
by previous microstructure measurements. De-

spite its short duration, this episode was suffi-

cient to boost daily-averaged turbulent eddy

diffusivities in Saanich Inlet by two to three

orders of magnitude. Daily-averaged diffusivities

are 0.02 � 10j4 m2 sj1 when dusk and dawn

enhancement are excluded but 4 � 10j4 m2 sj1

to 40 � 10j4 m2 sj1 when they are included.

On a second day of sampling, the sky was

overcast. At dusk, the backscattering layer began

to migrate, though slightly later than the previous

evening. Unlike the first evening, no discernible

enhancement of turbulence was observed in the

microstructure data. The acoustic data suggest

that, for reasons unknown, the lower portion of

the backscattering layer (the part most likely

composed of the largest euphausiids) remained at

depth.We hypothesize that larger euphausiids did

not migrate, so that little or no turbulence was

generated on the second night.

Several key groups of marine organisms,

ranging from krill, to small pelagics such as

herring and anchovies, to tuna, occur in suffi-

cient abundance and in sufficiently dense

schools to contribute substantial turbulent

mixing, particularly in coastal waters (10).

Our results confirm this for euphausiids in

Saanich Inlet. The measured dissipation rates

on the order of 10j5 W kgj1 are consistent

with levels predicted for the Antarctic krill

E. superba (10).

These data raise the possibility that a poten-

tially important source of mixing in biologically

productive parts of the upper ocean has been

overlooked. Further data collected during June

2006 confirm the major results (25). Because

many densely schooling species, particularly

strong vertical migrators, are active near the base

of the mixed layer, episodic biologically en-

hanced turbulence deserves further attention.
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Solid Ammonium Sulfate Aerosols as
Ice Nuclei: A Pathway for Cirrus
Cloud Formation
J. P. D. Abbatt,1* S. Benz,2 D. J. Cziczo,3 Z. Kanji,1 U. Lohmann,3 O. Möhler2

Laboratory measurements support a cirrus cloud formation pathway involving heterogeneous ice
nucleation by solid ammonium sulfate aerosols. Ice formation occurs at low ice-saturation ratios
consistent with the formation of continental cirrus and an interhemispheric asymmetry observed for
cloud onset. In a climate model, this mechanism provides a widespread source of ice nuclei and
leads to fewer but larger ice crystals as compared with a homogeneous freezing scenario. This
reduces both the cloud albedo and the longwave heating by cirrus. With the global ammonia
budget dominated by agricultural practices, this pathway might further couple anthropogenic
activity to the climate system.

A
ccurate representation of cirrus clouds

remains a challenge to climate model-

ing, in part because of an incomplete

understanding of ice cloud formation mecha-

nisms (1). Whereas ice formation studies have

been performed at higher temperatures (2), only

recently has the cold cirrus regime been ad-

dressed. This has led to a homogeneous freez-

ing model where ice nucleates directly from the

aerosol aqueous phase (3). Heterogeneous freez-

ing occurs through selective nucleation onto a

small fraction of the background particles (2)

at lower ice-saturation ratios (S
ice
) than with

homogeneous freezing. Traditionally, it has been

thought that good heterogeneous ice nuclei are

insoluble solids, such as mineral dust (2).

Recently, it has been shown in the laboratory

that soluble species can also act as ice nuclei in

both the immersion (4, 5) and deposition modes

(6). In the latter case, Shilling et al. (6) dem-

onstrated that roughly 1 in 105 supramicrometer-

sized particles of solid ammonium sulfate on a

cold plate act as ice nuclei at low ice supersatura-

tions, suggesting that this could be an important

atmospheric process. Here, we report measure-

ments of the onset for deposition ice formation

on solid ammonium sulfate aerosol under exper-

imental conditions similar to those in the cirrus

regime, and we assess the impact of this new ice

formation mechanism on past laboratory exper-

iments, field observations, and global climate.

Measurements at Storm Peak, CO, implicate a

role of ammoniated particles in selective ice nu-

cleation at low S
ice

(7). It was observed that

between 10j4 and 10j5 of the particles were het-

erogeneous ice nuclei. Of this fraction, roughly

25% were not classified as conventional insoluble

ice nuclei particles—i.e., they did not contain sub-

stantial levels of mineral dust, elemental carbon,

metal, or fly ash. Instead, these ice nuclei were

sulfates, with some degree of organics present.

Although the degree of neutralization of the par-

ticles was not measured, continental sulfate aerosol

likely contains a large amount of ammonium (8).

These observations of selective heterogeneous

ice nucleation on continental sulfate particles are

consistent with laboratory ice nucleation exper-

iments. Figure 1 presents data for two aerosol types

representative of sulfate aerosol endpoints. H
2
SO

4

particles exist in remote settings away from
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dominant sources of ammonia such as livestock

and nitrogen-based fertilizer (9). (NH
4
)
2
SO

4
,

a major component of continental aerosol, is

formed by the uptake of ammonia by H
2
SO

4
.

Figure 1A shows data for the homogeneous

ice formation of H
2
SO

4
. Figure 1B shows

(NH
4
)
2
SO

4
data from recent experiments with

solid particles and from older experiments that

attempted to measure homogeneous freezing

conditions. Because we sought to distinguish

the freezing behavior of H
2
SO

4
from that of

(NH
4
)
2
SO

4
, we plotted only the results from

homogeneous freezing experiments in which

both materials had been studied by the same

experimental approach and research group (10).

Ice formation has been analyzed by means of

infrared (IR) interrogation of submicrometer-

sized particles in flow tubes (11–14), optical

observation of supermicrometer-sized particles

on a hydrophobic support (15, 16), calorimetry

of emulsified samples (16), optical counting of

particles exiting an ice nucleation chamber

(17), and optical counting/Fourier transform

infrared observation in a low-temperature,

expansion cloud chamber (18, 19).

H
2
SO

4
freezing conditions show good agree-

ment, validating all of the experimental tech-

niques (Fig. 1A). The results match those of

the homogeneous freezing model, supporting

a homogeneous freezing mechanism for H
2
SO

4
.

By contrast, the freezing conditions for (NH
4
)
2
SO

4

span a wide range (Fig. 1B). The recent exper-

iments for heterogeneous freezing yield low S
ice

onsets. The literature experiments attempting to

measure homogeneous freezing result in a

much wider range of freezing conditions.

The relationship between the ice onsets and

the fraction of particles freezing provides insight

into the wide variability. The experiments most

sensitive to a small freezing fraction are the

flow tube and cloud chamber (11, 13, 18, 19), in

which sensitivity is 1 in 103 to 105 particles—

i.e., approximately the ice nuclei fraction

exhibited in the field (2). This sensitivity arises

in the flow tube from a Bergeron-like transfer

of water from aqueous particles to a small

number of frozen particles (2, 20). By contrast,

the hydrophobic support and emulsion experi-

ments (15, 16) measure lower freezing temper-

atures, in part because they report freezing of a

large fraction of the particles and because they

study orders of magnitude fewer particles. The

results from the ice nucleation chamber indicate

that the onset S
ice

of (NH
4
)
2
SO

4
depends on the

aerosol freezing fraction; onsets for 1% freezing

were higher than those for 0.1% (Fig. 1B) (17).

Why do a select fraction of particles initiate

ice formation with (NH
4
)
2
SO

4
but not H

2
SO

4
?

Recent laboratory results indicate that solid

(NH
4
)
2
SO

4
particles can act as deposition ice

nuclei (Fig. 1B). In particular, under conditions

that are similar to those in the atmosphere, we

used a cloud chamber to observe ice onsets for

both solid and liquid (NH
4
)
2
SO

4
particles. Solid

particles that were formed by efflorescence at

295 K and less than 10% relative humidity

(RH) nucleate ice efficiently: onset S
ice

0 1.20

at 221 K. For aqueous particles, the onset is

close to that for H
2
SO

4
: S

ice
0 1.55 at 219 K.

The onset becomes slightly lower and the fraction

of deposition ice nuclei increases as aqueous

particles are exposed to drier conditions before

the ice formation phase of the experiment; that is,

additional particles crystallized at the lower RH

Esupporting online material (SOM) text^. We also

studied aqueous (NH
4
)
2
SO

4
particles sprayed onto

a hydrophobic support. Ice has also been

observed to form selectively at low supersatura-

tions (Fig. 1B). Additional details on the experi-

mental technique and preliminary results at 233

K are described in the SOM text and (21, 22).

Fig. 1. (A) Ice formation points for sulfuric acid, plotted as saturation ratio with
respect to ice as a function of temperature. Cziczo and Abbatt (14), flow tube/IR
(dark green h); Prenni et al. (12), flow tube/IR (pink&); Koop et al. (15),
hydrophobic support/optical (red b); Chen et al. (17), thermal-gradient
diffusion chamber, data for 0.1% of the aerosol population freezing (light blue
4); Chen et al. (17), thermal-gradient diffusion chamber, data for 1% of the
aerosol population freezing (dark blue 0); Möhler et al. (18), cloud chamber/
IR/optical, data for the first run on each aerosol sample in Experiment Series B,
and Mangold et al. (19), cloud chamber/IR/optical (light green R). Also shown
are the liquid water saturation line [solid black line (fig. S1)]; water activity–
based homogeneous freezing model of Koop et al. (3) (dashed purple line,
nucleation rate 0 1010 cm–3 s–1); bounds for cirrus formation from Heymsfield
and Miloshevich (24) (shaded gray area); upper and lower limits for cirrus
formation in northern INCA campaign (dashed blue lines); and upper and
lower limits for cirrus formation in southern INCA campaign (dashed red lines)

(26). (B) Ice formation points for (NH4)2SO4, plotted as supersaturation with
respect to ice as a function of temperature. Solid symbols show data for
homogeneous freezing conditions and open symbols show more recent data
for solid particles. Cziczo and Abbatt (13), flow tube/IR (dark green h); Wise
et al. (11), flow tube/IR (pink&); Bertram et al. (16), hydrophobic support/optical
and emulsion/scanning calorimetry (red b); Chen et al. (17), thermal-gradient
diffusion chamber, data for 0.1% of the aerosol population freezing, wet
particles with preconditioner (light blue 4); Chen et al. (17), thermal-gradient
diffusion chamber, data for 1% of the aerosol population freezing (dark blue
0); and Mangold et al. (19), cloud chamber/IR/optical, (light green R). Also
plotted are onsets for heterogeneous ice nucleation by solid (NH4)2SO4 as
measured in our laboratories with particles deposited on a hydrophobic
support (black)) and in a large cloud chamber (brown g), and by Shilling et al.
(6) (purple ¸). Additional new data from the cloud chamber are plotted in
fig. S1. Solid and dashed lines and gray area are the same as in (A).
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Deposition ice formation can explain some of

the disparity between the published ice onsets in

the experiments that sought to study homogeneous

freezing of (NH
4
)
2
SO

4
. Given that the particles in

the flow tubes were sometimes briefly exposed to

somewhat reduced RH when mixed into the car-

rier gas, a fraction may have effloresced at low

temperature, thus driving ice nucleation hetero-

geneously. This finding is also in agreement with

new results in which a polycrystalline sample with

high surface area was seen to promote selective

ice nucleation by deposition nucleation (6) but not

with the earlier work of Chen et al. (17) (SOM

text). (NH
4
)
2
SO

4
can be an efficient immersion

ice nucleus (4, 23). Overall, the findings that

soluble species can act as ice nuclei challenge the

traditional understanding in cloud physics that

only insoluble species can act in this manner (2).

Some cirrus cloud formation observations are

consistent with ammoniated sulfate particles

acting as low-temperature ice nuclei. As noted

previously (14), cirrus onsets measured in the

field correspond with those from the flow tube for

both ammonium sulfate and bisulfate. This is

shown in Fig. 1B, where bounds for cirrus onset

in one continental regime are indicated (24). The

laboratory measurements sensitive to ice onset of

1 in 103 to 105 particles, in particular the cloud

chamber work that is conducted under the most

atmospherically relevant conditions, are similar to

the field observations (Fig. 1A). Measurements in

the North American free troposphere indicate that

particles are neutralized to a large degree by am-

monia (8). Given that the residence time for such

particles can be long, individual particles within

the same air volume experience different prior RH

and temperatures. As shown by a trajectory

modeling study (25), it is likely that a large

fraction of the total sulfate aerosol will be exposed

to RHs sufficiently low to induce efflorescence of

solid ammoniated sulfates, particularly in the

upper troposphere and Northern Hemisphere.

As a second example, the interhemispheric

differences in cirrus properties from anthropogenic

emissions (INCA) campaigns studied cirrus for-

mation in clean air of oceanic origin in the South-

ern Hemisphere (centered at Punta Arenas, Chile,

54-S, March to April) and in moderately polluted

air of mixed oceanic-continental origin in the

Northern Hemisphere (centered at Prestwick,

Scotland, 55-N, September to October). The ice

cloud S
ice

onsets were considerably different be-

tween the locations, occurring between 1.15 and

1.30 in the North and between 1.40 and 1.55 in the

South (dashed lines in Fig. 1) (26). Given that the

mean temperature of the measurements was 225 K

(27), Fig. 1A demonstrates that the conditions for

cirrus formation in the South are best matched by

those for homogeneous freezing of H
2
SO

4
, where-

as in Fig. 1B there is overlap between northern

cirrus formation conditions and those for hetero-

geneous ice formation by means of (NH
4
)
2
SO

4
.

The ammonium-to-sulfate molar ratio of the

aerosol was not measured during INCA. How-

ever, measurements in the North Atlantic free

troposphere indicate ratios that are sometimes

close to 2 (28). In the Southern Hemisphere,

where continental sources of ammonia are less

important, the few measurements indicate val-

ues of 1 or lower (29, 30). Models predict some

difference in the degree of aerosol neutralization

between the southern and northern INCA loca-

tions at the time of the campaigns (9, 31, 32). In

particular, in the South (March to May), the

aerosol is acidic, whereas in the North (Sep-

tember to November), it is more neutralized

with compositions between (NH
4
)
2
SO

4
and

NH
4
NO

3
(32). Colberg et al. (25) predict that

a major fraction of the Northern Hemispheric

sulfate aerosol will contain solids, whereas liq-

uids will prevail in the Southern Hemisphere.

Haag et al. (27) have analyzed the INCA data

and concluded that a homogeneous freezing

mechanism prevails in the South, whereas a

coupled mechanism involving homogeneous

freezing and selective heterogeneous freezing

occurs in the North. However, these authors were

not able to identify the chemical nature of the ice

nuclei. Based on the laboratory evidence in Fig. 1

and the expected aerosol composition, we believe

that cirrus formation occurred by homogeneous

freezing of sulfuric acid particles in the southern

INCA flights, whereas we raise the possibility

that a fraction of ammoniated sulfate particles

may have heterogeneously initiated cirrus forma-

tion at lower S
ice

in the North.

As shown by the Storm Peak data, heteroge-

neous ice nucleation may proceed through a

variety of ice nuclei, including mineral dust,

metals, soot, solid organics, and, as demonstrated

here, (NH
4
)
2
SO

4
. Of these, fresh mineral dust is

an especially efficient ice nucleus, likely much

more efficient than (NH
4
)
2
SO

4
on a per surface

area basis. However, there is considerably less

mineral dust in the upper troposphere than there

is sulfate aerosol, especially away from dust-

source regions. Also, the dust can be coated

heterogeneously with organics or sulfate, or it

may be removed by the initial stages of cirrus

formation. Conclusively evaluating the ice nu-

clei efficiency of (NH
4
)
2
SO

4
and other solid am-

moniated sulfates relative to that of dust and

other solids, in campaigns such as INCA or in

the atmosphere in general, requires measure-

ments of the degree of effloresced sulfate par-

ticles and the S
ice

onset_s dependence on particle
surface area, mode of preparation (SOM text),

and effects of other species present such as or-

ganics. In this context, the most atmospherical-

ly appropriate measurements we performed are

those from the expansion cloud chamber, in

which the particles effloresced homogeneously

and low total surface areas were used.

To estimate the potential importance of am-

moniated ice nuclei, we introduced ammonia into

the ECHAM4General CirculationModel (22, 33).

When heterogeneous freezing of either (NH
4
)
2
SO

4

or dust competes with homogeneous freezing,

the number of ice crystals is reduced and the

crystals grow larger. For (NH
4
)
2
SO

4
, this re-

duces the shortwave cloud forcing (difference

between all-sky and clear-sky radiation at the top

of the atmosphere) for cirrus clouds between 0.5

and 0.9 W m–2, as can be expected from parcel

model studies (34) (Table 1). These bigger crys-

tals sediment faster, reducing the ice water con-

tent and the longwave cloud forcing between

0.5 and 1.1 W m–2 (Table 1). Because the long-

wave effect partly offsets the shortwave effect,

the net effect for (NH
4
)
2
SO

4
is a larger cooling

by up to 0.3 W m–2 depending on the chosen

scenario (SOM text). In the case of dust acting

as ice nuclei, the net cooling can amount to

2.5 W m–2, which emphasizes the importance

of determining the relative efficiency of these

two potential ice nuclei.

If crystalline ammoniated sulfate particles act

as ice nuclei, biogeochemical processes that occur

in continental regions are connected to ice cloud

formation. Atmospheric ammonia has been highly

anthropogenically affected, now being released

primarily through livestock and nitrogen-based

fertilizer, alongside smaller vegetation and oceanic

and biomass burning sources (9). The impact of

these agrarian practices on upper tropospheric

ice clouds and climate has not been evaluated.
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18. O. Möhler et al., Atmos. Chem. Phys. 3, 211 (2003).
19. A. Mangold et al., Meteor. Zeitschr. 14, 485 (2005).
20. H.-M. Hung, A. Malinowski, S. T. Martin, J. Phys. Chem. A

106, 293 (2002).
21. Z. Kanji, J. P. D. Abbatt, J. Geophys. Res., 111, D16204,

10.1029/2005JD006766 (2006).
22. Materials and methods are available as supporting

material on Science Online.
23. A. Tabazadeh, O. B. Toon, Geophys. Res. Lett. 25, 1379

(1998).
24. A. J. Heymsfield, L. M. Miloshevich, J. Atmos. Sci. 52,

4302 (1995).
25. C. A. Colberg, B. P. Luo, H. Wernli, T. Koop, T. Peter,

Atmos. Chem. Phys. 3, 909 (2003).
26. J. Ström et al., Atmos. Chem. Phys. 3, 1807 (2003).
27. W. Haag et al., Atmos. Chem. Phys. 3, 1791 (2003).
28. J. E. Dibb, R. Talbot, E. M. Scheuer, J. Geophys. Res. 105,

3709 (2000).
29. J. E. Dibb et al., J. Geophys. Res. 101, 1779 (1996).
30. B. J. Huebert et al., J. Geophys. Res. 103, 16493

(1998).
31. P. J. Adams, J. H. Seinfeld, D. M. Koch, J. Geophys. Res.

104, 13791 (1999).
32. S. Martin et al., Atmos. Chem. Phys. 4, 183 (2004).

33. U. Lohmann, B. Kärcher, J. Hendricks, J. Geophys. Res.
109, D16204, 10.1029/2003JD004443 (2004).
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Global Genetic Change Tracks
Global Climate Warming in
Drosophila subobscura
Joan Balanyá,1* Josep M. Oller,2 Raymond B. Huey,3 George W. Gilchrist,4 Luis Serra1

Comparisons of recent with historical samples of chromosome inversion frequencies provide
opportunities to determine whether genetic change is tracking climate change in natural
populations. We determined the magnitude and direction of shifts over time (24 years between
samples on average) in chromosome inversion frequencies and in ambient temperature for
populations of the fly Drosophila subobscura on three continents. In 22 of 26 populations, climates
warmed over the intervals, and genotypes characteristic of low latitudes (warm climates) increased
in frequency in 21 of those 22 populations. Thus, genetic change in this fly is tracking climate
warming and is doing so globally.

C
limate change is altering the geographic

ranges, abundances, phenologies, and

biotic interactions of organisms (1, 2).

Climate change may also alter the genetic com-

position of species, but assessment of such shifts

requires genetic data sampled over time (2–5).

For most species, time series of genetic data are

nonexistent or rare, especially on continental or

global scales (5). For a few Drosophila species,

however, time-series comparisons of chromo-

somal inversions are feasible (4, 6–8) because

these adaptive polymorphisms were among the

first genetic markers quantified in natural pop-

ulations (9). Consequently, historical records of

inversion frequencies in Drosophila spp. provide

opportunities for evaluating genetic sensitivity

to changes in climate and other environmental

factors (4, 8, 10, 11). Time-series data (13 to 46

years, mean 0 24.1 years) of chromosomal-

arrangement frequencies and of climate are now

available for 26 populations of the cosmopolitan

species D. subobscura on three continents. Here

we examine whether ambient temperatures have

warmed at these sites and also whether geno-

types characteristic of low latitudes have in-

creased in frequency.

Drosophila subobscura is native to the Old

World, where it is geographically widespread

from North Africa to Scandinavia (12). It has a

rich complement of chromosomal arrangements

(inversions) on its five acrocentric chromo-

somes (12). Over the past half-century, inver-

sion frequencies have been scored at many

sites in the Old World. The frequencies of

most inversions change clinally with latitude

and thus with climate (13, 14). These climatic

clines must be maintained dynamically by nat-

ural selection because the gene flow within

continents is very high (15). Therefore, temporal

shifts in inversion frequencies should be sensi-

tive indicators of adaptive responses to climate

change (4, 10, 11).

In the late 1970s, D. subobscura was

accidentally introduced (16) into South Amer-

ica and soon thereafter (17) into North Amer-

ica. It spread explosively on both continents

(18). Geneticists soon (1981 in South America,

1985 to 1986 in North America) began survey-

ing inversion frequencies of these introduced

populations at different latitudes (19, 20). On

both continents they detected incipient latitudi-

nal clines in chromosome inversion frequencies

that almost always had the same sign with

latitude as in the Old World, supporting the

inference that these clines are adaptive (18, 21).

Some other traits of these introduced flies show

rapid clinal evolution as well (22, 23).

To obtain comparative data on contempo-

rary chromosome-arrangement frequencies, we

and colleagues have revisited many of the his-

torical sampling sites in both the Old and New

World. Initial studies with D. subobscura re-

ported that Bwarm-climate[ inversions have

increased in frequency at several European

sites and proposed that these shifts reflect cli-

mate warming, but these studies did not inves-

tigate continent-scale correlations with climate

(10, 11, 24, 25). Our analyses here investigate

whether the magnitude and direction of genetic

shifts actually parallel those in climate, and

whether they do so on all three continents.
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