
GEOPHYSICAL RESEARCH LETTERS, VOL. 25, NO. 9, PAGES 1391-1394, MAY 1, 1998 

Single particle analyses of ice nucleating aerosols in the 
upper troposphere and lower stratosphere 
Yalei Chen and Sonia M. Kreidenweis 

Department of Atmospheric Science, Colorado State University, Fort Collins 

Lynn M. McInnes 
Climate Monitoring and Diagnostics Laboratory, National Oceanic and Atmospheric Administration, Boulder, Colorado 

David C. Rogers and Paul J. DeMott 
Department of Atmospheric Science, Colorado State University, Fort Collins, 

Abstract. A newly developed instrument was deployed on the 
NASA DC-8 airborne laboratory during the Subsonic Aircraft: 
Contrail and Cloud Effects Special Study (SUCCESS, Spring 
1996) to detect and collect heterogeneous ice nucleating particles 
(IN) in the upper troposphere and lower stratosphere The ele- 
mental compositions of both ambient particles and IN were de- 
termined with single particle analysis using analytical electron 
microscopy. IN collected during flights on May 4 and 8 had en- 
hanced number fractions of metallic, crustal, and carbonaceous 
particles, compared with the ambient aerosol population, and 
were relatively deficient in sulfur-containing particles. IN sam- 
pled within aircraft exhaust and contrails had higher number 
fractions of metallic particles, which includes those rich in Zn, 
A1, and Ti, than the IN sampled in air that was not immediately 
affected by aircraft exhaust. 

Introduction 

Aerosols in the upper troposphere (UT) and lower stratosphere 
(LS) affect the formation and microphysical properties of high 
altitude clouds, such as cirrus and wave clouds. The subset of 
particles active as ice nuclei (IN) catalyzes the formation of ice in 
supercooled clouds, which in turn affects the microphysical char- 
acteristics and evolution of clouds [DeMott et al., 1997a]. Only a 
few reports of single-particle chemical composition of smaller ice 
crystals and aerosols in the UT and LS have appeared in the lit- 
erature. Sheridan et al. [1994] reported the elemental composition 
and morphology of individual particles from aerosol samples ob- 
tained near the tropopause at midlatitudes. While sulfur particles 
dominated the number concentration, especially in samples from 
the stratosphere, up to 10% of the particles were classified as car- 
bon-rich, crustal or metallic. Hagen et al. [1994] found an even 
higher fraction of nonsulfate particles in their study of UT aerosol 
in the vicinity of cirrus clouds over CO and WY. They frequently 
detected Ba, A1, C and Ti, and suggested that these elements were 
related to air transport sources. A recent study by Heintzenberg et 
al. [1996] compared the composition of non-volatile material in 
upper tropospheric aerosols and cirrus crystal residues. Minerals 
were dominant in micron-sized particles in both samples. The 
composition of crystal residues was significantly different than 
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the chemical signature of interstitial and out-of-cloud particles, 
being enriched in Si, Fe, and the heavier elements (e.g., Ti). 

One of the key objectives of the NASA SUCCESS project was 
to investigate the impact of anthropogenic aerosol, particularly 
aircraft exhaust, on cold cloud and contrail formation. The field 
campaign, based out of Salina, Kansas, was conducted from April 
10 to May 15, 1996. In this paper, we report observations of the 
chemical composition, size, and morphology of ambient particles 
and the IN subset from two SUCCESS flights on the NASA DC- 
8 aircraft. A novel feature of this work is the use of a new instru- 

ment to detect and separate ice nucleating particles from an aero- 
sol sample in real time [Rogers, 1993]. Observations of aerosol 
and IN number concentrations during SUCCESS and a descrip- 
tion of the airborne ice nucleus detector are reported in DeMott et 
al. [1997b] and Rogers et al. [1997]. 

Experimental Approach 
Sampling System 

Air was sampled via a probe located aft of the left wing of the 
aircraft, drawn through a pre-impactor to remove particles larger 
than 2 gm in diameter, and then split into two flows. One stream 
was delivered to the ice nucleus detector to differentiate the IN 

from non-IN by exposing the sample to ice supersaturations, nu- 
cleating IN and growing them to crystals (Dp > 3 gm) that were 
optically counted at the instrument outlet [Rogers et al., 1997]. 
Supersaturations with respect to water were varied from positive 
(up to +10%) to negative (-20%), to examine heterogeneous 
freezing mechanisms; temperatures were not cold enough to de- 
tect homogeneous-freezing nuclei. The IN fraction was subse- 
quently collected with an inertial impactor having a 50% cut size 
of 3 gm, such that only crystals were collected [Kreidenweis et 
al., 1997]. The second sample stream was delivered to a conden- 
sation nucleus counter (CNC, TSI 3010), which measured the to- 
tal particle number concentration (CN, Dp > 0.012 gm). At se- 
lected times, the total aerosol was collected with a PIXE cascade 
impactor (PIXE Corp.); these samples are hereafter referred to as 
AP (ambient particles). Six stages, corresponding to 50% cut di- 
ameters of 0.06, 0.12, 0.25, 0.5, 1.0, and 2.0 gm, were used. The 
flowrate through the PIXE impactor was regulated at 1 g min 'l. 
Copper transmission electron microscopy grids, with a Formvar 
backing and evaporated carbon film, were used as collection sub- 
strates for both impactors. The sampling duration was about 15 
minutes for AP. For the IN samples, the duration was determined 
by accumulated optical counts, and was on the order of 1 hour 
due to the low number concentration of IN. 
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Single particle analyses were performed at the Colorado State 
University Electron Microscopy Center using a transmission 
electron microscope (TEM, JEOL-2000)equipped with a high- 
angle energy dispersive X-ray detector (EDS, KeVex) which is 
sensitive to atomic number > 11 (Na). Replicate analyses of a 
subset of the samples were obtained at the National Center for 
Electron Microscopy (NCEM, JEOL JEM 200CX)using an ultra- 
thin window energy dispersive X-ray detector (atomic number > 
5) to detect lighter elements (e.g., carbon and oxygen). The grids 
were first examined at low magnification (600x) to locate the ap- 
proximate center of the particle deposit, and then were examined 
at higher magnification (> 10,000x) to count and size the particles 
deposited in each square for about 20 squares near the deposit 
center in a cross pattern. Particles were randomly selected for X- 
ray analysis to obtain representative chemical compositions. Each 
particle was grouped into one of five categories based on its ele- 
mental spectra, as defined in the following section. The lower 
size limit for sizing and counting was approximately 0.05 gm, 
and approximately 0.10 gm for the purposes of X-ray analysis. 

Particle Classifications 

The choices of compositional categories used for classification 
were based on those defined by Sheridan et al. [ 1994]. The crus- 
tal group includes silicate and silicon-dominated particles. Un- 
usual smooth spheres were observed in this group, suggesting 
high temperature origins [Sheridan, 1989]. Soot and non-soot 
carbon rich particles were grouped as carbonaceous particles. 
These were distinguished by essentially no X-ray signals, or 
sometimes trace amounts of Si, Fe, Cr or Ni; the signals were 
weak in comparison to same sized mineral or metallic particles. 
The classification as carbonaceous was confirmed at NCEM, for 
particles with an integrated carbon signal > 3 times the back- 
ground signal of the substrate material in a particle free region. 
Some micron-sized carbonaceous particles contained ~0.1 gm 
metallic particles, primarily Ti, as inclusions These particles 
were classified as carbonaceous, instead of metallic, due to the 
weak X-ray intensities of the metallic elements. Similar carbona- 
ceous particles with inclusions were observed in the UT by 
Sheridan et al. [1994], and Hagen et al. [1994] show example 
spectra of UT coarse particles having fly ash (combustion) and 
carbonaceous compositions, similar to those we observed. 

Particles classified as sulfates had different morphologies, de- 
pending on the extent of neutralization and the associated cations. 
Sulfur-containing droplets surrounded by much smaller satellites 
were identified as acidic [Ferek et al., 1983]. Droplet residue 
patterns without satellites, showing only a S signal in their X-ray 
spectra, were also observed. These particles are most likely com- 
posed of totally or partially neutralized ammonium sulfate, al- 
though the presence of nitrogen could not be confirmed with our 
detectors. 

The composition and abundance of metallic particles varied 
dramatically from sample to sample. The metals most often ob- 
served included A1, Fe, Ti, Cr, Zn and Ca, present as oxides or 
carbonates. Particles with predominantly a C1 signal, and those 
which were hard to group into previous categories (e.g., P), were 
classified as 'other'. Most samples had only a small percentage of 
particles in this class. 

Results and Discussion 

The samples discussed here were collected during the research 
flights on May 4 and 8 [see also Campos et al., 1997 and Talbot 

et al., 1997]. These days had several cases of overlapping IN and 
AP collections, which allows comparison of compositional dif- 
ferences between the two populations. 

May 4 Flight 

On May 4, the DC-8 flew a coordinated mission over the 
CART site in Oklahoma in clear skies over a broken stratus deck, 
to sample exhaust and short-lived contrails of a Boeing 757 
(B757) and a T39 aircraft. Measurements were made as close as 9 
mi behind the B757, which alternately burned high and low sulfur 
fuels. Four IN samples and one AP sample, taken during the last 
IN sample, were collected. The sampling times, along with in- 
formation that describes the ambient conditions encountered, are 
shown in Figure 1. The DC-8 sampled exhaust and contrails dur- 
ing the first three IN samples. The AP sample and last IN sample 
were collected primarily in the lower stratosphere. 

The compositions, reported as the relative number of particles 
in each class, are shown in Figure 2. The total number of particles 
analyzed in each sample is indicated in parentheses, and for IN 
represented on average 10%-20% of the collected particles. In 
Figure 2a, all three IN samples from exhaust/contrail-influenced 
air show the predominance of metallic particles, with carbona- 
ceous and crustal particles as the other major components. Metal- 
lic and carbonaceous particles comprised at least 65% of the IN 
in these samples, and up to 87% in one sample. Another notable 
feature is that only a small fraction of the IN were sulfate or 
mixed-sulfate particles. X-ray analyses of these sulfate particles 
showed some of them were mixed with crustal components, sug- 
gesting the particle was at least partly insoluble. The last IN sam- 
ple, taken in the stratosphere and not immediately influenced by 
aircraft exhaust, had few metallic particles and was dominated by 
carbonaceous and crustal particles. The higher abundance of me- 
tallic and crustal particles in the UT IN samples, compared with 
the LS sample, is in qualitative agreement with reported relative 
UT/LS abundances for ambient aerosol [ Sheridan et al., 1994]. 

Figure 2b shows the composition differences between the IN 
and AP sampled in the stratosphere. Since the AP samples were 
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Figure 1. Overview of May 4 sampling conditions. Solid dia- 
monds are total particle number concentrations ([CN], cm '3) at 
ambient temperature and pressure, and indicate aircraft ascent, 
descent, and B-757 exhaust penetrations. Estimated times of con- 
trail / exhaust penetrations are shown by the open diamonds and 
were determined using NO measurements [Campos et al., 1997]. 
Estimated times near the tropopause and in the stratosphere are 
shown by the light and dark bands, respectively. Ice nuclei sam- 
ples were obtained during time periods marked IN-1 through IN- 
4; the time period of the ambient aerosol sample is marked AP-1. 
The average temperature (øC) and supersaturation with respect to 
ice (%) at which each IN sample was processed is indicated. 
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Figure 2. Chemical compositions of May 4 aerosol samples. a 
(a) Ice nucleating particles; (b) Comparison of overlapping IN 
and AP samples. Sample identifiers are as in Figure 1; the num- 
bers below each identifier indicate the number of particles ex- 
amined in the sample. The ordinate is the number fraction of par- 
ticles having the indicated composition. 

obtained with a cascade impactor, composition results shown 
here are accumulated from all six stages, weighted for relative 
particle loading on each stage. The IN population is dominated by 
the crustal and carbonaceous groups; both populations had about 
the same fraction of metallic particles. Sulfate particles domi- 
nated the AP, whereas less than 10% of the IN were in this cate- 
gory. The morphology of sulfate in these two samples was also 
different. No sulfuric acid droplets were found in the IN sample, 
and most of the sulfate particles were mixed, often with insoluble 
species. In the AP sample, sulfate particles were found primarily 
on one impactor stage, with similar morphologies and sizes, 
ranging from 0.6 to 1.2 gm. Most were impacted as droplets, and 
some had discrete solid cores, suggesting sulfuric acid was het- 
erogeneously condensed onto other particles. 

May 8 Flight 

On May 8, the DC-8, T-39, and ER-2 flew a coordinated mis- 
sion over Iowa and Wisconsin, west of Lake Michigan, to sample 
the cirrus anvil outflow from a mesoscale convective system. The 
DC-8 flew in the troposphere most of the time. Six IN samples 
and two AP samples were collected, with the last IN sample col- 
lected during the descent until landing. The sampling times and 
ambient conditions are shown in Figure 3, and indicate that most 
of the IN samples were affected by clouds. Thus these samples 
represent a composite of the IN characteristics of the total aerosol 
population and of the cloud interstitial particles. 

The chemical compositions of all six IN samples are presented 
in Figure 4a. Compared with the in-contrail IN samples from 
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Figure 3. As in Figure 1, but for the May 8 research flight. No 
exhaust ! centrail penetrations were made. Times estimated as in- 
cloud are shown by open circles. Ice nuclei samples were ob- 
tained during time periods marked IN-5 through IN-10, respec- 
tively; the time periods of the ambient aerosol samples are 
marked AP-2 and AP-3. 

May 4, the crustal and metallic groups were switched in their 
relative abundance by number. The carbonaceous group is still 
one of the dominant categories. Comparison of the two pairs of 
AP and IN samples (Figure 4b) reveals the same relative abun- 
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Figure 4. Chemical compositions of May 8 aerosol samples. 
(a) Ice nucleating particles; (b) Comparison of overlapping IN 
and AP samples. Sample identifiers are as in Figure 3; the num- 
bers below each identifier indicate the number of particles ex- 
amined in the sample. The ordinate is the number fraction of par- 
ticles having the indicated composition. 
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dance characteristics as observed on May 4. Crustal and carbona- 
ceous particles are the dominant IN classes, while the AP samples 
had larger number fractions of sulfate particles. 

Summary and Conclusions 

the National Center for Electron Microscopy, NCEM, Lawrence Berkeley 
Laboratories at the University of California, for providing access to their 
facilities and instrumention at no cost to the user. The assistance of Dr. 
John Chandler of the CSU Electron Microscopy Center is appreciated. 
The authors also thank Dr. Andy Weinheimer for helpful discussions on 
the May 4 and May 8 case studies. 

Our results for UT and LS particle composition share many 
common features with those reported by Hagen et al. [1994], 
Heintzenberg et al. [1994], and Sheridan et al. [1994]. While sul- 
fate particles dominated our AP samples, their relative abundance 
was not as large as that determined by Sheridan et al. [1994]. 
They sampled the deposit away from the highly loaded central 
impaction spot, and noted that this introduces some uncertainty 
into their reported relative particle abundances, because the radial 
location of particles from the center of the impaction jet will vary 
with particle size and density [McInnes et al., 1997]. The lighter 
particle loadings in our measurements mitigated this problem, but 
our AP abundances required a correction for the relative loading 
of particles on each of the impaction stages. Thus the particle 
type abundances that we report should be viewed as qualitative 
representations of the atmospheric abundances, for that subset of 
particles larger than -0.1 gm. 

In all of the samples reported here, the relatively small number 
of soot particles were included in the carbonaceous category, but 
their abundance in aircraft exhaust / contrail samples (May 4) was 
not as high as might be expected. A likely reason for this is that 
the EM techniques used here have a lower particle size limit of 
-0.1 gm, whereas most of the soot number concentration was 
found in much smaller particles [Pueschel et al., 1997]. A signifi- 
cant fraction of the cirrus residues detected by StrOm et al. [ 1997] 
was smaller than 0.1 gm; many of those particles would be 
missed by EM techniques. The modal size of IN analyzed in our 
samples was -0.2 gm. It is likely that this result is biased both by 
the 2 gm inlet impactor and by the -0.1 gm threshold for EDS 
analysis. However, several IN sample grids examined at higher 
magnifications than used for the chemical characterization had 
greatly diminished loadings of particles smaller than 0.1 gm. 

Clear differences in the composition of IN sampled in jet air- 
craft exhaust / contrails and in upper tropospheric air influenced 
by deep convection were observed. A relatively larger number 
fraction of metallic particles and smaller fraction of crustal parti- 
cles were found in the exhaust / contrail samples. As pointed out 
by our comparisons of the composition of the total aerosol and 
the IN fraction, only a certain subset of particles serve as hetero- 
geneous ice nucleating particles. The IN were not necessarily to- 
tally insoluble; between a few and 25% of the IN were mixtures 
of sulfates and elements indicative of insoluble particles, with the 
soluble volume fraction of these mixed IN ranging from about 0.1 
to 0.7. The presence of mixed soluble / insoluble IN can influence 
the conditions under which ice initiation occurs in o•ld clouds 

[DeMott et al., 1997a], and is thus of importance in studies of 
aerosol climate effects. 
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