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1. INTRODUCTION  
 
In parameterizing ice formation in numerical 
models, it is clearly desirable to account for 
the contributions of different aerosol types 
and their variable concentrations in the at-
mosphere. However, the link between aero-
sol and ice nucleation is still poorly unders-
tood. The ICE-L campaign (Ice in Cloud Ex-
periment-Layer clouds) was designed to 
study the initiation of ice via heterogeneous 
nucleation in clouds by linking them to mea-
surements of aerosol characteristics. The 
target was wave clouds, which offer the op-
portunity to separate heterogeneous ice nuc-
leation from secondary ice formation 
processes. Airborne microphysical, thermo-
dynamic and remote sensing measurements, 
in and around these clouds were conducted 
during ICE-L. 
 In idealized wave clouds, the air flow is 
laminar. Parcels follow the streamlines and 
spend only a few hundred seconds in the 
cloud. Thus precipitation and mixing are ex-
pected to be minimal. Parcel models are 
therefore suitable for modeling ice initiation 
in these clouds [Cotton and Field, 2002].  
 We have implemented three heteroge-
neous ice nucleation parameterizations that 
account for different aerosol types and con-
centrations into a Lagrangian parcel model. 
These parameterizations are tested for a se-
lected case during ICE-L, and compared with 
the measurements.  
 
2. PARCEL MODEL 

 
 The parcel model used in this study is 
an extended version of the Lagrangian par-

cel model developed by Feingold and 
Heymsfield [1992]. The original parcel model 
calculates droplet growth by condensation in 
an adiabatic updraft, or along trajectories, 
with prescribed atmospheric parameters. 
Some of the changes to the original parcel 
model are the inclusion of ice nucleation and 
crystal growth, and modification of the para-
meterization of water activity and hygroscop-
ic growth for solution drops.  
 The calculation of water activity of a so-
lution drop follows Petters and Kreidenweis 
[2007] where hygroscopicity is expressed 
with a single parameter κ.  Kappa can be 
understood as the “unit volume of water that 
is associated with the unit volume of the dry 
aerosol” [Petters and Kreidenweis, 2007]. 
Further, internally mixed aerosols follow the 
simple mixing rule where κ is the sum of vo-
lume weighted κi of each individual compo-
nent in the aerosol. Fairly complex aerosol 
types can therefore be assumed without hav-
ing to determine the physiochemical proper-
ties, and the use of κ allows for straightfor-
ward implementation of internally, as well as 
externally mixed aerosols. 
 Three heterogeneous ice nucleation pa-
rameterizations developed by Khvorostyanov 
and Curry [2004], Diehl and Wurzler [2004] 
and Phillips et al. [2008] are implemented. 
The scheme by Khvorostyanov and Curry 
[2004], hereafter called KC04, is based on 
classical heterogeneous nucleation theory. 
Freezing rate is mainly dependent on tem-
perature, water activity, and ice nuclei (IN) 
size and surface properties. The various 
aerosol types that can serve as IN are ac-
counted for through the surface properties 
from choice of contact angle, relative area of 



active sites and misfit strain. The paramete-
rization by Diehl and Wurzler [2004], hereaf-
ter called  DW04, is based on laboratory 
measurements of freezing droplets, and in-
clude seven different aerosol types that can 
serve as IN (three types of mineral, three 
types of bacteria and soot). The freezing in 
this parameterization is mainly dependent on 
temperature and droplet volume. The Phillips 
et al. [2008] parameterization, hereafter 
called PDA08, is based on field measure-
ments and constrained by laboratory mea-
surements. Three different groups of aero-
sols are included (dust or metallic com-
pounds, black carbon and insoluble organ-

ics). The number of IN from an aerosol popu-
lation with these components is mainly re-
lated to the surface area of the aerosol popu-
lation, temperature and saturation ratio. 
 While growth by droplets follow a La-
grangian framework in the parcel model, ice 
crystal growth follows a hybrid Eule-
rian/Lagrangian framework based on Cooper 
et al., [1997].  
  
3. CASE STUDY, NOVEMBER 18 
 
3.1. Measurements 
 

 
 

Figure 1 a) Ambient (black solid curve) and equivalent potential temperature (blue curve). Also shown are CFDC 

processing temperature (dotted curve). Grey areas indicate cloud passes. Note that a) spans over the entire time 
period. b) Ice > 75 µm (blue) and IN concentrations (black) in the cloud passes (up to about 22:45 UTC). The CFDC 
was on the CVI in this time period. c) Measured (triangles) interval-averaged IN concentrations from the ambient air 
sample inlet. The bars indicate the 90% confidence interval of the mean IN concentration. Grey areas here are mea-
surement periods and white areas are CFDC filter periods. Also shown are aerosol concentration for particles > 0.5 
µm in diameter (red lines).  



The NSF/NCAR C-130 aircraft served as the 
airborne measurement platform for ICE-L. 
Measurements were obtained over Colorado 
and Wyoming in November and December 
2007. Due to the recent time frame of this 
experiment, all data used in this paper must 
be considered preliminary. We focus here on 
a wave-cloud mission on November 18. Dur-
ing this flight, two wave clouds were tar-
geted. Here we consider the second cloud 
since aerosol measurements downwind of 
this cloud were obtained and can be used as 
initial conditions for the model.  
 
In cloud 
 There were six passes through the 
cloud, at different altitudes. The passes were 
along, or in opposite direction to the horizon-
tal component of the wind. Cloud level was 
between 7 and 7.5 km and temperatures 
were between -25 and -30°C as seen in Fig-
ure 1a, black solid curve. The grey shaded 
areas indicate the cloud passes. A clear si-
nusoidal wave structure, in some of the 
cloud passes, was evident from updrafts and 
temperature (not shown here) and vertical 
velocities in the wave were up to ± 3 m/s but 
with some variation in each pass.  
 Measured concentrations of ice > 75 µm 
and IN are shown in Figure 1b. The ice con-
centrations were measured with the NCAR 
“fast” 2DC probe which has a 64-diode array 
with 25 µm resolution and fast response 
electronics. The 2DC concentrations were 
between 0.05 and 0.6 L-1 for particles 
≥ 75 µm (blue curve). IN measurements 
were conducted with an aircraft version of 
the Colorado State University Continuous 
Flow Diffusion Chamber (CFDC). This in-
strument is similar to the one described by 
Rogers et al. [2001], but with several modifi-
cations that will be described in a publication 
in preparation. Sample air within cloud was 
taken from a Counterflow Virtual Impactor 
(CVI) [Twohy et al., 1997] and IN concentra-
tion was therefore only measured from cloud 
residual particles. The CFDC exposes sam-
pled aerosols to a narrow range of 
processing temperature and relative humidity 
for a period of several seconds. Processing 
temperature was here close to the ambient 

temperature (dotted black curve in Figure 
1a) and processing relative humidity ranged 
from 101 to 103% with respect to water to 
ensure that all aerosol particles are activated 
into cloud droplets, allowing them to freeze if 
an IN is present. The measurements indicate 
that 60 s average IN concentrations were up 
to 0.4 L-1 (black curve in Figure 1b). This is in 
agreement with the measured ice crystal 
concentration from the 2DC except for one 
cloud pass (22:23 UTC) where no IN were 
detected. This is expected due to the very 
low IN concentrations. No IN were measured 
during the 22:31 UTC cloud pass because 
the CDFC measured filtered air. There was a 
cloud layer above the target cloud, but Uni-
versity of Wyoming 85 Ghz cloudradar and 
lidar data indicate that the upper cloud main-
tained a separation of about 800 m (Zhien 
Wang, personal communication) and so 
there was probably no seeding of ice into the 
lower sampled cloud. 
 Cloud droplet concentrations (not shown 
here), which was measured with the Droplet 
Measurement Systems (Boulder, CO) Cloud 
Droplet Probe (CDP), were between 100 and 
150 cm-3. 
 
Out of cloud  
 Aerosol measurements were obtained 
downwind of the cloud at the same equiva-
lent potential temperature as in the cloud (~ 
322 K, blue curve in Figure 1a).   
 In the region downwind of the cloud, IN 
measurements were conducted with an am-
bient air sample collected from an inlet that 
was separate from the CVI [Rogers and De-
Mott, 2002]. The inlet flow rate was adjusted 
to be isokinetic at the tip. The tip was heated 
to +7°C to avoid blocking from rime ice ac-
cumulating in regions of supercooled water. 
Measurement results are shown in Figure 
1c. Here the grey areas indicate sampling 
periods while the white areas indicated filter 
periods to determine background counts in 
the CFDC method. Average IN concentra-
tions are found for the intervals between the 
filter periods (triangles) and range from 0.05 
to 1 L-1. These concentrations compare well 
to the IN measurements in cloud. Error bars 
represent the 90% confidence interval of 



mean IN concentration. Also shown are 
aerosol concentrations measured with a PMI 
Ultra-High Sensitivity Aerosol Spectrometer 
(UHSAS) of particles > 0.5 µm in diameter 
(red lines) since IN concentrations have 
shown positive correlations with aerosol 
concentrations in this size range [Richardson 
et al., 2007].  
 
3.2 Parcel Model Simulation  
 
We performed a simple parcel modeling 
study, assuming a sinusoidal wave structure 
of ± 2.5 m/s. We used a combination of 
measurements of potential temperature and 
the vertical wind component to estimate the 
wavelength, which was about 2.7 km. With 
an average horizontal wind speed of 23 m/s, 
the wave parcel transit time is about 1100 s. 
The initial temperature is -23°C and initial 
relative humidity is 70%.  
 For aerosol input parameters, we used 
fitted size distributions from UHSAS mea-
surements downwind of the cloud, where the 
equivalent potential temperature was 322 K. 
The aerosol measurements were obtained 
from 22:54 to 23:24 UTC. Since the initial 
aerosol distribution for the simulations is 
from downwind of the cloud, we assume that 
any potential cloud processing does not af-
fect the aerosols. We performed simulations 
with an average input distribution form the 
entire period, and with four different input 
distributions, taken from the same time pe-
riods when the CFDC was sampling.   
 Three lognormal modes were fit to the 
30 minute average distribution measured 
with UHSAS (Figure 2). The smallest mode 
is assumed to be ammonium sulfate and is 
allowed to act only as CCN, with κas = 0.6. 
The largest mode is assumed to be an inter-
nal mixture with 0.9 volume fraction dust (κd 
= 0.04) and 0.1 volume fraction ammonium 
sulfate (total κd+as = 0.9κd+0.1κas= 0.1). The 
second mode is assumed to not contribute to 
ice nucleation, and due to the low concentra-
tion compared to the first mode, for simplici-
ty, this mode is not included in the simula-
tions. Thus, only the largest mode contri-
butes to ice crystal generation.  

 Clearly the measured concentration of 
coarser mode particles is low, and the uncer-
tainties of the fitted distributions are large. 
Further, the sizes measured with UHSAS are 
limited to > 0.1 µm and information of the 
distribution for smaller particles is not availa-
ble at present. However, the integrated size 
distributions are comparable with measured 
CN concentrations.  
 For heterogeneous ice nucleation we 
used the three above-mentioned parameteri-
zations.  
 
3.3 Results 
 
Figure 3 shows modeled ice concentrations 
using the average aerosol size distribution 
from the time period 22:54:25-23:24:25 UTC. 
Also shown are average ice crystal diameter, 
cloud droplet concentration, temperature, 
updraft and supersaturation. Different line 
styles represent different heterogeneous ice 
nucleation parameterizations. The solid line 
is the result using the PDA08 parameteriza-
tion, and the ice crystal concentration is pre-
dicted to be about 0.9 L-1, which is in rea-
sonable agreement with measured IN con-

 

 
Figure 2 Measured 30 min average aerosol distribu-

tions (black lines) and fitted size distributions for the 
time period 22:54:25 – 23:24:25 UTC. Individual distri-
butions are shown in red and total distribution is shown 
in blue. 



centrations (see Figure 1). All aerosols > 20 
nm in the distribution activate cloud droplets 
and the modeled cloud droplet concentration 
is ~ 110 cm-3. This compares well with 
measured cloud droplet concentration with 
the CDP (between 100 and 150 cm-3). Fur-
ther, CCN measurements were conducted 
with a DRI CCN spectrometer [Hudson, 
1989]. Measurements in the ambient sam-
pling region indicate an average CCN con-
centration of 70 cm-3 at supersaturation s = 
0.5% and about 100 cm-3 at s = 1.05 %. The 
maximum supersaturation modeled in the 
parcel was 1.68%. This indicates that the 
assumption that all aerosols from the aerosol 
population can serve as CCN is adequate to 
model the droplet activation. Model tempera-
tures range from -23 to -30°C and are in 
agreement with measurements.  The drop-
lets evaporate immediately (< 1 s) after 
reaching a relative humidity of 98%. The ice 
crystals, however, are too large to complete-
ly evaporate in the wave valley when relative 
humidity with respect to ice is less than 
100%. Nevertheless, the simulated mean ice 

crystal diameter (~140 m) is in reasonable 
agreement with 2DC ice crystal diameters 

that had a mode size near 180 m.   
 The dotted lines in Figure 3 represent 
the DW04 parameterization. We assumed 
that the large particles are montmorillonite, 
which is one of the mineral types that can 
serve as IN in the DW04 parameterization. 
The predicted ice crystal concentration is 
close to 30 L-1, which is in poor agreement 
with measurement. However, the droplet 
concentration is the same as measured and 
predicted with the Phillips parameterization.  
 The dashed lines represent the KC04 
scheme. For this simulation we assumed 
that the contact angle was 50° (typical for 
quartz). All dust particles contribute to the 
modeled ice crystals with this parameteriza-
tion. Since the ice crystal concentration is 
high, the ice crystal grows on expense of the 
droplets (Bergeron-Findeisen process), and 
water subsaturation is reached in the up-
draft. The droplets evaporate earlier than 
with the other parameterizations, and the 
mixed phased part of the cloud is therefore 
slightly smaller. To assume that all dust par-

ticles have the same contact angle, however, 
is probably not realistic. For example, freez-
ing measurements of emulsified aqueous 
suspensions of dust can be modeled with 

 
Figure 3 Modeled ice crystal and droplet concentra-

tions in an idealized wave cloud. Also included are 
mean ice crystal diameter, temperature, updraft, and 
water and ice supersaturations along the trajectories. 
The different line styles are represented as follow: 
PDA08, solid curves; DW04, dotted curves; KC04, 
dashed curves; KC04 with contact angle probability 
function, dot dashed curves.  



classical ice nucleation theory when assum-
ing that each individual dust particle has a 
distribution of contact angles [Marcolli et al., 
2007]. If we assume that dust in each size 
class in our model has a contact angle distri-
bution of  
 
      P(θ) = 2·N(µ,σ), 
 
where N is the normal distribution, µ = 180˚, 
σ = 37 and 0˚ < θ < 180˚, then an ice crystal 
concentration of about 1 L-1 can be obtained 
with the KC04 parameterization (dot dashed 
curve in Figure 3). Note that this probability 
function is not based on measurements, but 
was constructed to reduce the freezing rate 
so KC04 model results could be reasonably 
comparable with measurements. 
  
4. DISCUSSION AND CONCLUSION 
 
The modeled ice crystal concentrations with 
the individual four size distributions from 
CFDC sampling period (measured size dis-
tributions not shown here), using the PDA08 
parameterization are shown in Figure 4 as 
open triangles. Filled triangles are the meas-
ured IN concentrations from the same time 
period (also as shown in Figure 1c). All simu-
lations are with same prescribed updrafts 

and temperatures as for Figure 3. The indi-
vidual modeled ice crystal concentrations are 
up to a factor of 3.5 larger than the meas-
ured IN concentrations. The concentration of 
coarse mode aerosols was low, and the sta-
tistics in the individual size distributions have 
relatively larger uncertainties than the aver-
age distribution. Thus there are also larger 
uncertainties in the fitted individual distribu-
tions. However, the modeled ice crystal con-
centrations for each sample period follow the 
trend as seen for measured IN; higher con-
centration of aerosols above 0.5 µm relates 
to higher concentrations of IN (shown in Fig-
ure 1c).  
 We acknowledge that the thermodynam-
ic path of particles through activation is dif-
ferent in the CFDC (rapid cooling from air-
craft cabin temperature to a steady-state su-
percooled temperature and water supersatu-
ration) compared to the wave cloud simula-
tion, so a direct comparison between meas-
ured IN concentration and simulated ice 
crystal concentration must be viewed critical-
ly. However, both measurements and simu-
lations reflect ice activation at similar peak 
water supersaturation conditions and compa-
rable temperatures, Thus it is expected that 
the modeled ice crystal concentration should 
be in reasonable agreement with the mea-
surements if the connection between aerosol 
properties and IN activation is specified cor-
rectly.   
 The PDA08 parameterization seems to 
predict ice crystal concentrations in closest 
agreement with IN measurements compared 
to the two other parameterizations consi-
dered. On the other hand, by assuming a 
contact angle distribution, the KC04 scheme 
can also predict ice crystal concentrations 
comparable with measurements. However, 
more information supporting typical contact 
angle distributions for dust are needed from 
many more atmospheric cases in varied re-
gions.  
 For future work we plan to look at more 
cases from ICE-L along with cases from 
Wave-Ice [Rogers and DeMott, 2002]. Fur-
ther, with more detailed information about 
the particle composition measured during 
ICE-L, additional aerosol types that can 

 
Figure 4 Modeled ice concentrations using the PDA08 

parameterization (open triangles). Fitted size distribu-
tions from the same time periods as CFDC sampling 
periods (grey shaded areas) are used as initial size 
distributions for the simulations. Filled triangles are 
measured IN concentrations and are the same as in 
Figure 1c. 



serve as IN can be included in the model, 
such as carbonaceous and biologically de-
rived particles. For now, only dust particles 
were assumed. However, the predicted ice 
crystal concentration with PDA08 scheme 
compares reasonably well with measure-
ments by assuming that only dust particles 
are ice nuclei. Further, we also plan to con-
strain the simulations by using a combination 
of CCN data and composition from single 
particle aerosol mass spectrometry for the 
composition and mixing state of CCN.  
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