
DOI: 10.1126/science.1234145
, 1320 (2013);340 Science

 et al.Daniel J. Cziczo
Formation
Clarifying the Dominant Sources and Mechanisms of Cirrus Cloud

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): July 15, 2013 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/340/6138/1320.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2013/05/09/science.1234145.DC2.html 
http://www.sciencemag.org/content/suppl/2013/05/08/science.1234145.DC1.html 

can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/340/6138/1320.full.html#related
found at:

can berelated to this article A list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/content/340/6138/1320.full.html#ref-list-1
, 4 of which can be accessed free:cites 65 articlesThis article 

 http://www.sciencemag.org/cgi/collection/atmos
Atmospheric Science

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2013 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n
 J

u
ly

 1
5
, 
2
0
1
3

w
w

w
.s

c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/2009725092/Top1/AAAS/PDF-R-and-D-Systems-Science-130301/SCad2_Science.com_week2.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/340/6138/1320.full.html
http://www.sciencemag.org/content/340/6138/1320.full.html#related
http://www.sciencemag.org/content/340/6138/1320.full.html#ref-list-1
http://www.sciencemag.org/cgi/collection/atmos
http://www.sciencemag.org/


surrounding Earth and the proto-lunar disc as

the Moon solidified (32). Alternatively, it is con-

ceivable that a portion of the lunar interior es-

caped the widespread melting and degassing

expected in the aftermath of a giant impact and

simply inherited water from the proto-Earth. The

latter alternative is consistent with the hypothesis

that theMoon began with a 200- to 300-km-thick

outer shell near melting conditions and a rela-

tively cold interior (33). This hypothesis has re-

ceived support from recent gravity gradiometry

observations by the Gravity Recovery and In-

terior Laboratory (GRAIL) (34). Any dynamic

model proposed for the formation of the Earth-

Moon system must meet the constraints imposed

by the presence of H2O with an isotopic com-

position similar to that of terrestrial water in the

lunar interior.

Our findings also have implications for the

origin of water ice in permanently shadowed lu-

nar craters, which has been attributed to solar

wind implantation and to cometary andmeteoritic

impacts (21). It is conceivable that at least part of

this water could have originated from magmatic

degassing during lunar volcanic eruptions.
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Clarifying the Dominant Sources and
Mechanisms of Cirrus Cloud Formation
Daniel J. Cziczo,1* Karl D. Froyd,2,3 Corinna Hoose,4 Eric J. Jensen,5 Minghui Diao,6

Mark A. Zondlo,6 Jessica B. Smith,7 Cynthia H. Twohy,8 Daniel M. Murphy2

Formation of cirrus clouds depends on the availability of ice nuclei to begin condensation of
atmospheric water vapor. Although it is known that only a small fraction of atmospheric
aerosols are efficient ice nuclei, the critical ingredients that make those aerosols so effective
have not been established. We have determined in situ the composition of the residual particles
within cirrus crystals after the ice was sublimated. Our results demonstrate that mineral dust
and metallic particles are the dominant source of residual particles, whereas sulfate and organic
particles are underrepresented, and elemental carbon and biological materials are essentially
absent. Further, composition analysis combined with relative humidity measurements suggests
that heterogeneous freezing was the dominant formation mechanism of these clouds.

T
he 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 andwarm

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 particular impor-

tance because they have extensive global cover-

age and occur high in the atmosphere, at altitudes

of 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 clouds are composed exclusive-

ly of ice crystals (2). Ice nucleation does not take

place directly from water vapor but instead re-

quires a preexisting particle (4). Ice forms via two

pathways, termedhomogeneous andheterogeneous

freezing. Homogeneous freezing, the spontane-

ous nucleation of ice within a sufficiently cooled

solution, is better understood. A simple theoret-

ical framework for this process has been devel-

oped for use in model studies (5). Because the

vast majority of atmospheric aerosol particles are

aqueous solutions of sulfates and organic mole-

cules (6), homogeneous freezing has been as-

sumed the dominant process (7). However, one

drawback to homogeneous freezing is that rela-

tive humiditymust be strongly supersaturatedwith

respect to ice (RHi = 150 to 170%) (4, 8). In con-

trast, heterogeneous freezing can start just below

0°C and at RHi ~ 100% (2, 8). Heterogeneous

freezing remains poorly understood, however, be-

cause it can take several subpathways, among

which are depositional freezing of water vapor

onto a particle surface and immersion freezing

from within an aqueous coating (4). Many ma-

terials have been shown to act as ice nuclei (IN)

in laboratory experiments, includingmineral dust,

metallic particles, some biologicalmaterials, low-

temperature glasses, and anhydrous salts (4, 9–11).

Despite this variety, only a small fraction of at-

mospheric particles at ground level (as few as ~1

in 105) have been shown to act as IN (4, 8).
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Here, we have determined the chemical and

physical properties of the particles on which cir-

rus ice crystals formed from measurements ac-

quired aboard twoNASA research aircraft. These

data reveal the particle types that are relevant for

cirrus formation, from which we can infer the ice

nucleationmechanism.We term thematerial 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 par-

ticles per IR, and the low pressure and number

density of particles in the cirrus regime render it

unlikely that scavenging represents a distinct

artifact (12).

Between 2002 and 2011, we conducted four

aircraft measurement campaigns, designed to sam-

ple within regions of high cirrus cloud abundance,

over North and Central America and nearby ocean

(Fig. 1). Data from liquid water–containing clouds

are excluded. Tropical tropopause cirrus cloudswere

previously considered (13). These clouds, which

can have extensive coverage in the tropics, have

been shown to consist of a low number density of

relatively small ice crystals that probably formed

heterogeneously on glassy aerosols or anhydrous

salts (13). Measurements were taken in air-traffic

corridors, although contrails were not specifically

targeted.We then combined mass spectra for thou-

sands of individual IRs and near-cloud aerosol

(Fig. 2) into seven categories (Fig. 1). The mode

of freezing is inferred from the relative compo-

sition: When the IRs were predominantly sulfate

and/or organic and similar to the near-cloud par-

ticles, homogeneous freezing is inferred, whereas

dissimilar IRs and near-cloud particles indicate

heterogeneous nucleation (8, 14). Based on these

criteria, the freezing mechanism was heteroge-

neous in 94% of cloud encounters.

The predominant particle category on which

freezing took place was mineral dust and metallic

particles, at 61% (Fig. 1). This category was also

the most enhanced in cloud ice, with respect to its

near-cloud abundance (5%). The overwhelming

majority (~90%) of particles exhibit no apparent

sulfate or organic coating.Mixtures of sulfate and

organic carbon—in all cases, the largest near-

cloud category at 55%—were the principal IRs in

only two distinct cloud encounters for which ho-

mogeneous freezing is inferred. In all other cirrus

clouds, sulfate and organic particles were 14% of

the IRs. Sulfate and organicmaterial can act as IN

when present as glasses or anhydrous salts (10, 11).

Therefore, some of these particles may have en-

tered the ice phase heterogeneously, implying

that the 94% value of heterogeneous freezing

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

(at 25%) during flights that took place over open

ocean but was only 3% IR during other flights. In

all cases, biomass burning was the second most

near-cloud–abundant particle type (36%) but

was depleted in the IR, representing <5%. These

quantities represent composite averages for each

of the four campaigns. We individually analyzed

single flights within campaigns, with the only dif-

ferences 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 outflow and synoptically formed

clouds. Because of the updrafts in convection, the

aerosols immediately next to these clouds may

not be representative of those within. Analyzed

separately, we find that mineral dust and metallic

Fig. 1. Flight tracks of ice cloud–residualmeasurements for four aircraft campaigns spanning a
range of geographic regions and seasons. The composition of cirrus IRs 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 by single-particle mass spectrometry
(MS) where individual particles were desorbed and ionized with a 193-nm wavelength excimer laser and
ion abundance was measured with time-of-flight MS (13, 14). This technique is sensitive to all at-
mospheric aerosol particle components in a range from ~0.2- to 3-mm aerodynamic diameter (13, 14). IR
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 (denoted by asterisks). 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, shown in brown (NASA Land Processes Distributed Active Archive Center,
https://lpdaac.usgs.gov/get_data).
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particles are the dominant IRs, regardless of cir-

rus type, when heterogeneous freezingwas inferred

(56% in clouds associated with convection and

63% in those without). We therefore believe this

result is consistent across cirrus-development sce-

narios. Individual field study values are provided

in Fig. 1 (12).

Relative humidity measurements can also

be used to constrain cirrus-formationmechanisms

(15, 16). Clear-sky (cloud-free) RHi measurements

taken 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). Sampling locations include North and

Central America, the western Atlantic, and an

area spanning from the central Pacific to the Arc-

tic. At cirrus temperatures, <3% of the clear-sky

RHi data exceed ~140%, a humidity consistent

with heterogeneous freezing of mineral dust (2, 4).

Less than 0.5% of the RHi data surpass the

Fig. 2. Single-particle MS and EM (inset) images of IR particles,
analyzed during the MACPEX aircraft campaign, corresponding to the
categories presented in Fig. 1. (A) MS: the most common residual min-
eral 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 phos-
phorous (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. Distribution of upper tropospheric, clear-air relative humidity
with respect to ice (RHi) as a function of temperature. Color-coding
corresponds to the number of events observed in each 5% RHi and 1°C bin. The
dashed and solid lines indicate ice and liquid water saturation, respectively. (A)
Composite of data collected in conjunctionwith the IR data shown in Figs. 1 and 2.
The inset depicts a histogram of these data for temperatures warmer than –70°C.

Greater than 99% of the RHi data in this temperature range fall below the
threshold for homogeneous nucleation, denoted by the dotted lines. (B) Com-
posite of data collected over a larger geographical area onboard the NSF G-V
aircraft. The RHi data account for water vapor mixing ratios measured by the
Harvard Water Vapor instrument (17) and the Vertical Cavity Surface Emitting
Laser hygrometer (18). Inset to (B), same as in (A). UT, universal time.
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threshold for homogeneous freezing, also sug-

gesting that heterogeneous freezing is the dom-

inant formation mechanism.

Because ice-crystal number densities ranging

from 1s to 100s per liter are consistent with heter-

ogeneous freezing, whereas larger abundances

are indicative of homogeneous nucleation (19),

these measurements offer a third constraint on

ice-formation mechanisms. Recently realized arti-

facts associated with ice-crystal shattering and

consequent overcounting of number density ren-

der many previous conclusions uncertain. Higher-

confidence data from the most recent set of flights

indicate that only a few percent of clouds have

number densities greater than a few hundred per

liter (19). The combination of in situ determina-

tion of IR composition, relative humidity mea-

surements, and ice-crystal number densities from

multiple field campaigns in different regions presents

a compelling case to consider heterogeneous freez-

ing the dominant mechanism of cirrus formation

throughout the study regions. These data stand in

contrast to recent model studies that suggest the

opposite conclusion (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 labo-

ratory studies that nucleate ice under controlled

conditions also show mineral dust to be effective

as IN at <–10°C and RHi from 110 to 140% (3).

Laboratory studies show that sulfate and organic

surface coatings “deactivate” mineral dust parti-

cles, rendering them less effective as IN (23), con-

sistent with our results. Analysis of mineral dust

particles collected in the free troposphere shows

that uncoated particles are present thousands of

kilometers from their source (24). Our data show

that the uncoated subset of mineral dust—likely

composed of particles that have not undergone

substantial aging or a cloud-processing event—is

the most important. The climatological impor-

tance of mineral dust is consistently demonstrated

by laboratory studies that characterize it as an

effective ice nucleus, field studies that observe

its presence in the free troposphere, and IR analy-

ses that show it dominates within ice crystals. In

regions where the concentration of mineral dust

and metallic aerosol is low, such as the high lat-

itudes of the SouthernHemisphere, homogeneous

freezing or ice nucleation by glassy particles and

anhydrous salts (10, 11) may be of greater im-

portance than observed in these studies.

The lack of elemental carbon (EC) and bio-

logical particles is notable. Neither was abundant

in the near-cloud particles or the ice phase, rep-

resenting <1% in all cases. The in situ results are

supported by IR collection for offline electron mi-

croscopy (EM) compositional analysis (12, 21, 22)

during the most recent set of flights.We observed

only a single possible biological particle and two

EC IR particles during these flights, represent-

ing <<1%.

With few exceptions, laboratory studies of

EC have shown these particles to be inefficient

IN, with nucleation only at temperatures and su-

persaturations close to homogeneous freezing

(9, 25). We conclude that effective ice-nucleating

EC particles are of low abundance in the cirrus

regime. However, this findingmay not be valid in

contrails, which were not studied. Our 2002 and

2011 measurements are noteworthy: wildfires in-

jected EC- and biomass-burning particles into the

upper tropospheric study region, yet these par-

ticles were not abundant as IRs. Thus, we sug-

gest models ignore EC as an ice-forming particle

type for cirrus clouds.

The case of biological particles is more com-

plex than those of mineral dust and EC. Lab-

oratory 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

orographic cloud, sometimes show the presence

of biological material (27). Particle-phase scav-

enging is a greater concern in precipitation studies

than in those of cirrus clouds, but nonetheless,

these results suggest that a subset of biological

particles are effective IN. The upper tropospheric

data set reported here does not support an abun-

dance of biological material as IRs, widespread

internal mixing with mineral dust, or the simple

identification suggested in other studies (12, 27).

This data set suggests that most biological par-

ticles generated at Earth’s surface are removed

via dry or wet deposition due to their large size

and water- or ice-nucleating potential before they

are transported to cirrus altitude. We recommend

that models ignore biological material as a cirrus-

forming particle type. The discrepancy between

this and lower altitude studies suggests a funda-

mental difference between measurements made

within or coupled to the boundary layer and those

made in the mid- to upper troposphere. Further-

more, the lower-altitude IR data were obtained in

a cloud with ice crystals considerably larger than

those we have been able to sample without im-

paction 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 extensively studied in the lab-

oratory. Our data include a diversity of species

such as Pb, Zn, Sn, Cu, Ag, Mo, and other heavy

metals that 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 to

26% of the IRs. 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 particularly efficient ice

nucleus in the field and the laboratory (21, 29).

Laboratory studies and improved emission in-

ventories coupled to cloud-formation models are

needed to elucidate the global effect of anthro-

pogenic particles on cirrus clouds.

Both the number and activity of heteroge-

neous IN control the formation of cirrus clouds.

A global simulation of upper tropospheric aerosol-

particle concentrations combined with labora-

tory measurements of IN were used to predict

cirrus formation. Independent of the IR compo-

sition measurements, this analysis also asserts the

dominance of mineral dust among cirrus IN

(9, 12, 31, 32) (Fig. 4). In both depositional-

and immersion-freezingmodes, mineral dust con-

tributes 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 ef-

ficiency does this species rival mineral dust. Bio-

logical particles are shown to be extremely rare in

the upper troposphere, rendering them unable to

compete with mineral dust in the cirrus temper-

ature range (<–30°C). Although many air parcels

originating from mineral-dust emission areas

undergo cloud processing before reaching cir-

rus altitudes (20), resulting in depletion and/or

coating of these particles, no comprehensive

global data measurements of the aerosol coat-

ing state exist and, thus, are not included in this

model. The scarcity of laboratory experiments on

biomass burning and metallic particles render

us unable to provide separate estimates for these

species.

Fig. 4. Estimates of upper tropospheric
IN concentration versusRHi and temper-
ature from global simulations of aero-
sol surface area concentration and ice
nucleation active site (INAS) densities
derived from various laboratory experi-
ments (12). Estimates of upper tropospher-
ic IN concentrations and annual average
aerosol particle concentration from two ver-
sions of the CAM-Oslo model (31, 32) were
used. These estimates are derived indepen-
dently from the in situ data. Deposition (be-
tween –35° and –57°C) and immersion
nucleation modes are considered separate-
ly. The onset of homogeneous freezing is
indicated by the red dashed lines for an
approximate freezing rate coefficient of 5 × 1014m–3 s–1. Shaded areas represent the range of measured
INAS densities.
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Epistasis Among Adaptive Mutations
in Deer Mouse Hemoglobin
Chandrasekhar Natarajan,1 Noriko Inoguchi,1 Roy E. Weber,2 Angela Fago,2

Hideaki Moriyama,1 Jay F. Storz1*

Epistatic interactions between mutant sites in the same protein can exert a strong influence on
pathways of molecular evolution. We performed protein engineering experiments that revealed
pervasive epistasis among segregating amino acid variants that contribute to adaptive functional
variation in deer mouse hemoglobin (Hb). Amino acid mutations increased or decreased Hb-O2

affinity depending on the allelic state of other sites. Structural analysis revealed that epistasis for
Hb-O2 affinity and allosteric regulatory control is attributable to indirect interactions between
structurally remote sites. The prevalence of sign epistasis for fitness-related biochemical
phenotypes has important implications for the evolutionary dynamics of protein polymorphism
in natural populations.

N
onadditive interactions between muta-

tions (epistasis) can exert a strong in-

fluence on the rate and direction of

evolutionary change (1, 2). Insights into mecha-

nisms of epistasis between beneficial mutations

can reveal the causes of constraints on adaptive

protein evolution (3–10). Mechanisms of epis-

tasis are often best revealed through detailed ex-

aminations of interactions between amino acid

mutations in the same protein that contribute to

variation in a measurable biochemical phenotype

(7, 9–15). Such studies are especially relevant to

our understanding of evolutionary process when

genetically based changes in the measured phe-

notype contribute to variation in fitness under

natural conditions.

We investigated the nature of epistatic in-

teractions between adaptive mutations in the

hemoglobin (Hb) of deer mice (Peromyscus

maniculatus). Deer mice that are native to high

altitude have evolved an elevated Hb-O2 affinity

relative to lowland conspecifics (16–18), and this

modification of protein function contributes to

an adaptive enhancement of whole-animal phys-

iological performance under hypoxia (19, 20).

Comparisons between highland deer mice from

the Rocky Mountains and lowland deer mice

from the Great Plains revealed genetic differ-

ences in Hb-O2 affinity that are attributable to

the independent or joint effects of 12 amino acid

polymorphisms: 8 mutations in the a-chain sub-

units of the a2b2 Hb tetramer, and 4 mutations in

the b-chain subunits. These 12 amino acid poly-

morphisms exhibit pronounced altitudinal shifts

in allele frequency, and population genetic analy-

ses of nucleotide variation in the a- and b-globin

genes revealed evidence for divergent selection

between deer mouse populations that are native

to different elevations (18, 21–23).

Structural variation in deer mouse Hb has a

modular organization that reflects the linkage

arrangement of the 12 amino acid polymor-

phisms. Within the a-chain subunit, five amino

acid replacements are located in exon 2 of the

underlying gene, and the remaining three re-

placements are located in exon 3. Polymorphic

sites within the same exon are in nearly complete

linkage disequilibrium (LD) with one another,

but intragenic recombination has produced a par-

tial uncoupling between the two exons (21, 23).

The two most common a-globin allele classes

are distinguished from each other by eight amino

acid replacements at sites 50, 57, 60, 64, 71, 113,

115, and 116 (fig. S1A). The four amino acid

polymorphisms in the b-globin gene are also in

nearly complete LD with one another (18, 22).

The two most common b-globin allele classes

are distinguished from each other by four amino

acid replacements at sites 62, 72, 128, and 135

(fig. S1B). Thus, in deer mouse populations,

most of the naturally occurring variation in Hb
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