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ABSTRACT 

Satellite-based climatologies reveal that mineral dust aerosol increases from south to 

north across the intertropical convergence zone.  The south-to-north aerosol gradient, 

combined with the propensity of mineral dust to nucleate ice at a relatively warm 

temperature, indicate that cloud properties within the tropics and subtropics could be 

impacted.  A statistical investigation of the south-to-north aerosol contrast was conducted by 

analyzing coarse mode aerosol concentration measurements, a surrogate for mineral dust, 

sampled above a southern hemisphere and a northern hemisphere subtropical marine 

boundary layer.  Coarse mode concentrations were obtained from an optical particle counter 

operated on the NCAR C-130 during two summer-season projects (VOCALS and ICET).  

The coarse particle concentration values were also input into the DeMott et al. (2010) 

parameterization and ice nuclei concentrations were derived.  The temperature-dependence 

of ice nucleus activity was evaluated and compared to a satellite-based ice crystal retrieval.  

The potential for refining the retrieval, based on a comparison of the derived-IN and 

retrieved-crystal assessments, is discussed.  

1 - INTRODUCTION 

This paper investigates the occurrence of mineral dust particles, within the subtropical 

middle troposphere, and their propensity to nucleate ice crystals within clouds.  Our work is 

motivated by the recognition that crystal abundance influences cloud microstructure, cloud 

dynamics and the Earth’s infrared and visible energy budgets.  Predicting these impacts, and 

how they respond to changing aerosol abundance, and changing aerosol particle chemistry, 

remains a challenge. 

We examine two sources of information.  The first is airborne measurement of coarse 

particle concentration, a surrogate for mineral dust, obtained during the VOCALS 

(southeastern Pacific region) and ICET (Caribbean region) field experiments.  We define 

coarse particles as those with an optical diameter larger than 0.5 µm.   The coarse particle 

measurements were obtained from a model 300 forward scattering spectrometer probe 

(FSSP300) (Snider and Petters, 2008).  Particle sizing is based on laboratory calibrations 

employing test particles with refractive index equal to 1.59.   The second comes from ice 

crystal concentrations derived using space-based measurements of radar reflectivity and 

lidar backscatter.   The basis for that retrieval is Zhang et al. (2010) and Zhang et al. (2012).    



The Zhang et al. retrieval selects clouds with top temperatures colder than 0 oC and 

with radar reflectivity profiles extending less than a few kilometers downward from a liquid 

cloud top.  As in Zhang et al. (2012), we refer to this cloud subset as supercooled stratiform 

clouds (SSC). 

2 – DATA SELECTION 

2a. – COARSE PARTICLE CONCENTRATION 

We analyzed coarse particle measurements from an externally-mounted FSSP300 

operated on the NCAR C-130 during VOCALS  (November 2008) and ICET (July 2011).  

Coarse particle concentration, atmospheric state (dew point temperature and pressure) and 

precipitation (2DC), all sampled at 1 Hz, were analyzed.  Since we are interested in coarse 

particles that can impact ice abundance within supercooled stratiform clouds (SSCs), only 

the low-temperature subset of the VOCALS and ICET records, corresponding to the altitude 

of SSC formation (P~500 hPa) were selected for analysis.  The subset we selected 

corresponds to measurements made at altitude greater than 3 km (msl).  This subset defines 

the free-tropospheric samples.  Further selection was performed by considering coincident 

cloud liquid water content (FSSP300) and two-dimensional optical array probe (OAP) 

measurements.  Our criterion is that the current datum, and samples proceeding and 

following the current datum, are associated with a cloud liquid water content (LWC) less than 

0.01 g/m3 and OAP concentration less than 0.1 per liter.  Measurements satisfying both the 

altitude selection and selection against cloud (and precipitation) are identified as free-

tropospheric and cloud-free.   

For evaluating the derived ice nucleus concentration, we assume the airborne 

measurements of dew point temperature (Tdp) and pressure (P) to define the thermodynamic 

state that the sampled air parcels would form SSCs.  The free-tropospheric and cloud-free 

samples were binned into four Tdp intervals:  -10/-15, -15/-20, -20/-25 and -25/-30 oC.    

Results are presented in Sec. 3a. 

2b. – RETRIEVED ICE CRYSTAL CONCENTRATION 

Selection of SSC scenes containing ice crystals starts with the CALIOP lidar and 

CloudSat radar vertical profiles from the NASA A-Train satellite constellation (Zhang et al., 

2010; Zhang et al., 2012).  A relatively narrow interval of attenuated backscatter coefficient 

(0.2 sr-1 km-1 to 0.5 sr-1 km-1), retrieved by CALIOP at cloud top, a relatively flat cloud top, and 

the absence of radar echo reaching the ground (or ocean), are three  properties of accepted 

scenes.  Another attribute is a radar reflectivity (Ze) greater than the expectation for a drizzle-

free stratiform cloud.  This expectation is based on a parameterized Ze-LWC relationship and 

the adiabatic assumption (Zhang et al., 2010).   These four criteria qualify a scene as a 

stratocumulus.  Scenes with cloud-top temperature less than 0 oC define the SSC subset.  



The value of Ze retrieved from the top-most 500 m of these clouds, and the associated 

temperature, are the measurements we used to retrieve the ice crystal concentration.  A 

temperature-dependent 1-D ice growth model was used to generate fall trajectories for 

crystals nucleated at cloud top (Zhang et al., 2012).  By varying the modeled concentration of 

ice crystals, and formulating a model-predicted radar reflectivity, the value of the latter that 

best approximates the cloud-top Ze was the constraint used to retrieve the concentration of 

ice crystals (NXT). 

3 - RESULTS 

3.a - COARSE PARTICLE CONCENTRATION 

We begin this analysis with coarse particle concentrations, measured by the 

FSSP300, at the ambient atmospheric state.  In post processing, these were converted to a 

common standard state.  Properties used in the extrapolation are the ambient measurements 

(coarse concentration, Tdp and P) and the standard state values 273 K and 1013 hPa.  

Extrapolated coarse particle concentrations (N0.5) are reported as a count per standard cubic 

centimeter (sccm-1). 

The number of free-tropospheric/cloud-free samples is 4.0x104 and 4.9 x104, and the 

averaged coarse particle concentrations are 0.3 and 1.0 sccm-1 for VOCALS and ICET, 

respectively.  In Figures 1a-1b we present frequency distributions of coarse particle 

concentration.  The larger averaged concentration for ICET, and the local maximum at ~20 

sccm-1 (Fig. 1b), seem indicative of the stronger mineral dust source in the northern 

hemisphere.  To investigate this we used retrievals from the upward-looking Wyoming Cloud 

Lidar (WCL).   Specifically, we used received power, sensed with phase perpendicular to the 

transmitted pulse, and depolarization – the perpendicular-to-parallel signal ratio - to pick 

“dust-free” samples from the free-tropospheric and cloud-free ICET set.  This resulted in an 

average concentration consistent with that found in VOCALS (0.3 sccm-1).  A comparison of 

these two ICET selections is shown in Figures 1b-1c.  From this we conclude that the 

presence of dust is a factor which distinguishes the ICET and VOCALS regions, consistent 

with aerosol climatologies (e.g., Liu et al., 2008).   However, it needs to be recognized the 

frequency of occurrence of dust is low, in our ICET data set, as indicated by the fact that the 

number of samples decreases by only 20% (4.9 x104 to 3.9 x104) between Figs. 1b and 1c.  

Furthermore, our conclusion is tentative because a classification of the VOCALS data set, 

using data derived from the WCL, is presently not available. 

  



3.b - DERIVED ICE NUCLEI CONCENTRATION 

In this section we analyze ice nuclei concentrations derived using the free-

tropospheric/cloud-free sets from VOCALS and ICET.  Figures 2a-2d were constructed using 

the ice nuclei parameterization of DeMott et al. (2010).  We symbolize the nuclei 

concentrations as NIN and express them as a count per standard liter, consistent with DeMott 

et al.  Each set of aircraft measurements (N0.5, Tdp and P) were input to the parameterization 

and nuclei concentrations were calculated.   Average nuclei concentrations increase from 

approximately 0.2 per standard liter (SL-1), for the -10/-15 oC interval, to 1.2 SL-1 for  -25/-30 

oC.  Quite surprisingly, the VOCALS and ICET averages are comparable (Fig. 2d), or the 

VOCALS averages are larger (Figs. 2a-2c).   The number of samples selected ranged from 

0.2 x104 (Fig. 2c, VOCALS) to 1.1 x104 (Fig. 2a, ICET). 

Nuclei frequency distributions were also derived using the dusty samples selected 

from free-tropospheric/cloud-free ICET set, but that result is not presented.  Because of the 

overall tendency for dust to be detected at an altitude smaller than our free-tropospheric 

threshold (3 km), only the -10/-15 oC dew point interval has a non-zero number of dusty 

samples.  In this particular instance the number of samples is 0.2 x104.   For that set of ICET 

values the average nuclei concentration is 0.6 SL-1 – compared to the VOCALS -10/-15 oC 

dew point interval, a factor of two larger – so there is evidence for dust influencing nuclei 

abundance but only for data classifying the -10/-15 oC dew point interval. 

3.c - RETRIEVED ICE CRYSTAL CONCENTRATION 

Frequency distributions for the retrieved crystal concentration, segregated by cloud-

top temperature, are presented in Figs. 3a-3d.   The retrieved concentrations are from the 

ICET region and for the summer months of June, July and August (2006 to 2010).   The 

number of selected cloud scenes is 0.2 x104.   The number of free-tropospheric cloud scenes 

selected for the summertime VOCALS region is substantially smaller (results not shown).   In 

Figs. 3a-3d we also present the derived-IN concentration frequency distributions.   These are 

reproduced from Figs. 2a-2d so that a comparison can be made between the retrieved-

crystal and derived-IN concentrations for the Caribbean region. 

Ignoring the warmest temperature bin (-10/-15 oC), and focusing on Figs. 3b-3d, we 

see that both the retrieved-crystal and derived-IN concentrations increase inversely with 

temperature.   That increase is evident both in the modes of the distributions and in the 

displayed averages.   Better quantitative agreement between the retrieved and derived 

values will result once we extrapolate the retrieved-crystal concentrations to the reference 

state used for the derived-IN values.   Also not accounted for are scenes with cirrus 

overlaying a SSC and the possibility that some of the crystal retrievals, particularly those 



classifying in the -10/-15 oC bin, are invalid because of the presence of supercooled drizzle 

(Zhang et al., 2010). 

4 - CONCLUSIONS 

We have presented coarse particle, derived ice nuclei and retrieved crystal 

concentration assessments for two subtropical free-tropospheric regions during summer.  

The occurrence of dust events within the north region (ICET, Caribbean), and their effect on 

coarse particle concentrations, is apparent in our analysis.  We are confident that conclusion 

will be strengthened once we are able to evaluate the lidar assessments of dust in the south 

region (VOCALS, southeast Pacific).   With regard to the satellite-based retrieval of ice 

crystal concentration, the investigations of Zhang et al. (2012), and this study, show that 

there is potential, yet both call for further refinement.   That work is ongoing. 
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Figure 1 – Coarse particle 

concentration frequency distributions.   a) free-

tropospheric and cloud-free conditions in 

VOCALS (southeast Pacific); b) free-

tropospheric and cloud-free conditions in ICET 

(Caribbean);  c) free-tropospheric, cloud-free 

and dust-free conditions in ICET.  See text for 

details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 2 – Derived ice nuclei 

concentration frequency distributions.  The 

free-tropospheric/cloud-free sets, from 

VOCALS (southeast Pacific) and ICET 

(Caribbean), are presented.  See text for 

details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 3 – Derived ice nuclei 

concentration frequency distributions from 

ICET (Caribbean).    These distributions are 

reproduced from Figure 2.   Also presented 

(gray), are retrieved ice crystal concentration 

distributions.   The retrieval is based on five 

years of satellite measurements, from the 

Caribbean basin (June, July and August). 

 

 

 


