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The effect of clouds on the climate system is more uncertain than the 

influence of heat-trapping greenhouse gases (1). Clouds can cool by 

reflection of solar radiation and warm by trapping terrestrial heat with 

the balance of effects depending on cloud properties such as altitude, 

thickness, phase and droplet or crystal size (2). Cirrus clouds are of par-

ticular importance because they have extensive global coverage and 

occur high in the atmosphere, at altitudes from 8 to 17 km (2). Global 

modeling suggests that human effects on ice clouds may rival the radia-

tive effect of all anthropogenic aerosol particles that do not participate in 

cloud formation (3). 

Due to the temperature at their altitude of formation, cirrus are com-

posed exclusively of ice crystals (2). Ice nucleation does not take place 

directly from water vapor, but instead requires a preexisting particle (4). 

Ice forms via two pathways, termed homogeneous and heterogeneous 

freezing. Homogeneous freezing, the spontaneous nucleation of ice with-

in a sufficiently cooled solution, is better understood. A simple theoreti-

cal framework for this process has been developed for use in model 

studies (5). Because the vast majority of atmospheric aerosol particles 

are aqueous solutions of sulfates and organic molecules (6), homogene-

ous freezing has been assumed the dominant process (7). However, one 

drawback to homogeneous freezing is that relative humidity must be 

strongly supersaturated with respect to ice (RHi 150-170%) (4, 8). In 

contrast, heterogeneous freezing can start just below 0°C and at RHi 

~100% (2, 8). Heterogeneous freezing remains poorly understood, how-

ever, because it can take several sub-pathways, among these “deposi-

tional freezing” of water vapor onto a particle surface and “immersion 

freezing” from within an aqueous coating (4). Many materials have been 

shown to act as ice nuclei (IN) in labor-

atory experiments, including mineral 

dust, metallic particles, some biological 

materials, low temperature glasses, and 

anhydrous salts (4, 9–11). Despite this 

variety only a small fraction of atmos-

pheric particles at ground level, as low 

as ~1 in 105, has been shown to act as 

IN (4, 8). 

Here, we have determined the 

chemical and physical properties of the 

particles on which cirrus ice crystals 

formed from measurements acquired 

aboard two NASA research aircraft. 

These data reveal which particle types 

are relevant for cirrus formation, from 

which we can infer the ice nucleation 

mechanism. We term the material with-

in an ice crystal an ice residual (IR) 

because particles and gases may be 

scavenged after ice nucleation. Our data 

do not indicate multiple particles per 

IR, and the low pressure and number 

density of particles in the cirrus regime 

render it unlikely that scavenging repre-

sents a significant artifact (12). 

Four aircraft measurement cam-

paigns, designed to sample within re-

gions of high cirrus cloud abundance, 

were conducted between 2002 and 2011 

over North and Central America and 

nearby ocean (Fig. 1). Data from liquid 

water-containing clouds are excluded. 

Tropical tropopause cirrus were previ-

ously considered (13). These clouds, 

which can have extensive coverage in 

the tropics, have been shown to consist of a low number density of rela-

tively small ice crystals that likely formed heterogeneously on glassy 

aerosols or anhydrous salts (13). Measurements were made in air traffic 

corridors although contrails were not specifically targeted. Mass spectra 

for thousands of individual IR and near-cloud aerosol (Fig. 2) were 

combined into seven categories (Fig. 1). The mode of freezing is inferred 

from the relative composition: when the IR were predominantly sul-

fate/organic and similar to the near-cloud particles homogeneous freez-

ing is inferred, whereas dissimilar IR and near-cloud particles indicate 

heterogeneous nucleation (8, 14). Based on these criteria, the freezing 

mechanism was heterogeneous in 94% of cloud encounters. 

The predominant particle category on which freezing took place was 

mineral dust and metallic particles, 61% by number (Fig. 1). This cate-

gory was also the most enhanced in cloud ice with respect to its near-

cloud abundance, 5%. The overwhelming majority, ~90%, exhibit no 

apparent sulfate or organic coating. Mixtures of sulfate and organic car-

bon, in all cases the largest near-cloud category at 55%, were the princi-

pal IR in only two distinct cloud encounters for which homogeneous 

freezing is inferred. In all other cirrus sulfate/organic particles were 14% 

of IR. Sulfate and organic material can act as IN when present as glasses 

or anhydrous salts (10, 11). Therefore, some of these particles may have 

entered the ice phase heterogeneously, implying the 94% value of heter-

ogeneous freezing may be a lower limit. Sea salt was abundant as IR 

during flights that took place over open ocean, 25% by number, but only 

3% during other flights. Biomass burning was in all cases the second 

most abundant particle type near-cloud, 36%, but was depleted in the IR, 

representing <5%. These quantities represent composite averages for 
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each of the four campaigns. Single flights within campaigns were ana-

lyzed individually with the only differences from the campaign averages 

being the homogeneous freezing cases (12). Representative spectra are 

shown for four IR types in Fig. 2. 

The cirrus encounters presented here include both convective out-

flow and synoptically formed clouds. Because of the updrafts in convec-

tion, the aerosols immediately next to these clouds may not be 

representative of those within. Analyzed separately, we find that mineral 

dust and metallic particles are the dominant IR regardless of cirrus type 

when heterogeneous freezing was inferred, 56% in clouds associated 

with convection and 63% in those without. We therefore believe this 

result is consistent across cirrus development scenarios. Individual field 

study values are provided in Fig. 1 (12). 

Relative humidity measurements also can be used to constrain cirrus 

formation mechanisms (15, 16). Clear sky (cloud free) RHi measure-

ments made during the flights on which IR data were collected are 

shown as a function of temperature in Fig. 3, along with measurements 

from three campaigns spanning a larger geographic area (17, 18). Sam-

pling locations include North and Central America, the western Atlantic, 

and from the central Pacific to the Arctic. At cirrus temperatures <3% of 

the clear sky RHi data exceed ~140%, a humidity consistent with hetero-

geneous freezing of mineral dust (2, 4). Less than 0.5% of the RHi data 

surpass the threshold for homogeneous freezing, also suggesting that 

heterogeneous freezing is the dominant formation mechanism. 

Since ice crystal number densities from 1’s to 100’s per liter are con-

sistent with heterogeneous freezing, whereas larger abundances are in-

dicative of homogeneous nucleation (19), these measurements offers a 

third constraint on ice formation mechanisms. Recently realized artifacts 

associated with ice crystal shattering and consequent over-counting of 

number render many previous conclusions uncertain. Higher confidence 

data from the most recent set of flights indicate only a few percent of 

clouds have numbers greater than a few hundred per liter (19). The com-

bination of in situ determination of IR composition, relative humidity 

measurements and ice crystal number densities from multiple field cam-

paigns in different regions present a compelling case to consider hetero-

geneous freezing the dominant mechanism of cirrus formation 

throughout the study regions. These data stand in contrast to recent mod-

el studies which suggest the opposite (7). 

Mineral dust is ubiquitous in the atmosphere (20). In agreement with 

the data presented here, collections of snow and cloud samples have 

shown mineral dust to be the predominant atmospheric IN (4, 8, 14, 21, 

22), Ground based and laboratory studies which nucleate ice under con-

trolled conditions also show mineral dust to be an effective IN at <–10°C 

and RHi from 110 to 140% (3). Laboratory studies show that sulfate and 

organic surface coatings “deactivate” mineral dust, rendering them less 

effective IN (23), consistent with our results. Analysis of mineral dust 

particles collected in the free troposphere show that uncoated particles 

are present thousands of kilometers from their source (24). Our data 

show that the uncoated subset of mineral dust is the most important, 

likely particles which have not undergone significant aging or a cloud 

processing event. The climatological importance of mineral dust is con-

sistently demonstrated by laboratory studies characterizing it as an effec-

tive IN, field studies that observe its presence in the free troposphere, 

and IR analyses that show it dominates within ice crystals. In regions 

where the concentration of mineral dust and metallic aerosol is low, such 

as the high latitudes of the southern hemisphere, homogeneous freezing 

or ice nucleation by glassy particles and anhydrous salts (10, 11) may be 

of greater importance than observed in these studies. 

The lack of elemental carbon (EC) and biological particles is nota-

ble. Neither was abundant in the near-cloud particles or the ice phase, 

representing <1% in all cases. The in situ results are supported by IR 

collection for off-line electron microscopy (EM) compositional analysis 

(12, 21, 22) during the most recent set of flights. Only a single possible 

biological and two EC ice residual particles were observed during these 

flights, representing <<1%. 

With few exceptions, laboratory studies of EC have shown this par-

ticle type to be an inefficient IN with nucleation only at temperatures 

and supersaturations close to homogeneous freezing (9, 25). We con-

clude that effective ice nucleating EC particles are of low abundance in 

the cirrus regime. This may not be valid in contrails which were not 

studied. Noteworthy are the 2002 and 2011 measurements where wild-

fires injected EC and biomass burning particles into the upper tropo-

spheric study region, yet these particles were not abundant as IR. We 

suggest models ignore EC as an ice forming particle type for cirrus 

clouds. 

The case of biological particles is more complex than those of min-

eral dust and EC. Laboratory studies have shown that a few types of 

bacteria and fungal spores act as effective IN (9, 26). Field results, which 

include collections of ice-phase precipitation and residues from one oro-

graphic cloud sometimes show the presence of biological material (27). 

Particle phase scavenging is a greater concern in precipitation studies 

than in cirrus, but these results nonetheless suggest that a subset of bio-

logical particles are effective IN. The upper tropospheric dataset report-

ed here does not support an abundance of biological material as IR, 

widespread internal mixing with mineral dust, or the simple identifica-

tion suggested in other studies (12, 27). This dataset suggests most bio-

logical particles generated at the Earth’s surface are removed via dry or 

wet deposition due to their large size and water or ice nucleating poten-

tial before they are transported to cirrus altitude. We recommend models 

ignore biological material as a cirrus forming particle type. The discrep-

ancy between this and lower altitude studies suggests a fundamental 

difference between measurements made within or coupled to the bound-

ary layer and those made in the mid- to upper troposphere. Furthermore, 

the lower altitude IR data were obtained in a cloud with ice crystals sig-

nificantly larger than those we have been able to sample without impac-

tion artifacts (12), although even in that study, mineral dust residuals 

dominated over biological particles (27). 

Metallic particles represent an IR particle type that has not been ex-

tensively studied in the laboratory. Our data include a diversity of spe-

cies including Pb, Zn, Sn, Cu, Ag, Mo and other heavy metals which 

have low abundance in mineral dust (Fig. 2). These metals were present 

in elemental, oxide and sulfate forms. During the most recent set of 

flights, metallic particles represented 9-26% of the IR. A few previous 

field studies have noted metal-rich “industrial” IN (4, 8, 28, 29). Lead, 

present in ~5% of ambient particles (30), has been shown to be a particu-

larly efficient IN in the field and laboratory (21, 29). Laboratory studies 

and improved emission inventories coupled to cloud formation models 

are needed to elucidate the global effect of anthropogenic particles on 

cirrus. 

Both the number and activity of heterogeneous IN control the for-

mation of cirrus clouds. A global simulation of upper tropospheric aero-

sol particle concentrations combined with laboratory measurements of 

IN was used to predict cirrus formation. Independent of the IR composi-

tion measurements, this analysis also asserts the dominance of mineral 

dust among cirrus IN (9, 12, 31, 32) (Fig. 4). In both deposition and 

immersion freezing modes mineral dust contributes the largest number 

of free tropospheric IN. Laboratory studies of EC suggest a wide range 

of IN efficiencies. In only the extreme case where all EC is assumed to 

have the highest efficiency does this species rival mineral dust. Biologi-

cal particles are shown to be extremely rare in the upper troposphere, 

rendering them unable to compete with mineral dust in the cirrus tem-

perature range (<–30°C). Although many air parcels originating from 

mineral dust emission areas undergo cloud processing before reaching 

cirrus altitudes (20), resulting in depletion and/or coating of these parti-

cles, no comprehensive global data measurements of aerosol coating 

state exist and is not included in this model. The scarcity of laboratory 
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experiments on biomass burning and metallic particles render us unable 

to provide separate estimates for these species. 

References and Notes 

1. S. Solomon, Ed., Climate Change 2007: The Physical Science Basis. 

Contribution of Working Group I to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change (Cambridge Univ. Press, 

Cambridge, 2007). 

2. D. K. Lynch, K. Sassen, D. C. Starr, G. Stephens, Eds., Cirrus (Oxford Univ. 

Press, New York, 2002). 

3. U. Lohmann, A glaciation indirect aerosol effect caused by soot aerosols. 

Geophys. Res. Lett. 29, 11-1 (2002). doi:10.1029/2001GL014357 

4. H. R. Pruppacher, J. D. Klett, Microphysics of Clouds and Precipitation 

(Kluwer Academic, Dordrecht, ed. 2, 1997), pp. 309–354. 

5. T. Koop, B. P. Luo, A. Tsias, T. Peter, Water activity as the determinant for 

homogeneous ice nucleation in aqueous solutions. Nature 406, 611 (2000). 

doi:10.1038/35020537 Medline 

6. D. M. Murphy, D. S. Thomson, M. J. Mahoney, In situ measurements of 

organics, meteoritic material, mercury, and other elements in aerosols at 5 to 

19 kilometers. Science 282, 1664 (1998). doi:10.1126/science.282.5394.1664 

7. A. Gettelman, X. Liu, D. Barahona, U. Lohmann, C. Chen, Climate impacts of 

ice nucleation. J. Geophys. Res. 117, D20201 (2012). 

doi:10.1029/2012JD017950 

8. P. J. DeMott et al., Measurements of the concentration and composition of 

nuclei for cirrus formation. Proc. Natl. Acad. Sci. U.S.A. 100, 14655 (2003). 

doi:10.1073/pnas.2532677100 Medline 

9. C. Hoose, O. Möhler, Heterogeneous ice nucleation on atmospheric aerosols: A 

review of results from laboratory experiments. Atmos. Chem. Phys. 12, 9817 

(2012). doi:10.5194/acp-12-9817-2012 

10. B. J. Murray et al., Heterogeneous nucleation of ice particles on glassy 

aerosols under cirrus conditions. Nat. Geosci. 3, 233 (2010). 

doi:10.1038/ngeo817 

11. J. P. D. Abbatt et al., Solid ammonium sulfate aerosols as ice nuclei: A 

pathway for cirrus cloud formation. Science 313, 1770 (2006). 

doi:10.1126/science.1129726 

12. Materials and methods are available as supplementary materials on Science 

Online. 

13. K. D. Froyd, D. M. Murphy, P. Lawson, D. Baumgardner, R. Herman, 

Aerosols that form subvisible cirrus at the tropical tropopause. Atmos. Chem. 

Phys. 10, 209 (2010). doi:10.5194/acp-10-209-2010 

14. D. J. Cziczo, D. M. Murphy, P. K. Hudson, D. S. Thomson, Single particle 

measurements of the chemical composition of cirrus ice residue during 

CRYSTAL-FACE. J. Geophys. Res. 109, D04201 (2004). 

doi:10.1029/2003JD004032 

15. A. J. Heymsfield, L. M. Miloshevich, C. Twohy, G. Sachse, S. Oltmans, 

Upper-tropospheric relative humidity observations and implications for cirrus 

ice nucleation. Geophys. Res. Lett. 25, 1343 (1998). doi:10.1029/98GL01089 

16. M. Krämer et al., Ice supersaturations and cirrus cloud crystal numbers. 

Atmos. Chem. Phys. 9, 3505 (2009). doi:10.5194/acp-9-3505-2009 

17. E. M. Weinstock et al., New fast-response photofragment fluorescence 

hygrometer for use on the NASA ER-2 and the Perseus remotely piloted 

aircraft. Rev. Sci. Instrum. 65, 3544 (1994). doi:10.1063/1.1144536 

18. M. A. Zondlo, M. E. Paige, S. M. Massick, J. A. Silver, Development, flight 

performance, and calibrations of the NSF Gulfstream-V vertical cavity surface 

emitting laser (VCSEL) hygrometer. J. Geophys. Res. 115, D20309 (2010). 

doi:10.1029/2010JD014445 

19. E. J. Jensen, P. Leonhard, P. Lawson, Using statistical comparisons between 

simulations and observations to understand physical processes controlling 

midlatitude cirrus ice size distributions, paper presented at the 16th 

International Conference on Clouds and Precipitation, Leipzig, Germany, 31 

July 2012. 

20. A. Wiacek, T. Peter, U. Lohmann, The potential influence of Asian and 

African mineral dust on ice, mixed-phase and liquid water clouds. Atmos. 

Chem. Phys. 10, 8649 (2010). doi:10.5194/acp-10-8649-2010 

21. M. Ebert et al., Chemical composition and mixing-state of ice residuals 

sampled within mixed phase clouds. Atmos. Chem. Phys. 11, 2805 (2011). 

doi:10.5194/acp-11-2805-2011 

22. A. C. Targino, R. Krejci, K. J. Noone, P. Glantz, Single particle analysis of 

ice crystal residuals observed in orographic wave clouds over Scandinavia 

during INTACC experiment. Atmos. Chem. Phys. 6, 1977 (2006). 

doi:10.5194/acp-6-1977-2006 

23. D. J. Cziczo et al., Deactivation of ice nuclei due to atmospherically relevant 

surface coatings. Environ. Res. Lett. 4, 044013 (2009). doi:10.1088/1748-

9326/4/4/044013 

24. T. Kojima, P. R. Buseck, Y. Iwasaka, A. Matsuki, D. Trochkine, Sulfate-

coated dust particles in the free troposphere over Japan. Atmos. Res. 82, 698 

(2006). doi:10.1016/j.atmosres.2006.02.024 

25. M. Dymarska et al., Deposition ice nucleation on soot at temperatures 

relevant for the lower troposphere. J. Geophys. Res. 111, D04204 (2006). 

doi:10.1029/2005JD006627 

26. O. Möhler, P. J. DeMott, G. Vali, Z. Levin, Microbiology and atmospheric 

processes: The role of biological particles in cloud physics. Biogeosciences 4, 

1059 (2007). doi:10.5194/bg-4-1059-2007 

27. K. A. Pratt et al., In-situ detection of biological particles in high altitude dust-

influenced ice clouds. Nat. Geosci. 2, (2009). doi:10.1038/ngeo521 

28. C. H. Twohy, M. R. Poellot, Chemical characteristics of ice residual nuclei in 

anvil cirrus clouds: Implications for ice formation processes. Atmos. Chem. 

Phys. 5, 2289 (2005). doi:10.5194/acp-5-2289-2005 

29. D. J. Cziczo et al., Inadvertent climate modification due to anthropogenic 

lead. Nat. Geosci. 2, 333 (2009). doi:10.1038/ngeo499 

30. D. M. Murphy et al., Distribution of lead in single atmospheric particles. 

Atmos. Chem. Phys. 7, 3195 (2007). doi:10.5194/acp-7-3195-2007 

31. A. Kirkevåg et al., Aerosol-climate interactions in the Norwegian Earth 

System Model – NorESM. Geosci. Model Dev. 6, 207 (2013). 

doi:10.5194/gmd-6-207-2013 

32. C. Hoose, J. E. Kristjánsson, S. M. Burrows, How important is biological ice 

nucleation in clouds on a global scale? Environ. Res. Lett. 5, 024009 (2010). 

doi:10.1088/1748-9326/5/2/024009 

33. J. A. Ogren, J. Heintzenberg, R. J. Charlson, In situ sampling of clouds with a 

droplet to aerosol converter. Geophys. Res. Lett. 12, 121 (1985). 

doi:10.1029/GL012i003p00121 

34. C. H. Twohy, J. W. Strapp, M. Wendisch, Performance of a counterflow 

virtual impactor in the NASA Icing Research Tunnel. J. Atmos. Ocean. 

Technol. 20, 781 (2003). doi:10.1175/1520-

0426(2003)020<0781:POACVI>2.0.CO;2 

35. C. S. McNaughton et al., Results from the DC-8 Inlet Characterization 

Experiment (DICE): Airborne versus surface sampling of mineral dust and sea 

salt aerosols. Aerosol Sci. Technol. 41, 136 (2007). 

doi:10.1080/02786820601118406 

36. D. S. Thomson, M. E. Schein, D. M. Murphy, Particle analysis by laser mass 

spectrometry WB-57F instrument overview. Aerosp. Sci. Technol. 33, 153 

(2000). doi:10.1080/027868200410903 

37. D. J. Cziczo et al., Particle analysis by laser mass spectrometry (PALMS) 

studies of ice nuclei and other low number density particles. Inter. J. Mass 

Spec. 258, 21 (2006). doi:10.1016/j.ijms.2006.05.013 

38. D. M. Murphy, The design of single particle laser mass spectrometers. Mass 

Spectrom. Rev. 26, 150 (2007). doi:10.1002/mas.20113 Medline 

39. D. P. Fergenson et al., Reagentless detection and classification of individual 

bioaerosol particles in seconds. Anal. Chem. 76, 373 (2004). 

doi:10.1021/ac034467e Medline 

40. D. M. Murphy et al., Particle generation and resuspension in aircraft inlets 

when flying in clouds. Aerosol Sci. Technol. 38, 401 (2004). 

doi:10.1080/02786820490443094 

41. L. L. Pan et al., The Stratosphere-troposphere analyses of regional transport 

2008 (START08) experiment. Bull. Am. Meteorol. Soc. 91, 327 (2010). 

doi:10.1175/2009BAMS2865.1 

42. S. C. Wofsy et al., HIAPER Pole-to-Pole Observations (HIPPO): Fine 

grained, global scale measurements for determining rates for transport, 

surface emissions, and removal of climatically important atmospheric gases 

and aerosols. Philos Trans. R. Soc. London Ser. A 369, 2073 (2011). 

doi:10.1098/rsta.2010.0313 

43. M. T. Montgomery et al., The Pre-Depression Investigation of Cloud-Systems 

in the Tropics (PREDICT) experiment: Scientific basis, new analysis tools, 

and some first results. Bull. Am. Meteorol. Soc. 93, 153 (2012). 

doi:10.1175/BAMS-D-11-00046.1 

44. R. Cotton et al., The ability of the Small Ice Detector (SID-2) to characterize 

cloud particle and aerosol morphologies obtained during flights of the FAAM 

BAe-146 research aircraft. J. Atmos. Ocean. Technol. 27, 290 (2010). 

 o
n 

M
ay

 1
9,

 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://dx.doi.org/10.1029/2001GL014357
http://dx.doi.org/10.1038/35020537
http://dx.doi.org/10.1038/35020537
http://dx.doi.org/10.1126/science.282.5394.1664
http://dx.doi.org/10.1029/2012JD017950
http://dx.doi.org/10.1073/pnas.2532677100
http://dx.doi.org/10.1073/pnas.2532677100
http://dx.doi.org/10.5194/acp-12-9817-2012
http://dx.doi.org/10.1038/ngeo817
http://dx.doi.org/10.1126/science.1129726
http://dx.doi.org/10.5194/acp-10-209-2010
http://dx.doi.org/10.1029/2003JD004032
http://dx.doi.org/10.1029/98GL01089
http://dx.doi.org/10.5194/acp-9-3505-2009
http://dx.doi.org/10.1063/1.1144536
http://dx.doi.org/10.1029/2010JD014445
http://dx.doi.org/10.5194/acp-10-8649-2010
http://dx.doi.org/10.5194/acp-11-2805-2011
http://dx.doi.org/10.5194/acp-6-1977-2006
http://dx.doi.org/10.1088/1748-9326/4/4/044013
http://dx.doi.org/10.1088/1748-9326/4/4/044013
http://dx.doi.org/10.1016/j.atmosres.2006.02.024
http://dx.doi.org/10.1029/2005JD006627
http://dx.doi.org/10.5194/bg-4-1059-2007
http://dx.doi.org/10.1038/ngeo521
http://dx.doi.org/10.5194/acp-5-2289-2005
http://dx.doi.org/10.1038/ngeo499
http://dx.doi.org/10.5194/acp-7-3195-2007
http://dx.doi.org/10.5194/gmd-6-207-2013
http://dx.doi.org/10.1088/1748-9326/5/2/024009
http://dx.doi.org/10.1029/GL012i003p00121
http://dx.doi.org/10.1175/1520-0426(2003)020%3c0781:POACVI%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0426(2003)020%3c0781:POACVI%3e2.0.CO;2
http://dx.doi.org/10.1080/02786820601118406
http://dx.doi.org/10.1080/027868200410903
http://dx.doi.org/10.1016/j.ijms.2006.05.013
http://dx.doi.org/10.1002/mas.20113
http://dx.doi.org/10.1002/mas.20113
http://dx.doi.org/10.1021/ac034467e
http://dx.doi.org/10.1021/ac034467e
http://dx.doi.org/10.1080/02786820490443094
http://dx.doi.org/10.1175/2009BAMS2865.1
http://dx.doi.org/10.1098/rsta.2010.0313
http://dx.doi.org/10.1175/BAMS-D-11-00046.1
http://www.sciencemag.org/


/ http://www.sciencemag.org/content/early/recent / 9 May 2013 / Page 4 / 10.1126/science.1234145 

 

doi:10.1175/2009JTECHA1282.1 

45. S. G. Scott, T. P. Bui, K. R. Chan, S. W. Bowen, The meteorological 

measurement system on the NASA ER-2 aircraft. J. Atmos. Ocean. Technol. 

7, 525 (1990). doi:10.1175/1520-0426(1990)007<0525:TMMSOT>2.0.CO;2 

46. R. P. Lawson, B. A. Baker, C. G. Schmitt, T. L. Jensen, An overview of 

microphysical properties of Arctic clouds observed in May and July during 

FIRE ACE. J. Geophys. Res. 106, 14989 (2001). doi:10.1029/2000JD900789 

47. S. Davis, A. G. Hallar, L. Avallone, W. Engblom, Measurement of total water 

with a tunable diode laser hygrometer: Inlet analysis, calibration procedure, 

and ice water content determination. J. Atmos. Ocean. Technol. 24, 463 

(2007). doi:10.1175/JTECH1975.1 

48. M. Zöger et al., Fast in situ stratospheric hygrometers: A new family of 

balloon-borne and airborne Lyman α photofragment fluorescence 

hygrometers. J. Geophys. Res. 104, 1807 (1999). doi:10.1029/1998JD100025 

49. J. B. Smith, thesis, Harvard University (2012). 

50. W. Haag et al., Freezing thresholds and cirrus cloud formation mechanisms 

inferred from in situ measurements of relative humidity. Atmos. Chem. Phys. 

3, 1791 (2003). doi:10.5194/acp-3-1791-2003 

51. J. M. Comstock, T. P. Ackerman, D. D. Turner, Evidence of high ice 

supersaturation in cirrus clouds using ARM Raman lidar measurements. 

Geophys. Res. Lett. 31, L11106 (2004). doi:10.1029/2004GL019705 

52. A. J. Heymsfield, L. M. Miloshevich, Relative humidity and temperature 

influences on cirrus formation and evolution: Observations from wave clouds 

and FIRE II. J. Atmos. Sci. 52, 4302 (1995). doi:10.1175/1520-

0469(1995)052<4302:RHATIO>2.0.CO;2 

53. E. J. Jensen et al., On the importance of small ice crystals in tropical anvil 

cirrus. Atmos. Chem. Phys. 9, 5519 (2009). doi:10.5194/acp-9-5519-2009 

54. A. V. Korolev et al., Small ice particles in tropospheric clouds: Fact or 

artifact? Bull. Am. Meteorol. Soc. 92, 967 (2011). 

doi:10.1175/2010BAMS3141.1 

55. G. M. McFarquhar et al., The importance of small ice crystals to cirrus 

properties: Observations from the Tropical Warm Pool International cloud 

Experiment (TWP-ICE). Geophys. Res. Lett. 57, L13803 (2007). 

doi:10.1029/2007GL029865 

56. J.-F. Lamarque et al., Historical (1850–2000) gridded anthropogenic and 

biomass burning emissions of reactive gases and aerosols: methodology and 

application. Atmos. Chem. Phys. 10, 7017 (2010). doi:10.5194/acp-10-7017-

2010 

57. F. Dentener et al., Emissions of primary aerosol and precursor gases in the 

years 2000 and 1750 prescribed data-sets for AeroCom. Atmos. Chem. Phys. 

6, 4321 (2006). doi:10.5194/acp-6-4321-2006 

58. G. Myhre et al., Radiative forcing of the direct aerosol effect from 

AEROCOM phase II simulations. Atmos. Chem. Phys. 13, 1853 (2013). 

doi:10.5194/acp-13-1853-2013 

59. P. J. Connolly et al., Studies of heterogeneous freezing by three different 

desert dust samples. Atmos. Chem. Phys. 9, 2805 (2009). doi:10.5194/acp-9-

2805-2009 

60. M. Niemand et al., A particle-surface-area-based parameterization of 

immersion freezing on desert dust particles. J. Atmos. Sci. 69, 3077 (2012). 

doi:10.1175/JAS-D-11-0249.1 

61. B. J. Murray, D. O’Sullivan, J. D. Atkinson, M. E. Webb, Ice nucleation by 

particles immersed in supercooled cloud droplets. Chem. Soc. Rev. 41, 6519 

(2012). doi:10.1039/c2cs35200a Medline 

62. P. J. DeMott, An exploratory study of ice nucleation by soot aerosols. J. Appl. 

Meteorol. 29, 1072 (1990). doi:10.1175/1520-

0450(1990)029<1072:AESOIN>2.0.CO;2 

63. R. Iannone, D. I. Chernoff, A. Pringle, S. T. Martin, A. K. Bertram, The ice 

nucleation ability of one of the most abundant types of fungal spores found in 

the atmosphere. Atmos. Chem. Phys. 11, 1191 (2011). doi:10.5194/acp-11-

1191-2011 

64. L. R. Maki, K. J. Willoughby, Bacteria as biogenic sources of freezing nuclei. 

J. Appl. Meteorol. 17, 1049 (1978). doi:10.1175/1520-

0450(1978)017<1049:BABSOF>2.0.CO;2 

65. K. Jayaweera, P. Flanagan, Investigations on biogenic ice nuclei in the Arctic 

atmosphere. Geophys. Res. Lett. 9, 94 (1982). doi:10.1029/GL009i001p00094 

66. O. Möhler et al., Heterogeneous ice nucleation activity of bacteria: New 

laboratory experiments at simulated cloud conditions. Biogeosciences 5, 1425 

(2008). doi:10.5194/bg-5-1425-2008 

67. E. Attard et al., Effects of atmospheric conditions on ice nucleation activity of 

Pseudomonas. Atmos. Chem. Phys. 12, 10667 (2012). doi:10.5194/acp-12-

10667-2012 

68. O. Möhler et al., Effect of sulfuric acid coating on heterogeneous ice 

nucleation by soot aerosol particles. J. Geophys. Res. 110, D11210 (2005). 

doi:10.1029/2004JD005169 

69. Z. A. Kanji, P. J. DeMott, O. Möhler, J. P. D. Abbatt, Results from the 

University of Toronto continuous flow diffusion chamber at ICIS 2007: 

Instrument intercomparison and ice onsets for different aerosol types. Atmos. 

Chem. Phys. 11, 31 (2011). doi:10.5194/acp-11-31-2011 

70. I. Crawford et al., Studies of propane flame soot acting as heterogeneous ice 

nuclei in conjunction with single particle soot photometer measurements. 

Atmos. Chem. Phys. 11, 9549 (2011). doi:10.5194/acp-11-9549-2011 

71. K. A. Koehler et al., Cloud condensation nuclei and ice nucleation activity of 

hydrophobic and hydrophilic soot particles. Phys. Chem. Chem. Phys. 11, 

7906 (2009). doi:10.1039/b905334b Medline 

Acknowledgments: We thank D. S. Thomson and G. Kulkarni for their 

assistance with the measurements and S. Solomon for advice on manuscript 

preparation. We acknowledge the effort of all of the participants of the field 

studies, in particular the air and ground crews of the NASA WB-57F and DC-

8 and NSF G-V. O. Seland, D. Olivié and A. Kirkevåg are acknowledged for 

providing particle surface area densities from CAM4-Oslo simulations. The 

MDC12C1 2011 Land Cover Type data were obtained through the online 

Data Pool at the NASA Land Processes Distributed Active Archive Center 

(LP DAAC), USGS/Earth Resources Observation and Science (EROS) 

Center, Sioux Falls, South Dakota (https://lpdaac.usgs.gov/get_data). M. 

Zondlo acknowledges support from NSF AGS-0840732 and AGS-1036275. 

M. Diao acknowledges a NASA Earth and Space Science Graduate 

Fellowship. C. Twohy acknowledges support from the NASA Radiation 

Sciences Program award numbers NNX07AL11G and NNX08AH57G. This 

research was supported by the NASA Earth Science Division Atmospheric 

Composition program award number NNH11AQ58UI. Author 

Contributions: D.J.C., single particle mass spectrometry, electron 

microscopy, data analysis, and paper writing; K.D.F., counterflow virtual 

impactor development, mass spectrometer development,  single particle mass 

spectrometry, data analysis, and paper writing; C. H., compilation of INAS 

densities from laboratory data, deriving the model-based estimates of upper 

tropospheric IN, and paper writing; J.B.S., M.A.Z, and M.D., measurement of 

water vapor mixing ratio, analysis of relative humidity data, and paper 

writing, E.J.J., Mission planning, data analysis and paper writing. C.T., TC4 

instrument design and data acquisition, paper writing. D.M.M.,  mass 

spectrometer development, single particle mass spectrometry, data analysis, 

and paper writing. 

Supplementary Materials 

www.sciencemag.org/cgi/content/full/science.1234145/DC1 

Materials and Methods 

Figs. S1 to S4 

Tables S1 to S4 

References (33–71) 

17 December 2012; accepted 18 April 2013 

Published online 9 May 2013 

10.1126/science.1234145 

 o
n 

M
ay

 1
9,

 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://dx.doi.org/10.1175/2009JTECHA1282.1
http://dx.doi.org/10.1175/1520-0426(1990)007%3c0525:TMMSOT%3e2.0.CO;2
http://dx.doi.org/10.1029/2000JD900789
http://dx.doi.org/10.1175/JTECH1975.1
http://dx.doi.org/10.1029/1998JD100025
http://dx.doi.org/10.5194/acp-3-1791-2003
http://dx.doi.org/10.1029/2004GL019705
http://dx.doi.org/10.1175/1520-0469(1995)052%3c4302:RHATIO%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1995)052%3c4302:RHATIO%3e2.0.CO;2
http://dx.doi.org/10.5194/acp-9-5519-2009
http://dx.doi.org/10.1175/2010BAMS3141.1
http://dx.doi.org/10.1029/2007GL029865
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.5194/acp-6-4321-2006
http://dx.doi.org/10.5194/acp-13-1853-2013
http://dx.doi.org/10.5194/acp-9-2805-2009
http://dx.doi.org/10.5194/acp-9-2805-2009
http://dx.doi.org/10.1175/JAS-D-11-0249.1
http://dx.doi.org/10.1039/c2cs35200a
http://dx.doi.org/10.1039/c2cs35200a
http://dx.doi.org/10.1175/1520-0450(1990)029%3c1072:AESOIN%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1990)029%3c1072:AESOIN%3e2.0.CO;2
http://dx.doi.org/10.5194/acp-11-1191-2011
http://dx.doi.org/10.5194/acp-11-1191-2011
http://dx.doi.org/10.1175/1520-0450(1978)017%3c1049:BABSOF%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1978)017%3c1049:BABSOF%3e2.0.CO;2
http://dx.doi.org/10.1029/GL009i001p00094
http://dx.doi.org/10.5194/bg-5-1425-2008
http://dx.doi.org/10.5194/acp-12-10667-2012
http://dx.doi.org/10.5194/acp-12-10667-2012
http://dx.doi.org/10.1029/2004JD005169
http://dx.doi.org/10.5194/acp-11-31-2011
http://dx.doi.org/10.5194/acp-11-9549-2011
http://dx.doi.org/10.1039/b905334b
http://dx.doi.org/10.1039/b905334b
http://www.sciencemag.org/cgi/content/full/science.1234145/DC1
http://www.sciencemag.org/


 

/ http://www.sciencemag.org/content/early/recent / 9 May 2013 / Page 5 / 10.1126/science.1234145 

 

 

  

Fig. 1. Flight tracks of ice cloud residual measurements for four aircraft campaigns spanning a 

range of geographic regions and seasons. The composition of cirrus ice residuals and near-cloud 
aerosol, on a number basis, are summarized for each campaign. Ice crystal separation was 

accomplished with a counterflow virtual impactor inlet and composition was determined using 
single particle mass spectrometry where individual particles were desorbed and ionized with a 

193 nm wavelength excimer laser and ion abundance measured with time of flight mass 
spectrometry (13, 14). This technique is sensitive to all atmospheric aerosol particle components 

in a range from ~0.2 – 3 μm aerodynamic diameter (13, 14). Ice residual particles were also 
collected and analyzed with EM coupled to energy dispersive x-ray microanalysis (21). 

Homogeneous freezing appeared to initiate cloud formation for only two individual cirrus clouds 
with composition shown in two insets (*). Mineral dust is the most dominant heterogeneous ice 

nucleus in all other cirrus encounters despite the geographic separation between the study areas 
and major global dust sources, colored brown (NASA Land Processes Distributed Active Archive 

Center, https://lpdaac.usgs.gov/get_data). 
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Fig. 2. Single particle mass spectra (MS) and electron microscope images (EM; inset) 

of ice residual particles analyzed during MACPEX corresponding to the categories 
presented in Fig. 1. (A) MS: The most common residual, mineral dust with minimal 

surface coating. EM: An aluminosilicate particle, also without apparent surface 
coating. (B) MS: Metallic particle with sodium, potassium, nickel, copper, iron and 

lead. EM: Metallic particle with tin, carbon and silicon. (C) MS: One of six particles of 
possible biological origin suggested by a composition including carbon, nitrogen, 

oxygen and phosphorous (12). EM: The only particle of possible biological origin found 
on the electron microscope grids suggested by a composition including carbon, 

hydrogen, oxygen and phosphorous. (D) MS: An EC particle. EM: One of two EC 
particles, identified by both composition and fractal spherule aggregate structure. Note 

that the spectra and images do not correspond to the same particles. 
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Fig. 3. The distribution of upper tropospheric clear air relative humidity with 

respect to ice (RHi) as a function of temperature. The color-coding 
corresponds to the number of events observed in each 5% RHi and 1°C 

bin. The dashed and solid black lines indicate ice and liquid water 
saturation, respectively. (A) Composite of data collected in conjunction with 

the ice residual data shown in Fig. 1 and 2. Inset panel displays a 
histogram of these data for temperatures warmer than −70°C. Greater than 

99% of the RHi data in this temperature range fall significantly below the 
threshold for homogeneous nucleation, denoted by the black dotted lines. 

(B) Composite of data collected over a larger geographical area onboard 
the NSF G-V aircraft. The RHi data utilize water vapor mixing ratios 

measured by the Harvard Water Vapor instrument (17) and Vertical Cavity 
Surface Emitting Laser hygrometer (18). 
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Fig. 4. Estimates of upper tropospheric IN concentration versus relative 

humidity with respect to ice (RHi) and temperature from global 
simulations of aerosol surface area concentration and ice nucleation 

active site (INAS) densities derived from various laboratory experiments 
(12). Estimates of upper tropospheric IN concentrations and annual 

average aerosol particle concentration from two versions of the CAM-
Oslo model (31, 32) were used. These estimates are derived 

independently from the in-situ data. Deposition (between –35 and –
57°C) and immersion nucleation modes are considered separately. The 

onset of homogeneous freezing is indicated by the red dashed lines for 
an approximate freezing rate coefficient of 5  10

14
 m

−3
 s

−1
. The shaded 

areas represent the range of measured INAS densities. 
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