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Rainforest Aerosols as Biogenic
Nuclei of Clouds and Precipitation
in the Amazon
U. Pöschl,1* S. T. Martin,2* B. Sinha,1 Q. Chen,2 S. S. Gunthe,1 J. A. Huffman,1 S. Borrmann,1

D. K. Farmer,3 R. M. Garland,1 G. Helas,1 J. L. Jimenez,3 S. M. King,2 A. Manzi,4 E. Mikhailov,1,5

T. Pauliquevis,6,7 M. D. Petters,8,9 A. J. Prenni,8 P. Roldin,10 D. Rose,1 J. Schneider,1

H. Su,1 S. R. Zorn,1,2 P. Artaxo,6 M. O. Andreae1

The Amazon is one of the few continental regions where atmospheric aerosol particles and their effects
on climate are not dominated by anthropogenic sources. During the wet season, the ambient conditions
approach those of the pristine pre-industrial era. We show that the fine submicrometer particles accounting
for most cloud condensation nuclei are predominantly composed of secondary organic material formed by
oxidation of gaseous biogenic precursors. Supermicrometer particles, which are relevant as ice nuclei,
consist mostly of primary biological material directly released from rainforest biota. The Amazon Basin
appears to be a biogeochemical reactor, in which the biosphere and atmospheric photochemistry produce
nuclei for clouds and precipitation sustaining the hydrological cycle. The prevailing regime of aerosol-cloud
interactions in this natural environment is distinctly different from polluted regions.

Atmospheric aerosols are key elements of
the climate system. Depending on com-
position and abundance, aerosols can in-

fluence Earth’s energy budget by scattering or
absorbing radiation and can modify the character-
istics of clouds and enhance or suppress precip-
itation. The direct and indirect aerosol effects on
climate are among the largest uncertainties in the
current understanding of regional and global en-
vironmental change. A crucial challenge is devel-

oping a quantitative understanding of the sources
and properties of aerosol particles, including pri-
mary emission from the Earth’s surface, secondary
formation in the atmosphere, chemical composi-
tion and mixing state, and the ability to nucleate
cloud droplets and ice crystals—all as influenced
by human activities as compared with natural con-
ditions (1–4).

During the wet season, the Amazon Basin is
one of the few continental regions where aerosols
can be studied under near-natural conditions (5–7).
The Amazonian Aerosol Characterization Experi-
ment 2008 (AMAZE-08) was conducted in the
middle of the wet season at a remote site north of
Manaus, Brazil (February to March 2008), and the
investigated air masses came with the trade wind
circulation from the northeast over some 1600 km
of pristine tropical rainforest (8). Here, we focus
on measurements performed in the period of 3
to 13 March 2008, when the influence of long-
range transport from the Atlantic Ocean, Africa,
or regional anthropogenic sources of pollution
was particularly low and the aerosol properties
were dominated by particles emitted or formed
within the rainforest ecosystem (6, 7, 9, 10). The

measurement techniques applied include scanning
electron microscopy (SEM) with energy-dispersive
x-ray spectroscopy (EDX), atomic force micros-
copy (AFM), secondary ion mass spectrometry
(NanoSIMS), aerosol mass spectrometry (AMS),
differential mobility particle sizing (DMPS), ultra-
violet aerodynamic particle sizing (UV-APS), and
counting of cloud condensation nuclei (CCN) and
ice nuclei (IN) (8). To our knowledge, this study
provides the first comprehensive, detailed, and
size-resolved account of the chemical composi-
tion, mixing state, CCN activity, and IN activity of
particles in pristine rainforest air approximating
pre-industrial conditions (5–7).

SEM images of characteristic particle types
are shown in Fig. 1. Nearly all detected particles
could be attributed to one of the following five
categories: (i) secondary organic aerosol (SOA)
droplets that were formed by atmospheric oxi-
dation and gas-to-particle conversion of biogenic
volatile organic compounds (9) and in which no
other chemical components were detectable; (ii)
SOA-inorganic particles composed of secondary
organic material mixed with sulfates and/or chlo-
rides from regional or marine sources (6); (iii)
primary biological aerosol (PBA) particles, such
as plant fragments or fungal spores (6, 11, 12);
(iv) mineral dust particles consisting mostly of
clay minerals from the Sahara desert (6, 13); or
(v) pyrogenic carbon particles that exhibited char-
acteristic agglomerate structures and originated
from regional or African sources of biomass burn-
ing or fossil fuel combustion (6). In mixed SOA-
inorganic particles, the organic fractionwas typically
larger than the inorganic fraction. The primary
biological, mineral dust, and pyrogenic carbon par-
ticles were also partially coated with organic ma-
terial [supporting online material (SOM) text].

The average number and mass size distri-
bution, composition, and mixing state of particles
as detected with microscopy and complementary
online measurements are shown in Fig. 2. The
online instruments measure different types of
equivalent diameters, which can vary depending
on the shape and the density of the particles. Never-
theless, the size distribution patterns obtained with
the different techniques are in overall agreement
with each other. SEM is the one method that cov-
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ers the full particle size range and provides de-
tailed information about composition and mixing
state. The online measurement techniques, how-
ever, are more reliable for the absolute concen-
tration values because of their better sampling and
counting statistics. The integral particle number
and mass concentrations as well as the relative
proportions of different types of particles corre-
sponding to the displayed size distributions are
summarized in tables S1 and S2. The observed
particle number andmass size distributions can be
separated into two characteristic fractions with a
dividing diameter of 1 mm. The submicrometer frac-
tion dominated the total particle number concen-
tration (>99% of ~200 cm−3) (Fig. 2A and table
S1), whereas the supermicrometer fraction ac-
counted formost of the total particlemass concentra-
tion (~70% of ~2 mg m−3) (Fig. 2C and table S2).

The submicrometer fraction exhibited three char-
acteristic modes as indicated by local maxima in
the number size distribution (Fig. 2B): a nucle-
ation mode (<0.03 mm), an Aitken mode (0.03 to
0.1 mm), and an accumulationmode (0.1 to 1 mm).
According to single particle analysis (SEM,
AFM, and NanoSIMS), pure SOA droplets dom-
inated the nucleation and Aitken modes (number
fraction >99%) (Fig. 2A). The accumulationmode
consisted of pure SOA droplets, mixed SOA-
inorganic particles, and pyrogenic carbon par-
ticles. Overall, the pure SOAdroplets represented
~85% of the number concentration of submicro-
meter particles and potential CCN, and the mixed
SOA-inorganic particles accounted for another
~10% (table S1).

The microscopy results were consistent with
the accompanying online measurements. Specifi-
cally, the proportion of organic matter measured
byAMSwas >90% in theAitken range and >80%
in the accumulation range, in which the proportion
of sulfate increased (Fig. 2D). The submicrometer
organic mass concentrations determined bymeans
of AMSwere higher than the corresponding SEM
results, which is probably due to partial evapo-
ration (14). The average oxygen-to-carbon ratio
of 0.44 and the mass spectra observed during
AMAZE-08 for the submicrometer organic matter
are in good agreement with laboratory studies of
biogenic SOA from isoprene and terpene oxida-
tion (9, 15). PBA compounds detectable withAMS,
such as proteins, amino acids, and carbohydrates,
contributed less than 5% to the submicrometer
particulate matter (9).

The predominance of SOA is further reflected
in the effective hygroscopicity parameter k deter-
mined through size-resolved CCNmeasurements
(10). This parameter describes the influence of
chemical composition on the ability of particles
to absorb water vapor and form cloud droplets.
Throughout the campaign, the k values in the
Aitken range were nearly constant at k ≈ 0.1,
which is in agreement with laboratory investi-
gations of biogenic SOA from isoprene and ter-
pene oxidation (4, 16) and much lower than the k
values of ammonium sulfate, sodium chloride,
and other inorganic salts commonly observed in

aerosols (0.6 to 1.3) (17). In the accumulation
mode size range (0.1 to 1 mm), k increased to
~ 0.15 as the proportion of sulfate increased to
~10% (Fig. 2D). Nevertheless, the effective hy-
groscopicity remained lower by a factor of ap-
proximately two than the approximate global
continental average value of k ≈ 0.3 (10, 18).

The supermicrometer fraction with a local max-
imum (coarse mode) around 2 to 3 mm consisted
mostly of PBA particles with a number fraction
of ~80% (mass fraction 85%) plus some mineral
dust and mixed SOA-inorganic particles with
number fractions of 10 and 6%, respectively (Fig.
2, A and C, and tables S1 and S2). The SEM
results were consistent with online measurements
of fluorescent biological aerosol (FBA) particles,
which can be regarded as a lower-limit proxy for
PBA particles (19, 20). The number and mass
fractions of supermicrometer FBA particles were
40 and 64%, respectively (Fig. 2, B and D, and
tables S1 and S2).

Measurements and modeling of IN concen-
trations during AMAZE-08 suggest that ice for-
mation in Amazon clouds at temperatures warmer
than –25°C is dominated by PBA particles (20).
Although the number concentration of such ef-
ficient biological IN is low (about 1 to 2 L−1),
they are nevertheless the first to initiate ice for-
mation and can have a strong influence on the
evolution of clouds and precipitation (21–23). At
temperatures colder than –25°C, both locally
emitted PBA and mineral dust particles imported
from the Sahara desert can act as IN and induce
cold rain formation. The IN activity of mineral
dust may in fact also be influenced by biological
materials, as suggested in earlier studies that in-
clude aircraft observations of ice cloud residuals
(21, 24). In any case, PBA particles appear to be
the most efficient IN and, outside of Saharan dust
episodes, also the most abundant IN in the
Amazon Basin. Moreover, the supermicrometer
particles can also act as “giant” CCN, generating

Fig. 1. Characteristic particle types observed by means of SEM of filter samples collected during AMAZE-
08 (3 to 13 March 2008). (A) SOA droplet. (B) Mixed SOA-inorganic particle. (C) Pyrogenic carbon particle
with organic coating. (D) Mineral dust particle without coating. (E and F) PBA particles (E) with and (F)
without organic coating. SOA droplets and organic coatings appear dark gray, filter pores appear black,
and filter material appears light gray (8).

17 SEPTEMBER 2010 VOL 329 SCIENCE www.sciencemag.org1514

REPORTS

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight




John Aitken


Born 18 September 1839
Falkirk, Stirlingshire, Scotland


Died 14 November 1919
Ardenlea, Falkirk, Stirlingshire,
Scotland


Nationality Scottish


Fields meteorology and physics


Institutions Practised meteorology from his
home at Darroch, Falkirk.


Alma mater Glasgow University


Known for cloud physics
aerosol


Notable
awards


Keith Prize 1883-5
Gunning Victoria Jubilee Prize
1893-6
Royal Medal (1917)


Signature


John Aitken (meteorologist)
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For others similarly named, see the John Aitken navigation page


John Aitken, FRS, FRSE (1839–1919) was a
Scottish meteorologist, physicist and marine engineer.
He was one of the founders of cloud physics and
aerosol science, who built the first apparatus to
measure the number of dust and fog particles in the
atmosphere, a koniscope.[1][2]
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Biography
Aitken was born in Falkirk on 18 September 1839,
the son of Henry Aitken of Darroch, a Falkirk lawyer.


He was educated at Falkirk Grammar School and
studied marine engineering at Glasgow University,
undertaking his engineer training with Messrs Napier
& Sons, the Glasgow shipbuilder.[3]


He settled at Falkirk, where he carried out his various
experiments. He was elected a Fellow of the Royal
Society in 1889 and was awarded the Royal Medal in
1917. He also received the Keith Medal (1886) and
Gunning Prize (1897) from the Royal Society of
Edinburgh.[4] In April 1902 he received an honorary
doctorate (LL.D.) from the University of Glasgow.[5]


The Royal Society of Edinburgh awarded him the
Keith Medal 1883-5.[6]


He died at Ardenlea in Falkirk 13 November 1919.
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Work
He carried out experiments on atmospheric dust in
relation to the formation of clouds and mists (1882),
on the formation of dew (1885) and on the laws of
cyclones (1891). His instrument for counting the dust
particles in the air has been used in principle by many later workers. He also invented new forms of
thermometer screens which aided the development of meteorology.[4]


One of his experiments conducted with a self-designed apparatus provided the first evidence of new
particle formation in the atmosphere. This work was documented in an article titled "On some nuclei of
cloudy condensation", in the 39th volume of the Transactions of the Royal Society of Edinburgh
published in 1898.[7]


John Aitken was the author of a number of important pioneering discoveries "On Dust, Fogs and
Clouds" (the title of an 1880 article he penned).[8] As early as 1874, Aitken had concluded that when
water vapour in the atmosphere condenses, it must condense on some solid particle, and thus, without
the presence of dust and other aerosol particles in the air, there would be no formation of fog, clouds, or
rain. In 1884, he concluded that the brilliant colours often seen in the sunset are due to the refraction of
light by dust particles in the upper atmosphere.[9]


Today, his name is given by atmospheric scientists to the smallest atmospheric aerosol particles (Aitken
nuclei), those with a radius less than 0.1 micrometres.[10] This size range include the newly nucleated
particles whose existence Aitken demonstrated.
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large droplets and inducing warm rain without
ice formation (2, 21).

The low aerosol concentrations and the high
proportions of secondary organic and primary
biological matter suggest that the climate system
interactions between aerosols, clouds, and pre-
cipitation over pristine rainforest regions may
substantially differ from both pristine marine re-
gions (“green ocean” versus “blue ocean”) as well
as from polluted environments (2, 25). Model
calculations using the aerosol size distributions
and the hygroscopicity parameters determined in
AMAZE-08 suggest that the activation of CCN
in convective clouds over the pristine Amazonian
rainforest is aerosol-limited, which means that

the number of cloud droplets is directly propor-
tional to the number of aerosol particles (fig. S1)
(26). In contrast, the formation of cloud drop-
lets in polluted environments (including parts
of the Amazon Basin influenced by intense bio-
mass burning during the dry season), tends to be
updraft-limited, which means that the number of
cloud droplets depends primarily on the updraft
velocity (26). In these environments, the abun-
dance of CCN is usually dominated by anthropo-
genic particles from sources related to combustion
processes (18).

Over the pristine Amazonian rainforest, con-
vective clouds for which biogenic SOA particles
serve as CCNmay in turn promote the formation

of new SOA particles. During AMAZE-08, no
new particle formation events were observed,
which is consistent with earlier Amazonian aero-
sol studies (6, 7) but unlike most other con-
tinental regions of the world (27, 28). The low
abundance of nucleation mode particles (<30 nm)
(Fig. 2B, DMPS) and the relatively high abun-
dance of SOA particles in the Aitken mode
suggest, by inference, that new particle formation
occurred in the free troposphere, possibly in the
outflow of convective clouds, and that the newly
formed particles were transported from aloft into
the boundary layer, possibly in the downdraft of
convective clouds (6, 7, 29, 30). Similarly, pre-
cipitation induced by PBA particles acting as IN
or giant CCN sustains the reproduction of plants
andmicroorganisms in the ecosystem fromwhich
both the SOA precursors and the PBA particles
are emitted (such as bacteria, fungi, pollen, and
plant debris) (6, 11). Accordingly, the Amazon
Basin can be pictured as a biogeochemical reactor
using the feedstock of plant and microbial emis-
sions in combination with high water vapor, solar
radiation, and photo-oxidant levels to produce
SOA and PBA particles (31, 32). The biogenic
aerosol particles serve as nuclei for clouds and
precipitation, sustaining the hydrological cycle and
biological reproduction in the ecosystem (Fig. 3).
The feedback mechanisms involved may be im-
portant for stabilizing the Amazonian rainforest
ecosystem and may also be generally relevant for
the evolution of ecosystems and climate on global
scales and in the Earth’s history. To test this hy-
pothesis, we suggest further studies and long-term
observations of aerosol properties and aerosol-
cloud-precipitation interactions under pristine
conditions in other regions and climatic zones
with high biological activity, including tropical,
temperate, and boreal forests.
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Fig. 3. Aerosol and water cycling
over the pristine rainforest. SOA
formed by photo-oxidation of vola-
tile organic compounds (VOC) and
PBA emitted from biota in the
rainforest (plants and microorga-
nisms) serve as biogenic nuclei for
CCN and IN, which induce warm or
cold rain formation, precipitation,
and wet deposition of gases and
particles.
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Fig. 2. Prevalence of dif-
ferent aerosol types in
the (A and B) number
size distribution (dN/dlogD)
and (C and D) mass size
distribution (dM/dlogD)
plotted against particle
diameter (D) as observed
during AMAZE-08 (3 to
13 March 2008). Single
particle analysis of filter
samples was performed
bymeans of SEM, and on-
line measurements were
made by means of differ-
ential mobility particle
sizing (DMPS, <1 mm),
aerosol mass spectrome-
try (AMS, < 1 mm), and
ultraviolet aerodynamic
particle sizing (UV-APS,
>1 mm). Relative uncer-
tainties are in the range
of ~10 to 50% (8). There is a change of scales at D = 1 mm (left versus right ordinate).

300

200

100

0

1.0
0.8
0.6
0.4
0.2
0.0

300

200

100

0

dN
 / 

dl
og

D
 (

10
6  m

-3
)

1.0
0.8
0.6
0.4
0.2
0.0

dN
 / dlogD

 (10
6 m

-3)

6

4

2

0

3.0

2.0

1.0

0

6

4

2

0

dM
 / dlogD

 (µg m
-3)

3.0

2.0

1.0

0

dM
 / 

dl
og

D
 (

µg
 m

-3
)

2 3 4 5 6 7
0.1

2 3 4 5 6 7
1

2 3 4 5 6 7
10

D (µm)

Organics
Sulfate

S
E

M
A

M
S

C

SOA
SOA-Inorganic
Pyrogenic Carbon

D

U
V

-A
P

S
S

E
M

S
E

M
D

M
P

S

SOA
SOA-Inorganic
Pyrogenic Carbon

FBA
Other

PBA
Mineral
Other

U
V

-A
P

S

FBA
Other

 Total Aerosol

PBA
Mineral
Other

B

A

www.sciencemag.org SCIENCE VOL 329 17 SEPTEMBER 2010 1515

REPORTS

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight

spamalot
Line

spamalot
Text Box
Mass Distributions

spamalot
Text Box
# particles

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight

spamalot
Highlight

spamalot
Text Box
!!

spamalot
Text Box
!!



21. O. Möhler, P. J. DeMott, G. Vali, Z. Levin, Biogeosciences
4, 1059 (2007).

22. B. C. Christner, C. E. Morris, C. M. Foreman, R. M. Cai,
D. C. Sands, Science 319, 1214 (2008).

23. R. M. Bowers et al., Appl. Environ. Microbiol. 75, 5121
(2009).

24. K. A. Pratt et al., Nat. Geosci. 2, 398 (2009).
25. M. O. Andreae et al., Science 303, 1337 (2004).
26. P. Reutter et al., Atmos. Chem. Phys. 9, 7067 (2009).
27. M. Kulmala et al., J. Aerosol Sci. 35, 143 (2004).

28. J. Merikanto, D. V. Spracklen, G. W. Mann, S. J. Pickering,
K. S. Carslaw, Atmos. Chem. Phys. 9, 8601 (2009).

29. R. Krejci et al., Atmos. Chem. Phys. 5, 1527 (2005).
30. A. M. L. Ekman et al., Geophys. Res. Lett. 35, L17810

(2008).
31. U. Kuhn et al., Atmos. Chem. Phys. 7, 2855 (2007).
32. J. Lelieveld et al., Nature 452, 737 (2008).
33. Support from a large number of colleagues, agencies,

and institutions is gratefully acknowledged as detailed
in the supporting online material.

Supporting Online Material
www.sciencemag.org/cgi/content/full/329/5998/1513/DC1
Materials and Methods
SOM Text
Fig. S1
Tables S1 to S6
References and Notes

19 April 2010; accepted 28 June 2010
10.1126/science.1191056

Melting of Peridotite to
140 Gigapascals
G. Fiquet,1* A. L. Auzende,1 J. Siebert,1 A. Corgne,2,3 H. Bureau,1 H. Ozawa,1,4 G. Garbarino5

Interrogating physical processes that occur within the lowermost mantle is a key to understanding
Earth’s evolution and present-day inner composition. Among such processes, partial melting has
been proposed to explain mantle regions with ultralow seismic velocities near the core-mantle
boundary, but experimental validation at the appropriate temperature and pressure regimes
remains challenging. Using laser-heated diamond anvil cells, we constructed the solidus curve of
a natural fertile peridotite between 36 and 140 gigapascals. Melting at core-mantle boundary
pressures occurs at 4180 T 150 kelvin, which is a value that matches estimated mantle geotherms.
Molten regions may therefore exist at the base of the present-day mantle. Melting phase relations
and element partitioning data also show that these liquids could host many incompatible
elements at the base of the mantle.

Geophysical and geochemical observa-
tions favor the presence of chemical
heterogeneities in the lowermost mantle.

These are thought to be either primitive mantle
residues (1), dense subducted slab components
(2), products of chemical interactions between
the core and mantle (3, 4), or dense melts perhaps
as old as the Earth itself (5). The core-mantle
boundary is a complex region that has been the
focus of numerous geophysical studies. Seismo-
logic studies suggest the presence of two large
low-shear velocity provinces (LLSVPs) under the
African continent and in the pacific basin (6, 7).
The consensus view is that these slow regions
(which are possibly up to 1000 km thick) exhibit
an anomalously low shear velocity and increased
bulk modulus but are not usually thought to be
partiallymolten (8). Additionally, extensively doc-
umented ultralow-velocity zones (ULVZs) cor-
respond to localized features at the core mantle
boundary (CMB), with strong reductions in
seismic velocities (in the range of 10 to 30%)
for both P and S waves (9, 10); the interpretation

is that these zones may be partially molten (5).
Recent high-resolution waveform studies also
find evidence that the ULVZ material is denser
than the surrounding mantle (11). These partially
molten regions have not been detected to be lat-
erally continuous and have a thickness ranging
from a few kilometers up to about 50 km.

It is attractive to link these observations with
an episode of extensive melting that probably
affected the primitive Earth, leading to the for-
mation of a deep magma ocean. If the evolution
of a terrestrial magma ocean resulted in the
formation of a layer of melt at the base of the
mantle early in Earth history, its survival depends
on whether it was (and maybe still is) gravita-
tionally and chemically stable (12). If this is the
case, such a layer would be an ideal candidate for
an unsampled geochemical reservoir hosting a
variety of incompatible species, notably the plan-
et’s missing budget of heat-producing elements
(13). The presence of high-pressure melts would
also have consequences for chemical reactions
between the mantle and core, the dynamics of
the lowermost mantle, and the heat flow across
the CMB.

To constrain the existence of melt at the base
of the mantle, we performedmelting experiments
on a fertile peridotite composition over a range of
lower-mantle pressures between 36 and 140 GPa
using a laser-heated diamond-anvil cell (DAC)
coupled with in situ synchrotron measurements
(14). Our study thus extends the pressure range of
previous measurements (15, 16) of the solidus
and liquidus temperatures of a mantle-like com-
position to depths exceeding those of the CMB at
2900 km. The starting material used for the high-

pressure high-temperaturemelting experiments is
a natural KLB-1 peridotite (14). To ensure chem-
ical homogeneity at the smallest scale and Fe as
mostly Fe2+, a glass was prepared by using an
aerodynamic levitation device coupled with CO2

laser heating under slightly reducing conditions
of oxygen fugacity (17). At high temperature,
pressures were measured from cell parameters of
the magnesium perovskite (Mg,Fe)SiO3 by using
a thermal equation of state recently reported for
the same KLB-1 peridotitic starting material as
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Fig. 1. Diffraction patterns collected at 61 GPa
after normalized reference background subtrac-
tion: subsolidus at 2715 K (bottom) and above
solidus at 3750 K (top). The diffuse scattering liquid
contribution is outlined by the shaded area as a
guide; it does not correspond to a physical structural
model of the liquid. HKL indexes are given for
remaining diffraction peaks that can be assigned
to magnesium silicate perovskite, observed above
the solidus temperature at this pressure (top). Stars
denote diffraction peaks of Ca-perovskite and fer-
ropericlase affected by partial melting at these
conditions (bottom).
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