA 105 

Goddard Institute for Space Studies (GISS) and from the former NASA Data Assimilation 106 

Office (DAO) GCMs. Each of the archived data sets spans over one year and represents the 107 

period from March 1997 to February 1998 archived as 6-hour averages. The GISS field has a 108 

resolution of  23 vertical levels, from the surface to 0.02 mb [Rind and Lerner, 1996].  DAO 109 

has a vertical resolution of 46 vertical levels which extent from the surface to 0.15 mb. The 110 

horizontal resolution in both meteorological fields is 4°×5°.  111 

 112 

The GMI aerosol module is coupled to the GMI-CTM advection core and includes primary 113 

emissions, chemical production of sulfate, gravitational sedimentation, dry deposition, wet 114 

scavenging, and hygroscopic growth [Liu et al., 2005; Liu et al., 2007b]. Anthropogenic and 115 

natural aerosol and precursor emissions include SO2, organic matter, black carbon, oceanic 116 

DMS, dust and sea-salt. Model prognostic variables include dimethylsulfide, sulfur dioxide, 117 

sulfate aerosol, hydrogen peroxide, black carbon (biomass burning and fossil fuel) and 118 

organic matter. Mineral dust and sea salt mass are predicted in four size bins: 0.01-0.63 µm, 119 

0.63-1.26 µm, 1.26-2.5 µm, and 2.5-10 µm [Liu et al., 2007b]. Explicit aerosol microphysics 120 
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is not considered and aerosol size distributions are assumed to follow those derived from 121 

observations (shown in Table 1).  122 

 123 

2.1 Ice Crystal Number Concentration Parameterization  124 

The number concentration of ice crystals that would nucleate in cirrus is calculated using the 125 

analytical framework of Barahona and Nenes [2008; 2009a; b] referred hereinafter as BN09. 126 

Competition between homogeneous and heterogeneous freezing are explicitly considered, 127 

while the dependency of cN  on the conditions of cloud formation (i.e., T, p), updraft velocity, 128 

deposition coefficient, and soluble and insoluble aerosol concentrations is resolved. cN  is 129 

given by 130 

hom hom hom lim

max hom lim

( ) ; ( )
( ) ; ( )

het het
c

het het

N N s N s N
N

N s N s N
+ <⎧

= ⎨ ≥⎩
 (1) 131 

where maxs  is the maximum supersaturation that develops in the cirrus, homs  is the 132 

homogeneous freezing threshold [Koop et al., 2000], and Nhom, Nhet are the number of ice 133 

crystals forming from homogeneous and heterogeneous freezing, respectively. limN  is the IN 134 

concentration that completely inhibits homogenous nucleation (calculated below), and, sets 135 

the limit between combined heterogeneous and homogeneous, and pure heterogeneous 136 

freezing. limN  is given by 137 

( )
hom

hom

2*
hom

lim *
hom

1 s

char s

sNN e
ss

λ+
=

∆
 (2) 138 

where *N  and λ  are functions of cloud formation conditions (i.e., T, p, V, and deposition 139 

coefficient) defined in the Appendix, and  140 
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where 
1

ln ( )min ,het i
char i

i

d N ss s
ds

−⎡ ⎤⎛ ⎞
⎢ ⎥∆ = ⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 is a characteristic of the IN population related to the 142 

slope of the IN spectrum at supersaturation si. 143 

For the special case of a monodisperse IN population with freezing threshold, ,h monos , equation  144 

(2) simplifies to [Barahona and Nenes, 2009a],  145 

hom 1 lim 2
lim 2

hom lim

12a

i

s DVN
s D

ρα
β ρ π

⎛ ⎞⎛ ⎞+ Γ +Γ
= ⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
 (4) 146 

where 
hom

2 *
lim

1

2
char s

D s
V

γ γ
α

= − + + ∆
Γ

, and 2

1

γ Γ
=
Γ

, and h,monochar is s s∆ = − .     147 

 148 

For hom lim( )hetN s N< , maxs  is equal to the homogeneous freezing threshold, homs  [Koop et al., 149 

2000]. For hom lim( )hetN s N≥ ,  maxs  is below homs  and homogeneous freezing does not occur 150 

( maxs  for this case is calculated below). For max homs s= it is assumed that only heterogeneous 151 

freezing takes place, which however does not introduce substantial error in cN  [Barahona 152 

and Nenes, 2009a]. The heterogeneous contribution to cN  is equal to max( )hetN s when only 153 

heterogeneous freezing is active, and, equal to hom( )hetN s  when homogeneous and 154 

heterogeneous freezing are both active. The functional form of ( )het iN s  is discussed in section 155 

2.2. The homogeneous contribution to Nc is given by  156 

1
hom

(1 ) 0.6

9 21 exp 0.6
7

c cf f
o c

c
o c

N e e f
N fN f

− −

−

⎧ − <
⎪

= ⎨ ⎡ − ⎤⎛ ⎞+ ≥⎪ ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦⎩

 (5)  157 
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where oN  is the number concentration of the supercooled liquid droplet population and cf  is the 158 

droplet freezing fraction for cirrus clouds formed in-situ [Barahona and Nenes, 2008; 2009a] 159 

(calculated below). The original expression in BN09 [Barahona and Nenes, 2008]  160 

for homN was developed for maximum homogeneous freezing fractions below 25% (which 161 

accounts for most conditions of cirrus cloud formation). To account for high homogeneous 162 

freezing fractions where homN  is limited by the available sulfate aerosol concentration (as for 163 

example in convective clouds and sensitivity studies), the second term in Eq. (5)  164 

(for 0.6cf ≥ ) is added to the result of Barahona and Nenes [c.f., 2008, equation 30]. This 165 

term is derived by fitting a sigmoidal function for hom ( ) 0.25c

o

N f
N

>  to parcel model 166 

simulations [Barahona and Nenes, 2008], in agreement with published observations for 167 

convective clouds and cloud studies  [Barahona and Nenes, 2008; Phillips et al., 2007]; 168 

0.6cf =  is chosen as the value where both, hom ( )cN f  and hom

c

dN
df

 in the high and low 169 

freezing-fraction expressions, are equal. cf  depends on the active freezing mechanism and is 170 

calculated below. 171 

 172 

When homogeneous and heterogeneous freezing are active, heterogeneously frozen crystals 173 

deplete water vapor [Barahona and Nenes, 2009a; DeMott et al., 1994; Kärcher et al., 2006] 174 

and weaken the homogeneous freezing pulse. In this case, max homs s≈ , hom( )IN hetN N s= , and, 175 

cf  depends on NIN and the freezing characteristics of the IN population as, 176 

 

3/23/2

hom
,hom

lim

( )1 het
c c

N sf f
N

⎧ ⎫⎛ ⎞⎪ ⎪= −⎨ ⎬⎜ ⎟
⎝ ⎠⎪ ⎪⎩ ⎭

 (6) 177 
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where 
3/21/2

hom hom
,hom

hom

2 ( 1)a
c

i o

k V sf
N s

ρ α
ρ β π

⎡ ⎤+
= ⎢ ⎥Γ⎣ ⎦

is the droplet freezing fraction in absence of IN, i.e., 178 

for pure homogeneous freezing  [Barahona and Nenes, 2008]. Other symbols are defined in 179 

the Appendix.  180 

 181 

If NIN is high enough, heterogeneously frozen crystals may deplete enough water vapor so that 182 

max homs s< , inhibiting homogeneous freezing [Barahona and Nenes, 2009a; Gierens, 2003]. In 183 

this regime, max( )c hetN N s=  (Eq. (1)), and maxs  is given by the solution of   184 

( )
max

max

2
maxmax

* *
max

1( ) 1 shet

char s

sN s e
N ss

λ+
=

∆
 (7) 185 

where 1

2 1

1
V

λ
α

Γ
=
Γ Γ

. Other symbols are defined in the Appendix.   186 

 187 

2.2 Heterogeneous IN Spectra  188 

The freezing spectrum function ( )het iN s  gives the number concentration of IN at conditions of 189 

T, p, and si, accounting for the contribution of individual insoluble aerosol species and 190 

different freezing modes [Barahona and Nenes, 2009b]. ( )het iN s  can be obtained from 191 

theoretical considerations, field campaign and laboratory data [e.g., Barahona and Nenes, 192 

2009b; P.R. Field et al., 2006; Khvorostyanov and Curry, 2009; Meyers et al., 1992; Möhler 193 

et al., 2006; Phillips et al., 2008; Welti et al., 2009]. BN09 is developed so that any 194 

expression for ( )het iN s (experimental or theoretical) can be used without loss of accuracy.  195 

 196 

Table 2 describes the heterogeneous freezing spectra used in this study. Three empirically 197 

derived expressions are used: the spectra of Meyers et al. [1992, MY], Phillips et al. [2007, 198 
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BKG], and Phillips et al. [2008, PDA] (Figure 1). MY and BKG depend only on si and have a 199 

similar functional form. BKG yields about tenfold lower INN  than MY for the same si;  this is 200 

because MY is derived from surface measurements and therefore represents an upper limit 201 

in INN . PDA is derived from several field campaign datasets; apart from si and T, the 202 

contribution of individual aerosol species (dust, black carbon and organics) and freezing 203 

modes (i.e., immersion and deposition) to ( )het iN s  is provided. PDA uses BKG as a 204 

“background” IN spectrum from which the individual contribution of dust, black carbon, and 205 

organic aerosol species are scaled according to their surface area distribution. In this study, 206 

PDA is applied assuming the Phillips, et al. [2008] background size distribution for dust and 207 

black carbon.      208 

Theoretically-derived ( )het iN s  are also used in this study. The simplest ( )het iN s scheme  is the 209 

so-called “monodisperse IN” (MONO) approximation, in which IN are assumed to be 210 

monodisperse and chemically homogeneous [Barahona and Nenes, 2009a]. ( )het iN s  is then a 211 

step function at a pre-specified freezing threshold, , homh monos s< ,  212 

( ) ,

,

,
( )

0 ,
dust bc i h mono

het i
i h mono

N N s s
N s

s s
⎧ + ≥⎪= ⎨

<⎪⎩
      (8) 213 

Where Ndust, Nbc are the number concentrations of BC and dust, respectively. The steep 214 

increase in ( )het iN s  about ,h monos  is a behavior predicted by classical nucleation theory (CNT) 215 

[Khvorostyanov and Curry, 2004; 2009]; it is also obtained by generalizing expressions 216 

derived for homogeneous nucleation [Kärcher and Lohmann, 2003]. The “monodisperse 217 

approximation” is the main type of IN parameterization currently implemented in GCMs [e.g., 218 

Liu et al., 2007a; Lohmann et al., 2004; Penner et al., 2009] with ,h monos  typically treated as a 219 

free parameter constrained by observations. Lohmann, et al. [2004] assumed , 0.3h monos = , 220 
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based on reported measurements of black carbon freezing [DeMott et al., 1999]. Liu and 221 

Penner [2005] did not directly assume a value for ,h monos , but rather used prescribed 222 

parameters as input to a CNT expression [Khvorostyanov and Curry, 2004] which effectively 223 

results in , ~ 0.2h monos  for black carbon [Barahona and Nenes, 2009b]. Laboratory studies 224 

[e.g., Eastwood et al., 2008; P.R. Field et al., 2006; Möhler et al., 2006; Welti et al., 2009] 225 

suggest that ice nucleates on dust in the deposition mode around ~ 0.1 0.3is − . Theoretical 226 

studies show that for ,h monos  between 0.1 and 0.3 the effect of IN on cN  is not very sensitive to 227 

,h monos  [Barahona and Nenes, 2009a; Gierens, 2003]. Based on these considerations, 228 

, 0.3h monos =  is assumed in this study (Table 2). 229 

Experimental observations [e.g., Eidhammer et al., 2009; P.R. Field et al., 2006; Phillips et 230 

al., 2008; Welti et al., 2009] suggest that ( )het iN s  is an smooth function of is , and, the 231 

freezing fraction varies between aerosol species (generally less than unity for black carbon) 232 

[e.g., Eidhammer et al., 2009; Meyers et al., 1992; Phillips et al., 2008]. These features are at 233 

odds with the assumption of a monodisperse, single type IN [Eidhammer et al., 2009]. In a 234 

polydisperse, chemically heterogeneous aerosol, each aerosol size and composition type 235 

would freeze at a characteristic is  threshold. Based on this and other theoretical 236 

considerations, Barahona and Nenes [2009b] proposed that for polydisperse IN, the relative 237 

concentration of monodisperse IN classes is approximately equal to the ratio of their 238 

heterogeneous nucleation rates at si (calculated using CNT [Khvorostyanov and Curry, 239 

2004]). This result in a semi-empirical freezing spectrum derived from CNT (referred to as 240 

CNT-BN) but constrained with observations. When applied to dust and black carbon, it takes 241 

the form  242 
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hom , ,
,

hom , ,
,

( ) min exp ( ) , 1

min exp ( ) , 1

i
het i h dust h dust i dust

h dust

i
h bc h bc i bc

h bc

sN s k f s s N
s

s k f s s N
s

⎧ ⎫⎪ ⎪⎡ ⎤≈ − − +⎨ ⎬⎣ ⎦
⎪ ⎪⎩ ⎭

⎧ ⎫⎪ ⎪⎡ ⎤− −⎨ ⎬⎣ ⎦
⎪ ⎪⎩ ⎭

 (9) 243 

 244 

where ,h dusts  and ,h bcs  are the values of is  at which the dust and black carbon freezing fraction 245 

is unity, respectively (other symbols are defined in the Appendix), and can be constrained 246 

using measurements of nucleation rate [e.g., J-P Chen et al., 2008]. Based on published 247 

laboratory studies, we assume , 0.2h dusts =  [e.g., Eastwood et al., 2008; P.R. Field et al., 2006; 248 

Möhler et al., 2006; Welti et al., 2009]. As black carbon tends to freeze in both the immersion 249 

and deposition modes, ,h bcs  is highly variable and depends on the IN concentration, the water 250 

activity in the deliquesced aerosol, and the particle history [Dymarska et al., 2006; Kärcher et 251 

al., 2007; Möhler et al., 2005; Popovicheva et al., 2008; Zobrist et al., 2008b]. Laboratory 252 

results however indicate that when water saturation is reached, black carbon is an active IN in 253 

the condensation mode [DeMott et al., 1999; Dymarska et al., 2006]. Thus it is assumed that 254 

, ,h bc i sats s= , where ,i sats  is the supersaturation with respect to ice at liquid water saturation  255 

(e.g., , 0.51h bcs =  at T = 230 K,  and  , 0.85h bcs = at T=200 K) [Murphy and Koop, 2005].  256 

 257 

Besides dust and black carbon, glassy organic aerosol [Murray et al., 2010] have been 258 

proposed as a source of IN in the upper troposphere. Laboratory measurements indicate that 259 

the vitreous transition temperature of organic aerosol solutions can be as high as 210 K 260 

[Murray, 2008; Murray et al., 2010; Zobrist et al., 2008a]. Liquid droplets containing organic 261 

solutes can thus become “glassy” at cirrus conditions. The fraction of deliquesced aerosol in 262 

glassy state depends on composition (e.g., organic fraction) and temperature, but is still 263 

uncertain. To test the potential sensitivity of cN  to this type of IN, the fraction of deliquesced 264 
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aerosol in glassy state is assumed to depend linearly on T, from zero at 210T ≥ K to 80% for 265 

185T ≤ K. The freezing fraction of glassy aerosol is then calculated using the heterogeneous 266 

freezing spectrum reported by Murray et al. [2010].  267 

 268 

Solid ammonium sulfate can also act as IN [Abbatt et al., 2006; Shilling et al., 2006]. For this, 269 

the liquid aerosol must pass by a state of very low relative humidity, effloresce, and then 270 

freeze before deliquescence can take place [Shilling et al., 2006]. Recent studies [Jensen et 271 

al., 2010] suggest that this is preferred at very low temperature (T < 200 K) where the 272 

saturation ratio with respect to liquid water remains low even if the environment is 273 

supersaturated with respect to ice [Jensen et al., 2010].  At warmer conditions, most air 274 

parcels pass through states of high relative humidity before reaching the upper troposphere 275 

[Wiacek et al., 2010] and solid ammonium sulfate IN may be less common. It is however very 276 

difficult to estimate the fraction of ammonium sulfate particles that act as IN in the upper 277 

troposphere, as it depends on the history of individual parcels. Thus, the effect of ammonium 278 

sulfate IN is left for future work.  279 

 280 

2.3 Implementation of ice crystal concentration parameterization within GMI 281 

In this study we assume that cN  that can form in cirrus is equal to the nucleated ice crystal 282 

concentration. Cloud fraction and relative humidity are not available in GMI; this is not a 283 

limitation however, as BN09 uses the cloud-scale updraft velocity to calculate the maximum 284 

in-cloud maxs  and cN . The spatial distribution of cirrus is analyzed in section 3.2 using 285 

climatology data. To obtain the maximum sensitivity of ice crystal concentration to 286 

heterogeneous freezing ice crystal sedimentation and sublimation are not considered (the 287 

consequences of this assumption are discussed in section 4). 288 

 289 



 14  

Calculation of cN  using the BN09 parameterization requires the knowledge of T, p, V, and the 290 

concentration of individual aerosol species (i.e., deliquesced droplets, dust, and black carbon). 291 

T and p were assumed to be those of the grid cell (sub-grid cell fluctuation in cooling rate is 292 

also considered as described below). Following Chen and Penner  [2005] (and references 293 

therein), the total number of deliquesced aerosol available for homogeneous freezing, No, is 294 

assumed equal to the sulfate aerosol number (calculated from the sulfate mass by using a 295 

lognormal size distribution function derived from observations; Table 1). Since homN  is rarely 296 

limited by the available aerosol (i.e., hom oN N<< ) [Kärcher and Lohmann, 2002; Seifert et al., 297 

2004] this assumption is not expected to introduce a significant bias in cN . A similar 298 

approach is used to calculate dustN  and bcN ; prescribed dust and black carbon size distribution 299 

functions are shown in Table 1 (the consequences of assuming a fixed size distribution for 300 

dust and black carbon is assessed in section 4). In agreement with theoretical studies and field 301 

campaign data, the vapor-to-ice deposition coefficient, dα , was set to 0.1 [e.g., Barahona and 302 

Nenes, 2008; Gayet et al., 2004; Hoyle et al., 2005; Jensen et al., 2008; Khvorostyanov et al., 303 

2006; Liu and Penner, 2005; Monier et al., 2006]. 304 

 305 

Dynamical Forcing  306 

The cloud-scale updraft velocity, V, sets the rate of expansion cooling during cloud formation, 307 

and is considerably different from the grid-scale value resolved in a large-scale model. 308 

Subgrid-scale variations in V are associated with turbulence and gravity waves [Comstock et 309 

al., 2008; Haag and Kärcher, 2004; Hoyle et al., 2005; Joos et al., 2008; Kärcher and Ström, 310 

2003; Kim et al., 2003; Lohmann and Kärcher, 2002], the effect of which on Nc can be 311 

accounted for by averaging over the probability distribution function (PDF) of updraft 312 

velocities ( )VP V ,  313 
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[ ]
max

min

max

min

max, ( ) ( )

( )

V

c V
V

c V

V
V

N V s V P V dV
N

P V dV
=
∫

∫
 (10) 314 

PDF averaging is also applied to calculate grid-cell average INN ,  maxs  and limN . According to 315 

equation (10), the grid cell in-cloud cN  results from a weighted average of cirrus formation 316 

events where homogeneous and heterogeneous freezing take place (Figure 2). Thus, for a 317 

given INN , there are always a fraction of cirrus formation events (associated with the lowest 318 

updrafts) for which homogeneous freezing is completely inhibited.  319 

 320 

In this study, ( )VP V  is assumed to be a normal distribution with zero mean and standard 321 

deviation, Vσ , of 25 cm s-1 [Gayet et al., 2004], reflective of the gravity wave activity and 322 

small scale turbulence in the upper troposphere [Bacmeister et al., 1999; Haag and Kärcher, 323 

2004; Jensen and Pfister, 2004; Kärcher and Ström, 2003]. The sensitivity of cN  to Vσ  is 324 

addressed by assuming a linear variation of Vσ  with temperature from 25 cm s-1 at 238 K to 1 325 

cm s-1 at 198 K [Wang and Penner, 2009] and constant outside this range, suggesting that the 326 

influence of gravity wave motion on cirrus formation decreases with altitude and is driven by 327 

large-scale dynamics (and therefore weak updrafts) at the tropopause level [e.g., Jensen et al., 328 

2008; Khvorostyanov et al., 2006; P Spichtinger and K M Gierens, 2009].  Vmin and Vmax are 329 

set to 1 and 50 cm s-1 respectively, in agreement with field measurements [Comstock et al., 330 

2008; Herzog and Vial, 2001; Khvorostyanov et al., 2006; Lawson et al., 2008].  331 
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 332 

3 Results and Discussion 333 

The global distributions of cN , maxs  and INN  are calculated by solving equations (1) to (7) and 334 

(10) using p and T, dustN , bcN , and oN  (provided by GMI) and ( )VP V as described in section 335 

2.2. INN  is calculated as max( )hetN s (Equation (10)) when only heterogeneous freezing is 336 

active, and as hom( )hetN s when both homogeneous and heterogeneous freezing are active. 337 

Sections 3.1 to 3.6 focus on the influence of dust and black carbon on cN . The effect of glassy 338 

aerosol on cN  at low temperature is analyzed in section 3.7. 339 

 340 

3.1 Global Distribution of IN concentration  341 

Figure 3 shows the annual zonal average of INN , for the different IN spectra of Table 2. The 342 

spatial distribution of INN  depends strongly on the freezing spectra employed to describe 343 

heterogeneous freezing. The lowest global mean INN  (for all grid cells with Nc > 0 and T < 344 

235 K) was found for BKG and PDA (~ 3 L-1) and the highest for MONO (~ 2.4 cm-3). As 345 

MY and BKG do not account for the spatial variation of dust and black carbon concentration, 346 

INN  is quite uniform across the globe and only increases near the tropical tropopause level in 347 

response to an increase in maxs  associated with decreasing T. The dependency of INN  on the 348 

dust and black carbon concentration is considered using the MONO, PDA, and CNT-BN 349 

spectra (section 2.2). For levels below 300 hpa, INN  is larger in the Northern than in the 350 

Southern hemisphere, decreasing with altitude. The PDA spectrum yields INN  below 10-3 cm-351 

3 for most of the upper troposphere, being even lower than with the BKG spectrum. This is 352 

likely because dustN  and bcN  predicted by the GMI model [Liu et al., 2007b] are below the 353 

background levels assumed by Phillips, et al. [2008]. When using the MONO spectrum, black 354 
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carbon is the predominant IN precursor (as bcN  is typically much higher than dustN  [Liu et al., 355 

2007b]). CNT-BN and PDA however predict a much higher freezing fraction for dust than for 356 

black carbon, and in some regions (around 30° North) dustN  dominates INN ; these features 357 

are further analyzed in section 3.3. INN from glassy aerosol (GLASS) is typically below 10-3 358 

cm-3 and reaches about 10-2 cm-3 at the tropical tropopause level (TTL), where their effect is 359 

most prominent (section 3.7). 360 

 361 

3.2 Global Distribution of Ice Crystal Number Concentration 362 

The variation in INN  from application of the freezing spectra of Table 2 (glassy aerosol IN is 363 

only significant at low T and its effect is analyzed in section 3.7) results in a factor of 20 364 

variation in global mean cN  (Figure 4). Considering only homogeneous freezing (HOM) 365 

produces high cN  (greater than 10 cm-3) near the tropical tropopause level (TTL) which 366 

decreases with increasing T. When heterogeneous freezing is considered, usage of the MY 367 

spectrum results in the lowest cN  (0.12 cm-3) whereas the MONO spectrum gives the highest 368 

cN  (2.5 cm-3). All the spectra presented in Table 2 (except for MONO) resulted in average 369 

cN  below the level for pure homogeneous freezing (HOM); this means that competition 370 

between homogeneous and heterogeneous freezing could occur globally. The MONO 371 

spectrum resulted in global mean cN  higher than in HOM, suggesting that INN  is high 372 

enough to completely prevent homogeneous freezing over large regions of the globe. Using 373 

BKG and PDA resulted in global mean cN  close to the HOM case (0.58 cm-3), whereas using 374 

CNT-BN resulted in a global mean cN  about 35% below HOM.  375 

 376 
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It is important to identify regions of the globe where cirrus could be susceptible to 377 

competition effects from IN.  Figure 5 presents the frequency and visible cloud optical depth 378 

(COD) of cirrus, obtained from ISCCP climatology [Rossow and Schiffer, 1999]. Cirrus are 379 

more frequently observed in the tropics than in the midlatitudes and more common over the 380 

continents than over the oceans (except in the tropics). COD is about 0.8 to 1.4 in the northern 381 

midlatitudes and in the southernmost latitudes of the Southern Hemisphere, and slightly lower 382 

in the tropics and the midlatitudes of the Southern Hemisphere (~0.4-1). Cirrus form typically 383 

at around 8 km in the midlatitudes and above 12 km (hence very low T) in the tropics 384 

[Dowling and Radke, 1990; Liou, 2002]). Thus, the effect of IN on the spatial distribution of 385 

cN  is analyzed at two different vertical levels, p = 281 hPa and p = 171 hPa.  At the p = 281 386 

hPa level, competition effects from IN on Nc are strongest, as this is the minimum height 387 

where cirrus could form (i.e., T is less than 235 K over the entire year) and aerosol 388 

concentrations (i.e., NIN) are highest (for the CNT-BN, PDA and MONO spectra). Cirrus 389 

formation at p = 171 hPa exhibits less pronounced IN competition, a consequence of 390 

decreasing aerosol concentration with height and lower T. 391 

 392 

Figure 6 shows global maps of cN  normalized with cN  from pure homogeneous freezing, 393 

,c HOMN . 
,

c

c HOM

N
N

 is used to express relative changes in total crystal concentration from the 394 

effect of IN (and is preferred over using 
hom

IN

IN

N
N N+

, since cN  can be greatly affected by IN 395 

even if the contribution of heterogeneous freezing to cN  is very small [Barahona and Nenes, 396 

2009a]). At p = 281 hPa, usage of empirical IN spectra that only depend on is  (BKG and MY) 397 

predict a uniform global distribution of 
,

c

c HOM

N
N

 with slight variations occurring from 398 
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variations in T (e.g., Figure 4). At this level cN  for the CNT-BN, PDA, and MONO spectra is 399 

controlled by the spatial distribution of dust and black carbon concentration (e.g., Figures 3 400 

and 8). For the PDA spectrum heterogeneous effects are confined to the midlatitudes of the 401 

northern hemisphere and are the strongest (
,

c

c HOM

N
N

~ 0.5) in regions of high dust 402 

concentration in north of Africa , South East Asia, , and the west coast of North America 403 

( dustN  between 0.1 and 0.5 cm-3 [Liu et al., 2007b]). The high frequency of cirrus (and the 404 

relatively large COD, Figure 5) in these regions (except in north Africa) indicates that IN 405 

effects may have a significant impact on regional climate. This is also evident when using the 406 

CNT-BN spectrum, yielding 
,

c

c HOM

N
N

 around 0.6 in the same regions. Usage of CNT-BN 407 

however results in low 
,

c

c HOM

N
N

 over the Caribbean, Central America, and the remote Pacific 408 

Ocean, caused by the high bcN  [Liu et al., 2007b] in these regions. The relatively low 409 

frequency of cirrus in these regions (except near the tropics, Figure 5) and their relatively low 410 

COD however suggest that IN effects (at the p =281 hPa level) on regional climate may not be 411 

as significant as in the Northern Hemisphere. The strongest effect of IN on cN  is found with 412 

the MONO spectrum, where 
,

1c

c HOM

N
N

>  over most of the Northern Hemisphere. 
,

c

c HOM

N
N

for 413 

MONO is however close to unity over large areas of the southern hemisphere and the tropics. 414 

This however does not indicate a weak IN effect but complete inhibition of homogeneous 415 

freezing, and INN  close to Nc,HOM, as analyzed below (Figure 7). 416 

 417 
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Comparison between the 
,

c

c HOM

N
N

 contours at the 281 hPa and 171 hPa vertical levels (Figure 418 

6) show that 
,

c

c HOM

N
N

 increases with height for the PDA, CNT-BN, BKG spectra, and, 419 

decreases for the MONO, MY spectra.  For PDA and CNT-BN this results from a decrease in 420 

dustN  and bcN  with height that limits competition effects. With the MONO spectrum, the 421 

predominance of heterogeneous freezing results in a direct correlation of cN  (hence 
,

c

c HOM

N
N

) 422 

with INN . The decrease in 
,

c

c HOM

N
N

 with height seen with the MY spectrum results from a 423 

slightly higher INN  caused by the lower T (and higher smax) at the 171 hPa level than at p = 424 

281 hPa (Figure 3). INN  predicted by BKG also increases with decreasing T; 
,

c

c HOM

N
N

 425 

however still increases as competition effects are weak and homogeneous freezing is more 426 

vigorous at lower T  [Barahona and Nenes, 2008]. At the p = 171 hpa level, the MONO and 427 

MY spectra result in an appreciable effect of IN emissions on Nc in the Southern Hemisphere 428 

and the tropics. Using CNT-BN results in 
,

~ 0.6 0.8c

c HOM

N
N

−  over most of the Southern 429 

hemisphere, but it is close to 1 in the tropics (except over the Atlantic Ocean). For the other 430 

spectra of Table 2 (BKG and PDA), INN  is too low to impact cN , which is agreement with in-431 

situ observations [Haag et al., 2003]. This would indicate that IN spectra that predict high 432 

black carbon freezing fraction would tend to overestimate IN effects at the high levels of the 433 

upper troposphere, affecting mainly tropical regions, where cirrus are more frequent (Figure 434 

5).  435 

 436 
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The active freezing mechanisms can be deduced from 
lim

INN
N

. When 
lim

1INN
N

< , homogeneous 437 

and heterogeneous freezing actively contribute to Nc; when 
lim

1INN
N

> , only heterogeneous 438 

freezing takes place (equation (6)). Figure 7 presents the annual average 
lim

INN
N

  for the spectra 439 

of Table 2 at the p = 281 hpa level. For the MONO spectrum, 
lim

INN
N

 > 1, which indicates that 440 

INN  is high enough to inhibit homogeneous freezing over most of the globe. Figure 3 441 

indicates that this is the case up to very high levels in the atmosphere. If MONO reflected 442 

atmospheric IN, cirrus would show a marked difference in cN  between the northern and the 443 

southern hemisphere, resulting from the interhemispheric differences in dustN  and bcN . This 444 

behavior was seen in the global modeling study of Penner, et al. [2009], whom used an IN 445 

framework derived from classical nucleation theory. For the CNT-BN spectrum, 
lim

INN
N

>1 in 446 

the northern hemisphere (although lower than for MONO). In the midlatitudes of the southern 447 

hemisphere (30°S to 60°S), 
lim

~ 1INN
N

 and 
,

~ 0.1c

c HOM

N
N

 (Figure 6, upper panels), indicating 448 

strong competition between homogeneous and heterogeneous freezing; heterogeneous IN 449 

impacts would however not manifest given the low frequency of cirrus in these regions 450 

(Figure 5). At the southernmost latitudes, INN  decreases (
lim

~ 0.2INN
N

 and 
,

0.7c

c HOM

N
N

> ) due 451 

to the scarcity of dust and black carbon in these regions. At higher levels (p < 281 hpa), INN  452 

predicted by the CNT-BN spectrum decreases (Figure 3) and competition effects vanish in the 453 

southern hemisphere and the tropics (
lim

0.2INN
N

< , not shown). As INN  predicted by the PDA 454 
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and BKG spectra is generally low (Figure 3), competition effects are weak over most of the 455 

globe (i.e., 
lim

1INN
N

<< ) except near dust sources in the northern hemisphere; PDA results in 456 

lim

INN
N

 up to 0.4, depleting cN  to about half of the homogeneous freezing value 457 

(
,

~ 0.5c

c HOM

N
N

). Competition effects are very strong for the MY spectrum being 
lim

~ 1INN
N

 458 

around the globe, which results in very low 
,

c

c HOM

N
N

(about 0.1 - 0.2, Figure 6).  459 

 460 

3.3 The Role of Dust and Black Carbon as IN Precursors 461 

As dust and black carbon emissions originate from different sources [Liu et al., 2007b], it is 462 

important to distinguish their relative contribution to the IN population. Figure 8 shows 463 

,

c

c HOM

N
N

 for the CNT-BN and PDA spectra considering either only black carbon ( 0dustN = ) or 464 

dust ( 0bcN = ) as IN precursor. Generally, ice nucleates on dust at a low is  (~0.1-0.3) 465 

[Eastwood et al., 2008]; dust also has a higher freezing fraction than black carbon (i.e., it is a 466 

more “efficient” IN). Therefore lower dustN  than bcN  is needed to impact homogeneous 467 

freezing. The number concentration of black carbon is however higher in the upper 468 

troposphere ( bc dustN N>> ) [Liu et al., 2007b] so, even if it is not a very efficient IN, 469 

heterogeneous freezing of black carbon still contribute appreciably to INN .  470 

Using CNT-BN and assuming dust as the only IN precursor produces a global annual mean 471 

INN (at the p = 281 hpa vertical level) around 0.05 cm-3, about 0.1 cm-3 in most of the northern 472 

hemisphere and as high as 0.3 cm-3 near dust sources (not shown). The spatial variability of 473 



 23  

dust concentration results in near pure homogeneous freezing in Tropical cirrus (
,

~ 1c

c HOM

N
N

 474 

and 
lim

1INN
N

<< ) and strong competition between freezing mechanisms in the Northern 475 

midlatitudes (
,

~ 0.1c

c HOM

N
N

 and 
lim

~ 1INN
N

). Regions of 
,

~ 0.5c

c HOM

N
N

 result from dominant 476 

heterogeneous freezing ( limINN N> ) near dust sources in the northen hemisphere, and, 477 

partially inhibited homogeneous freezing ( limINN N< ) in the midlatitudes of the Southern 478 

hemisphere. Using the PDA spectrum results in mean INN  around 0.001 cm-3 (and up to 0.01 479 

cm-3 near dust sources). Given the simulated dustN  ~ 0.1 cm-3 at p = 281 hpa (not shown), 480 

PDA on average predicts that ice nucleates on about 1% of the dust aerosol (as opposed to ~ 481 

100% predicted by CNT-BN). Thus, only in regions of high dustN  (around 0.5 cm-3) are IN 482 

numerous enough to impact cN . 483 

If black carbon is assumed to be the only species freezing heterogeneously ( dustN = 0, Figure 484 

8, “bc-only”) the CNT-BN spectrum predicts INN  around 0.04 cm-3 and up to 0.07 cm-3 in the 485 

midlatitudes of the Northern hemisphere (at p =281 hpa). As lim~INN N , there is strong 486 

competition between freezing mechanisms, resulting in very low cN  over most of the 487 

northern hemisphere. Using the PDA spectrum for this case gives a mean INN  around 0.001 488 

cm-3 (up to 0.01 cm-3) and black carbon freezing fraction around 0.01% , which is too low to 489 

impact freezing (i.e., 
,

~ 1c

c HOM

N
N

 and 
lim

0.1INN
N

< ).  490 

 491 

Comparison of Figures 6 and 8 shows that the combined effect of dust and black carbon on 492 

cN  is not additive, and depends on their relative freezing characteristics. For CNT-BN, there 493 



 24  

are enough IN from black carbon alone to strongly reduce cN  from pure homogeneous 494 

freezing concentrations (Figure 8, “bc-only”). Most of the black carbon however does not 495 

freeze in the presence of dust (Figure 6) because smax does not exceed its freezing threshold. 496 

Therefore sufficient amounts of dust prevent the freezing of supercooled droplets and black 497 

carbon. In the southern hemisphere and the tropics dustN  is very low and black carbon is the 498 

dominant factor controlling cN , leading to competition between homogeneous and 499 

heterogeneous freezing (which however is not significant at high altitudes, section 3.2). This 500 

is not the case in PDA, as the black carbon freezing fraction is too small to have an 501 

appreciable impact on cN  and dust is the only significant source of IN. However, the presence 502 

of low dust concentration may reduce the bcN  required to have an appreciable effect on cN ; 503 

the very small black carbon freezing fractions predicted by the PDA spectrum may thus exert 504 

a noticeable effect of IN on cN . This is illustrated by the values of 
,

c

c HOM

N
N

at the northern 505 

latitudes of the Atlantic Ocean (around 50°); for both the dust-only and bc-only cases,  506 

,

1c

c HOM

N
N

≈  (Figure 8, PDA), but 
,

0.8c

c HOM

N
N

≈  when both dust and black carbon act as IN 507 

precursors (Figure 6 upper panels, PDA). 508 

 509 

3.4 Sensitivity to dynamical forcing 510 

When Vσ  is assumed to decrease with temperature  (Figure 9) cN  near the tropical tropopause 511 

level (TTL, p ~ 100 hpa) is much lower (Nc ~ 1 cm-3) than when using a fixed Vσ  (Nc ~ 10 512 

cm-3). In terms of the global annual mean cN  for the whole atmosphere, this variation in Vσ  513 

leads to about a threefold decrease for all the spectra of Table 2, primarily because reductions 514 

in updraft velocity decreases homN  [Barahona and Nenes, 2008; Kärcher and Lohmann, 515 
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2002], which inevitably limits cN . However, small values of Vσ  also exacerbate the effect of 516 

IN on cN  because limN  decreases with decreasing V (i.e., fewer IN are required to perturb 517 

homogeneous freezing, Figure 2) [Barahona and Nenes, 2009a]. For the CNT-BN, MONO 518 

and PDA spectra, INN  decreases with height (as dustN  and bcN  decrease); if Vσ  decreases 519 

with T, limN   also drops, allowing for significant heterogeneous effects even at very low INN  520 

(~ 1 L-1; Figure 3). Because of this, using the BKG and MY spectra, where INN  does not 521 

depend on aerosol concentration (therefore does not decrease with height), leads to the 522 

predominance of heterogeneous freezing at low T. This behavior is further analyzed in 523 

sections 3.6 and 3.7.  524 

  525 

3.5 Effect of Temperature on Nc 526 

As INN  is limited by the available aerosol concentration, cN  in cirrus formed by 527 

heterogeneous freezing is less sensitive to changes in T than clouds where homogeneous 528 

freezing dominates [Barahona and Nenes, 2009a; Lohmann et al., 2008]. Figure 10 compares 529 

the results of the GMI model for the runs of Figure 3 against in situ data reported by Krämer, 530 

et al. [2009]. The extensive data of Krämer, et al. [2009] is based on aircraft measurements of 531 

relative humidity and ice crystal concentration in cirrus taken during 28 flights in several field 532 

campaigns in the Artic, at midlatitudes, and in the tropics, covering regions from 20° south to 533 

75° north, and temperatures between 183 and 240 K [Krämer et al., 2009]. cN  measurements 534 

from Krämer, et al. [2009] are in good agreement with independent studies [Gayet et al., 535 

2004; Hoyle et al., 2005; Lawson et al., 2008] and therefore are considered representative of 536 

global cirrus.  537 

 538 
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Agreement of simulations to within a factor of two with observations is obtained for T > 205 539 

K for all IN spectra except MY (which underpredicts cN ). The positive slope of cN  vs. T  540 

given by observations (as opposed to the slightly negative slope predicted by the model), may 541 

be a result of observational uncertainties or artifacts (e.g., ice crystal shattering in FSSP 542 

probes [Krämer et al., 2009]) that tend to introduce positive bias (mostly within a factor of 543 

two [P. R. Field et al., 2003]) in observed cN  at high T. For T < 205 K , and assuming a fixed 544 

Vσ  (Figure 10, left panel), the model largely overestimates cN  by at least tenfold, even in 545 

cases where heterogeneous effects are the strongest (e.g., MONO and MY). Assuming that 546 

Vσ  decreases with T (hence height) yields low cN  at low T (section 3.4), giving a much better 547 

agreement with observations for the CNT-BN, HOM, and PDA spectra than when a fixed Vσ  548 

is used. cN  is however underestimated for the BKG and MY spectra from an overestimation 549 

in INN  at high altitudes. For T > 205 K, the CNT-BN, BKG, HOM, and MONO spectra 550 

display roughly similar cN  (mostly within a factor of 3). However, similar cN  may result from 551 

very different interactions between homogeneous and heterogeneous freezing (Figures 6 and 552 

7; section 3.2). The distribution of smax that results from application of each IN spectrum 553 

considered in this study can help elucidate whether lowering Vσ  with altitude is consistent 554 

with other available cirrus microphysical characteristics. 555 

 556 

3.6 Maximum Supersaturation Statistics 557 

The frequency distribution of maximum supersaturation achieved during cloud formation, 558 

max( )P s  is shown in Figure 11, for fixed Vσ  (right panel) and for Vσ  decreasing with T (left 559 

panel). As homogeneous freezing occurs over a very narrow is  interval [Barahona and 560 

Nenes, 2008; Kärcher and Lohmann, 2002],  max( )P s  for HOM is insensitive to Vσ   and 561 
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depends only on T; maxs  ranges mostly between 0.4 and 0.65 with a mean around 0.5. 562 

Predominance of pure heterogeneous freezing for MONO and MY is expressed by a shift in 563 

max( )P s  toward low maxs  (mean around 0.2 to 0.3). Competition between homogeneous and 564 

heterogeneous freezing (e.g., BKG and CNT-BN) results in a broad max( )P s  with a maximum 565 

about the homogeneous freezing threshold ( max ~ 0.5s ) extending to low maxs . Assuming a T-566 

dependent Vσ  exacerbates IN effects on maxs ; max( )P s  therefore resides mostly below the 567 

homogeneous freezing threshold for all the IN spectra (except in PDA where INN  is too low 568 

to significantly impact maxs ). 569 

 570 

Observations can be used to diagnose maxs  as it is related to the upper limit of the relative 571 

humidity distribution in recently formed clouds [Haag et al., 2003; Heymsfield et al., 1998]. 572 

As freezing and subsequent crystal growth limits the maximum supersaturation within the 573 

cloud, smax is also associated with the predominant freezing threshold in the cirrus cloud. 574 

Unfortunately no systematic study of the global distribution of freezing thresholds (hence of 575 

max( )P s ) has been carried out to date. We can however study which of the distributions 576 

presented in Figure 11 agrees with common features observed in different field campaigns. 577 

Field campaign data consistently show maxs  near the homogeneous freezing threshold (i.e., 578 

between 0.45 and 0.7)  [e.g., Comstock et al., 2008; DeMott et al., 2003; Gayet et al., 2004; 579 

Haag et al., 2003; Heymsfield and Sabin, 1989; Heymsfield et al., 1998; Krämer et al., 2009] 580 

at temperatures below 235 K. Haag, et al. [2003] and Ström, et al. [2003] have shown 581 

however that in some regions of the northern hemisphere, maxs  can be lower (~ 0.3) due to 582 

heterogeneous freezing, which is also consistent with  theoretical considerations [Barahona 583 

and Nenes, 2009b; Kärcher and Lohmann, 2003].  The uncertainty associated with relative 584 



 28  

humidity measurements in the upper troposphere is typically about 0.1 (in absolute units) 585 

[Hegg and Noone, 2005; Krämer et al., 2009; Ström et al., 2003]. Thus, to be consistent with 586 

these observations, max( )P s  should exhibit a mean around max ~ 0.4 0.6s − , with a broad tail 587 

toward lower maxs values. Figure 11 shows that these features cannot be reconciled assuming 588 

weak dynamical forcing (a T-dependent Vσ ; Figure 10, right panel), or when heterogeneous 589 

IN completely inhibits homogeneous freezing during cloud formation (i.e., MY and MONO 590 

spectra). Indeed, only cloud formation scenarios where competition between homogeneous 591 

and heterogeneous freezing is the dominant feature (e.g., CNT-BN, BKG) would result in 592 

max( )P s  consistent with observations. Thus, simulations that prescribe a weakening of 593 

dynamical forcing ( Vσ ) with height provide cN  predictions that are closer to observations, 594 

but for the wrong reason.  595 

 596 

3.7 Glassy aerosol as IN at low Temperature  597 

At T < 210 K, INN  from glassy aerosol is high enough to impact cN  and max( )P s . Figure 10 598 

shows that using the GLASS spectrum leads to 
,

~ 0.2c

c HOM

N
N

for T < 190 K and fixed Vσ . For 599 

this case, max( )P s  (for T between 180 and  200 K, Figure 12) is centered around 0.5 indicating 600 

that homogeneous freezing is the predominant freezing mechanism, leading to high cN  601 

compared to observations. Thus, INN  is not enough to complete inhibit homogeneous freezing 602 

and only at low V (typically below 5 cm s-1) heterogeneous freezing dominates.  When Vσ  603 

decreases with decreasing T (leading to V mostly around 1 cm s-1, for T < 200 K) 604 

heterogeneous freezing dominates, which is evidenced by max( )P s  centered around max ~ 0.3s  605 

(Figure 12). This however results in cN  much below observations at low T (Figure 11), i.e., 606 
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INN  is high enough to completely prevent homogeneous freezing but still much lower than 607 

observed cN .  608 

 609 

Few measurements of in-cloud relative humidity are available at low T. Krämer, et al. [2009] 610 

reported values of relative humidity up to the homogeneous freezing threshold (and some few 611 

episodes above, also consistent with other studies [Jensen et al., 2005; Lawson et al., 2008]), 612 

which will be consistent with the predominance of homogeneous freezing at the TTL. Froyd, 613 

et al. [2009] reported cloud episodes with cut-off supersaturations up to 0.3, providing support 614 

to the hypothesis of predominant heterogeneous freezing at the TTL. The dynamics of the 615 

TTL may be not be passive enough to lead to a heterogeneous-only scenario (i.e., T 616 

fluctuations around leading to V ~ 10-30 cm s-1 are quite common at the TTL [Bacmeister et 617 

al., 1999; Herzog and Vial, 2001; Jensen et al., 2010; Sato, 1990]), and competition between 618 

homogeneous and heterogeneous freezing is more likely to occur.     619 

 620 

3.8 Sensitivity of Nc  distributions to meteorological field 621 

The global distribution of temperature, as well as of aerosol concentration, can be greatly 622 

affected by the meteorological field employed to drive the aerosol simulation [Liu et al., 623 

2007b]. To study how this sensitivity would affect the global distribution of cN , GMI runs 624 

were carried out using the DAO meteorological field (instead of GISS) for the HOM, CNT-625 

BN, and PDA spectra (Figures 13 and 14). When no heterogeneous effects are considered 626 

(HOM) the global annual mean cN  obtained with the DAO field (0.60 cm-3) is very close to 627 

that obtained using GISS (0.62 cm-3), although the spatial distribution of cN  differs. Upper 628 

tropospheric (p < 200 hpa) cN  is generally larger in DAO than in GISS and vice versa at 629 

lower levels. This results from a weaker vertical transport in DAO (compared to GISS), and 630 
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slightly lower temperature (for the same vertical level) in DAO than in GISS [Liu et al., 631 

2007b]. For the CNT-BN spectra, cN  in the northern hemisphere (for p > 300 hpa) is much 632 

lower using the DAO field than obtained with the GISS field. For simulations with the PDA 633 

spectrum, the DAO field results in even weaker IN effects on cN  than obtained with the GISS 634 

field (Figure 4). These features originate from differences in predicted dustN  and bcN  635 

(therefore different interaction between homogeneous and heterogeneous freezing) and can be 636 

understood in terms of 
,

c

c HOM

N
N

 and 
lim

INN
N

. 637 

 638 

The spatial distribution of 
,

c

c HOM

N
N

 at the p = 258 hpa level obtained with the DAO field is 639 

shown in Figure 14 for the PDA (right panel) and CNT-BN (left panel) spectra. Compared to 640 

simulations with the GISS meteorological field (Figure 6), the CNT-BN spectrum generally 641 

results in lower cN  around the globe. The opposite occurs for the PDA spectrum where 642 

,

c

c HOM

N
N

~1 (and 
lim

1INN
N

<< )  is considerably different from simulations with the GISS field 643 

(
,

c

c HOM

N
N

 ~ 0.5 near dust sources, section 3.2). These differences result from weaker dust 644 

transport to the upper troposphere in the DAO (compared to the GISS field). Indeed, the mean 645 

upper-level (p below 300 hPa) dustN  and bcN  predicted with DAO (0.05 and 0.8 cm-3, 646 

respectively) are about a factor of two lower than for GISS (0.1 and 1.17 cm-3, respectively). 647 

Thus, NIN is insufficient to prevent freezing of black carbon when using the CNT-BN 648 

spectrum with the DAO field. This implies that instead of pure heterogeneous freezing 649 

(
lim

1INN
N

> ) caused by dust for the GISS field, there is competition between freezing 650 
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mechanisms (
lim

INN
N

~1) when using the DAO field. Lower dustN  with DAO winds also resulted 651 

in lower INN  when using PDA, therefore a weaker impact of dust on cN  (
,

1c

c HOM

N
N

≈ ) than 652 

simulated with GISS. However, this can partly result from the slightly lower pressure level 653 

used for comparison in the DAO field (DAO does not have the p = 281 hpa vertical level and 654 

p = 258 hpa is the lowest level for which  T  < 235 K over the entire year). At p = 301 hpa, 655 

DAO field simulations result in slightly lower 
,

c

c HOM

N
N

 (global mean 0.95) for PDA and 656 

slightly higher (global mean 0.27) for CNT-BN, than at p = 258 hpa. Such difference is still 657 

lower than the difference in 
,

c

c HOM

N
N

 between GISS and DAO; both meteorological fields 658 

however consistently overpredict cN  at the TTL (Figures 4 and 13) and a significant 659 

contribution of dust to INN  in the Northern hemisphere. 660 

 661 

4 Summary and Conclusions 662 

A parameterization of cirrus cloud formation that accounts for competition between 663 

homogeneous and heterogeneous freezing was implemented in the Global Modeling Initiative 664 

(GMI) chemical and transport model. Simulations were then carried out to study the 665 

sensitivity of ice crystal number concentration to dust and black carbon aerosol 666 

concentrations. Ammonium sulfate was assumed to deliquesce and contribute supercooled 667 

droplets that freeze homogeneously, or heterogeneously if a fraction is in a glassy state 668 

(GLASS). Dust and black carbon were assumed to heterogeneously freeze, using spectra 669 

derived from empirical data (PDA, BKG, and MY) and theory (CNT-BN and MONO). The 670 

global annual mean INN  predicted by these formulations varied between 0.003 and 2.4 cm-3. 671 
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When included into the cirrus formation framework, this variation resulted in up to a factor of 672 

20 difference (0.13-2.5 cm-3) in the predicted global mean cN . Although this value may likely 673 

represent an upper limit of variability (as ice crystal sedimentation and transport are not 674 

considered), it shows the large sensitivity of cN  (and therefore of cloud properties) to the 675 

parameterization of INN . For low INN  (PDA spectrum), homogeneous freezing was 676 

predominant and vice-versa for high INN  (MONO spectrum), giving cN  even higher than for 677 

pure homogeneous freezing. The lowest cN  resulted when strong competition between 678 

homogeneous and heterogeneous freezing (
lim

~ 1INN
N

) was predominant (MY spectrum).  679 

The sensitivity of cN  to IN is a strong function of the heterogeneous IN spectrum. Empirical 680 

parameterizations that only depend on supersaturation (BKG and MY) predicted a uniform 681 

INN  around the globe and little variation of INN  with height. Explicitly accounting for the 682 

dependency of dust and black carbon concentration (MONO, CNT-BN, and PDA) resulted in 683 

a highly variable spatial distribution of INN . In the latter, heterogeneous effects on cN  were 684 

the strongest at the lowest levels of cirrus formation (T~230 K) in the midlatitudes of the 685 

northern hemisphere, mostly near regions impacted by transport of dust and black carbon. In 686 

the tropics and Midlatitudes of the Southern hemisphere, it was found that IN would affect 687 

cirrus formation only if the freezing fraction of black carbon is close to unity. In general, 688 

heterogeneous effects were less significant at low temperatures as dust and black carbon 689 

concentration were low and the INN  needed to impact homogeneous freezing (i.e., limN ) was 690 

higher than at warmer levels. Dust was found to be an important contributor of IN over large 691 

regions of the northern hemisphere. The effect of black carbon as heterogeneous IN is still 692 

controversial, as it depends on the functional form of the freezing spectrum. The simulations 693 

carried out in this study suggest that at least 1% of black carbon aerosol should freeze at cirrus 694 
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levels in the Northern hemisphere to have an appreciable effect on cN . The larger INN  from 695 

dust and black carbon (for the CNT-BN, PDA, and MONO spectra) also results in a larger 696 

fraction of events dominated by heterogeneous freezing, and stronger competition between 697 

homogeneous and heterogeneous freezing in the Northern Hemisphere (Figures 6 and 7). This 698 

will lead to lower maxs  (i.e., lower freezing thresholds) in the northern than in the Southern 699 

Hemisphere (particularly for p > 200 hPa), consistent with field campaign studies [Gayet et 700 

al., 2004; Haag et al., 2003]). 701 

 702 

The sensitivity of the global distribution of cN  to large scale meteorological features was 703 

tested by running the GMI model using two different meteorological data sets (GISS and 704 

DAO).  Differences in the vertical transport of dust and black carbon to the upper troposphere 705 

lead to significant variation in dustN  and bcN  (therefore on INN  and cN ). The largest 706 

sensitivity to the meteorological field resulted in regions where lim~INN N  (midlatitudes of 707 

the Northern hemisphere and near the tropics). For such conditions, a factor of two decrease in 708 

dustN  and bcN  at cirrus levels may change the predominant freezing regime from pure 709 

heterogeneous (
lim

1INN
N

> ) to competition between homogeneous and heterogeneous freezing 710 

(
lim

1INN
N

< ), and therefore the predicted response of cirrus to increased IN emissions. Despite 711 

this, runs with DAO and GISS meteorological fields consistently show high cN  at the TTL 712 

(Figure 4) and a significant contribution of dust to INN  in the Northern hemisphere.  713 

 714 

Comparison of cN  predicted with the GMI model against reported observations [Krämer et 715 

al., 2009] showed agreement for T > 205 K for most of the freezing spectra tested. However,  716 
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at least a tenfold overprediction in cN  for T < 200 K where cN  was as high as 10 cm-3, 717 

resulting from a high fraction of sulfate freezing homogeneously a low temperature. It was 718 

shown that if cirrus formation at low temperature forms in weak updrafts, cN  is in much 719 

better agreement with observations. This however magnifies the sensitivity to heterogeneous 720 

nuclei, so that INN  as low as 1 L-1 was enough to affect homogeneous freezing. This results in 721 

smax distributions centered around values well below homs , in strong disagreement with 722 

available observations of freezing thresholds in cirrus clouds [e.g., DeMott et al., 2003; Haag 723 

et al., 2003; Krämer et al., 2009]. Since maxs  largely controls the steady-state size of the ice 724 

crystals and the ice water content [Korolev and Mazin, 2003], incorrect predictions of max( )P s  725 

will likely lead to biases in predicted cirrus ice crystal size distribution. Thus, even if the bias 726 

of cN  can be addressed by reducing Vσ , this would likely introduce other biases in the 727 

effective radius of ice crystals and ice water path with potentially important implications for 728 

radiative forcing. Altogether this reveals a fundamental weakness in the “classical” theory of 729 

cirrus formation at low T. 730 

 731 

The effect of glassy aerosol on the formation of cirrus clouds at low temperature was also 732 

studied. It was found that for ~ 25Vσ  cm s-1, insufficient IN are produced from glassy aerosol 733 

to completely prevent homogeneous freezing, thus leading to cN  much higher than observed 734 

[Krämer et al., 2009]. Using ~ 1Vσ  cm s-1 at T < 198 K led to predominant heterogeneous 735 

freezing; the low freezing fraction of glassy aerosol however results in ~ 0.01cN  cm-3 , below 736 

observed values. Murray, et al. [2010] found ~ 0.05cN  cm-3 for V~ 3 cm s-1 at T~ 190 K for 737 

pure heterogeneous freezing. The slightly lower cN  in Figure 12 (right) results from the lower 738 

V~ 1-2 cm s-1 used in this work. The large sensitivity of cN  to Vσ , even in the presence of 739 
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glassy aerosol, suggests that “chemical effects” (such as glassy IN) may not be the sole 740 

underlying cause for the characteristics of cirrus at low T. Dynamics, ice sedimentation and 741 

transport effects [P Spichtinger and K M Gierens, 2009], and the existence of other sources of 742 

IN (e.g., solid ammonium sulfate) at the TTL [Abbatt et al., 2006; Jensen et al., 2010] may 743 

also play a role in explaining the characteristic of low temperature cirrus. 744 

 745 

The results presented in this work must be interpreted as the potential of IN to alter cN  746 

whenever a cirrus cloud is formed. Cirrus cloud fraction was not calculated explicitly (i.e., 747 

grid-cell cloud fraction was unity for T < 235 K); regions where IN effects are expected to be 748 

climatically important where however identified by focusing on areas with high cloud 749 

frequency and high cirrus optical depth (using climatological data from ISCCP). Another 750 

assumption made in this work was to consider cN  at its maximum, i.e., no sedimentation or 751 

sublimation effects were accounted for. Sedimentation may structure the cirrus cloud layer 752 

and reduce the ice crystal concentration, particularly at low updraft velocity [P Spichtinger 753 

and K M Gierens, 2009]. Sublimation may impact the ice crystal concentration in dry regions 754 

at high temperatures (T > 235 K) [Kärcher and Burkhardt, 2008]. Although important, these 755 

effects are not expected to introduce cN  variability comparable to the variability introduced 756 

by INN  and will not modify the conclusions of this study. However, the ice crystal 757 

concentrations presented in Figure 10, may have a positive bias, particularly at warmer 758 

temperatures where sedimentation and evaporation are more significant. Nevertheless, the 759 

comparison of cN  with available measurements (T > 205 K) suggests that they are usually 760 

within a factor of two of predictions.  761 

 762 
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The ice water content of cirrus clouds is also sensitive to heterogeneous IN. High 763 

maxs (associated with homogeneous freezing) favors the diffusional growth of crystals; high 764 

cN  however implies the distribution of ice mass among more particles [Korolev and Mazin, 765 

2003]. Thus, high cN  leads to small ice crystal sizes and reduced sedimentation rates. Small 766 

cN  (resulting from strong competition between homogeneous and heterogeneous freezing) 767 

leads to large ice crystals but may also lead to increased sedimentation rates, which in turn 768 

will reduce the ice water content of the cloud. Further research is needed to assess what 769 

process (sedimentation/nucleation) will determine the cirrus cloud ice water content under 770 

atmospheric conditions.  771 

 772 

The size distribution of different aerosol species was assumed to follow prescribed functions 773 

as presented in Table 1. This is not expected to introduce a bias for homogeneous freezing 774 

however may introduce errors in dustN  and bcN , and therefore in INN . The freezing fraction of 775 

the dust and black carbon is also expected to be higher for larger aerosol size [e.g., 776 

Khvorostyanov and Curry, 2004; Welti et al., 2009]. Explicit aerosol dynamics is currently not 777 

considered but will be the subject of future work. Some uncertainty may also originate from 778 

the coarse GMI resolution (4°×5°) used in this work. Using a finer resolution may lead to a 779 

slightly different Nc from differences in T and aerosol concentrations, particularly when 780 

competition between homogeneous and heterogeneous freezing is important (although not 781 

enough to explain the features of Figures 10 and 11). This, however, is not likely to 782 

significantly influence the relative difference in Nc from application of different 783 

heterogeneous freezing spectra.  Thus, we have favored the ability to run a large number of 784 

cases over using a high resolution GCM.  Nevertheless, the plethora of IN treatments is placed 785 

for the first time within the same global modeling dynamical framework. Despite the very 786 
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large variability in IN concentration and relative contribution of freezing seen, ice crystal 787 

number concentrations are less variable than we had initially anticipated. However, the large 788 

sensitivity of smax to the prevailing mechanism clearly points out that it too needs to be 789 

sufficiently constrained for cirrus optical properties and climate forcing to be correctly 790 

represented in climate models. 791 

 792 
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 795 

APPENDIX  796 

List of Symbols and Abbreviations 797 

 798 

α 2
s w a

p

g H M gM
c RT RT
∆

−  

αd Deposition coefficient of water vapor to ice  

g Acceleration of gravity 

β 
2

2
a s w

o
w i p

M p H M
M p c RT

∆
−  

γ  2

1

Γ
Γ

 

cp Specific heat capacity of air 

∆Hs Enthalpy of sublimation of water 

*

i
char s

s∆  Growth integral calculated at si (Eq. (3))  

Dv Water vapor mass transfer coefficient 

fc,hom,   fc  Fraction of frozen particles at shom with and without IN present, 

respectively. 

,dust bcf f  Shape factor of the dust and black carbon, respectively  

1Γ  1
4 4

i s i s w
o
i v w a

RT H H M
p D M k T RT
ρ ρ∆ ∆⎛ ⎞+ −⎜ ⎟

⎝ ⎠
 

2Γ  2 1
2

i w
o
i w d

RT M
p M RT
ρ π

α
 

Γ  Effective growth parameter [c.f. Barahona and Nenes, 2008, Eq. 25] 

hom hom( )J s  Homogenous nucleation rate coefficient at shom 
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ka Thermal conductivity of air corrected for non-continuum effects 

homk  
Homogeneous freezing parameter, 1hom hom

hom
hom

( )ln ( )
( ) i

i

J s s s
J s

−− [Barahona 

and Nenes, 2008] 

λ  2
1

1
Vα γΓ

 

Mw,  Ma Molar mass of water and air, respectively 

*N  ( )
1

3/2
12

2
i

a

V ρπα β
ρ

−
⎛ ⎞

Γ ⎜ ⎟
⎝ ⎠

 

,dust bcN N  Number concentration of dust and black carbon, respectively 

Nc Ice crystal number concentration 

( )het iN s  
Cumulative heterogeneous freezing spectrum. IN number concentration 

at si. 

homN  Ice crystal concentration from homogeneous freezing 

NIN IN number concentration 

Nlim Limiting NIN (minimum) that prevents homogeneous freezing 

No Number concentration of the supercooled liquid droplet population 

p Ambient pressure 

o
ip  Ice saturation vapor pressure 

R Universal gas constant 

ρi, ρa Ice and air density, respectively  

, ,,h dust h bcs s  
Value of  is  at which the dust and black freezing fraction reaches unity, 

respectively 

,h monos  Characteristic freezing threshold of a monodisperse IN population 
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shom Homogeneous freezing threshold 

si Water vapor supersaturation ratio with respect to ice 

si, sat Value of si at 100% relative humidity 

smax Maximum ice supersaturation ratio 

T Temperature 

t Time 

V Updraft velocity 

 799 
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Table 1. Dry number size distributions for sulfate, dust, and black carbon aerosol [Lin et al., 1053 

2002; Liu et al., 2007b; Penner et al., 2009]. gD  and gσ  are the geometric mean diameter and 1054 

standard deviation, respectively.  1055 

Aerosol 
Number 
Fraction  

Dg (µm) gσ  Density (g cm-3) 

Sulfate 1 .04 2.3 1.7 
Dust 0.152 0.02 2.3 2.6 
 0.727 0.09 1.6  
 0.121 0.55 2.5  
Black carbon  
(Fuel and biomass burning) 

1 0.14 1.5 1.5 

 1056 

 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 



 48  

 1073 

Table 2. Heterogeneous nucleation spectra used in this study 1074 

( )het iN s  Description  Type 

HOM No heterogeneous freezing allowed [Barahona and Nenes, 

2008; Koop et al., 2000] 

Semi-empirical 

MONO Monodisperse IN with ,h monos  = 0.3 (Eq. (8)) [Barahona and 

Nenes, 2009a] 

Theoretical 

CNT-BN Equation (9) with , 0.2h dusts = , , ,h bc i sats s= ,  ,h dustf = 0.011 

(θdust =16°), ,h bcf = 0.039 (θbc =40°)[J-P Chen et al., 2008], 

and khom from Barahona and Nenes [2008] 
 

Semi-empirical 

MY Meyers et al. [1992]  Empirical 

BKG Phillips et al. [2007] Empirical 

PDA Phillips et al. [2008] Empirical 

GLASS Murray, et al.[2010]. The fraction of deliquesced aerosol in 

glassy state, was assumed as 2120.8min ,1
32

glassy

o

N T
N

−⎛ ⎞= ⎜ ⎟
⎝ ⎠

for 

T < 212 K and 0glassy

o

N
N

=  for T > 212 K [Murray, 2008; 

Murray et al., 2010]. 

Empirical 
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 1088 
Figure Captions 1089 
 1090 
 1091 
Figure 1: Examples of heterogeneous freezing spectra used in this study (presented in Table 1092 
2). Conditions considered were dustN  = 0.01 cm-3,  bcN  = 0.5 cm-3,  T = 210 K, and p = 22000 1093 
hPa. For the GLASS spectrum, T = 200 K and glassyN = 50 cm-3. The vertical line represents 1094 
the onset of homogeneous freezing at T = 210 K [Koop et al., 2000].  1095 
 1096 
Figure 2: Example of cN  calculated over a distribution of updraft velocities using the BN09 1097 
parameterization [Barahona and Nenes, 2009a; b] and the PDA heterogeneous freezing 1098 
spectrum [Phillips et al., 2008]. The minimum in each curve defines the transition between 1099 
“pure heterogeneous” and “combined homogeneous-heterogeneous” freezing regimes. 1100 
Conditions considered were bcN  = 1 cm-3, T = 230 K, and p = 34000 hPa. 1101 
 1102 
Figure 3: Annual zonal mean average INN  (equal to max( )hetN s ) using the heterogeneous 1103 
freezing spectra of Table 2. Only in-cloud INN  is considered so that events with T > 235 K 1104 
and 0cN = (i.e., white area) are excluded from the average. Vertical axes represent pressure in 1105 
hPa. 1106 
 1107 
Figure 4: Annual zonal average cN  that would form in cirrus clouds obtained for the 1108 
heterogeneous nucleation spectra of Table 2. Only in-cloud cN  is considered so that events 1109 
with T > 235 K and 0cN =  are excluded from the average. Vertical axes represent pressure in 1110 
hPa. 1111 
 1112 
Figure 5: Cirrus Cloud frequency and optical depth obtained from the ISCCP climatology 1113 
[Rossow and Schiffer, 1999].  1114 
 1115 
Figure 6: Annual average ice crystal concentration obtained in the GMI model at p =281 hPa 1116 
(top panels) and 171 hPa (bottom panels), normalized with Nc from pure homogeneous 1117 
freezing (HOM).  1118 
 1119 
Figure 7: Annual average lim/INN N maps corresponding to the p =281 hPa level.  1120 
 1121 
Figure 8: Annual average ice Nc at p =281 hPa normalized with Nc from pure homogeneous 1122 
freezing (HOM). Results shown assuming only dust ( bcN =0, “dust-only”) or black carbon 1123 
( dustN =0, “bc-only”) contribute IN. 1124 
 1125 
Figure 9: Similar to Figure 3 with Vσ  decreasing from 25 cm s-1 (at 238 K) to 1 cm s-1 (for T 1126 
≤  198 K).  1127 
 1128 
Figure 10: Ice crystal concentration against grid-cell temperature using the spectra of Table 2. 1129 
Results shown assuming Vσ =25 cm s-1 (left panel) and Vσ  decreasing from 25 cm s-1 (at 238 1130 
K) to 1 cm s-1 (for T ≤  198 K) (right panel). Error bars represent one standard deviation about 1131 
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the mean cN (error bars are omitted if lower than a factor of two about the mean). The shaded 1132 
area corresponds to a factor of two from the mean cN  observed in-situ (Krämer, et al. 1133 
[2009]). 1134 
 1135 
Figure 11: Global annual average probability distribution of maxs  for T > 195 K calculated by 1136 
the BN09 parameterization, for the different heterogeneous freezing spectra of Table 2. Vσ  1137 
was assumed constant equal to 25 cm s-1 (left panel), or, decreasing from 25 cm s-1 at 238 K to 1138 
1 cm s-1 for T ≤  198 K (right panel). 1139 
 1140 
Figure 12: Global annual average probability distribution of maxs  for T between 180 K and 1141 
200 K, calculated by the BN09 parameterization using the GLASS heterogeneous freezing 1142 
spectrum [Murray et al., 2010]; Vσ  was assumed constant either equal to 25 cm s-1 (solid 1143 
line), or, equal to 1 cm s-1 (dashed line). 1144 
 1145 
Figure 13: Annual zonal average cN  that would form in cirrus clouds for the spectra of Table 1146 
2. Simulations are carried out using the DAO meteorological field. Only in-cloud cN  is 1147 
considered so that events with T > 235 K and 0cN =  are excluded from the average. Vertical 1148 
axes represent pressure in hPa. 1149 
 1150 
Figure 14: Annual average ice crystal concentration at p =258 hPa, normalized with Nc from 1151 
pure homogeneous freezing (HOM). Simulations obtained using the DAO meteorological 1152 
field. 1153 
 1154 

 1155 

 1156 

 1157 

 1158 

 1159 

 1160 

 1161 

 1162 

 1163 

 1164 

 1165 



 51  

 1166 

 1167 

 1168 

 1169 

 1170 

 1171 

 1172 

 1173 

 1174 

 1175 

 1176 
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FIGURE 2 1188 
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FIGURE 3 1202 
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FIGURE 4 1216 
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FIGURE 5 1230 
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FIGURE 9 1270 
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