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The fine particles serving as cloud condensation nuclei in pristine Amazonian rainforest air
consist mostly of secondary organic aerosol. Their origin is enigmatic, however, because new
particle formation in the atmosphere is not observed. Here, we show that the growth of organic
aerosol particles can be initiated by potassium-salt—rich particles emitted by biota in the rainforest.
These particles act as seeds for the condensation of low- or semi-volatile organic compounds
from the atmospheric gas phase or multiphase oxidation of isoprene and terpenes. Our findings
suggest that the primary emission of biogenic salt particles directly influences the number
concentration of cloud condensation nuclei and affects the microphysics of cloud formation

and precipitation over the rainforest.

rganic aerosols are ubiquitous in the at-
O mosphere and play important roles in the

climate system. They can cool Earth’s
surface by scattering sunlight or serve as nuclei
for water droplets and ice crystals in clouds and
precipitation. The properties and origin of or-
ganic aerosol particles are, however, still poor-
ly understood, and their effects are among the
largest uncertainties in the current understand-
ing of climate (/-3). For reliable assessment and
control of the human influence on climate, it is
important to understand the natural background
sources of atmospheric aerosols (4). One of the
few continental regions where aerosols can be
studied under near-natural conditions is the
Amazon Basin, which has an aerosol burden
that is mainly driven by an intensive biosphere-
atmosphere interaction (35). Recent investigations
indicate that the fine particles serving as cloud
condensation nuclei (CCN) in pristine Amazonian
rainforest air consist predominantly of secondary
organic aerosol (SOA), formed by oxidation of
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volatile organic compounds (VOC) and conden-
sation of low- or semi-volatile oxidation products
(6, 7). The actual mechanism of initial particle
formation, however, remains unclear. In contrast
to other vegetated continental regions, ultrafine
particles with diameters < 30 nm (nucleation
mode particles), which are characteristic for new
particle-formation events in which gaseous spe-
cies condense to form secondary aerosol particles,
are almost never observed in pristine boundary
layer air over the Amazonian rainforest (3, §).
One possible explanation for the lack of nucle-
ation mode particles in the Amazonian boundary
layer could be that the nucleation and the initial
growth of new particles take place in the free
troposphere, followed by downward transport in
the course of convective overturning (9, 10).
Alternatively, as we suggest here, the secondary
organic material may condense onto preexist-
ing primary particles directly emitted from the
rainforest.

We applied scanning transmission x-ray mi-
croscopy with near-edge x-ray absorption fine
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Fig. 1. Microscopic images of Amazonian organic
aerosol particles. (A and B) STXM images of char-
acteristic OA,cig OAnydroxys aNd OApixeq particles in
noontime samples (numbers 8 and 9, table S1). (C)
STXM potassium (K) map showing potassium-salt—
rich particles in a morning sample (no. 10, table
S1) and (D) corresponding SEM image. (E and F)
Magnified SEM images of individual particles with
salt core and organic coating [black frames in (D)].
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structure analysis (STXM-NEXAFS), scanning
electron microscopy (SEM), and secondary ion
mass spectrometry (NanoSIMS) to determine
the microstructure and chemical composition of
Amazonian organic aerosol particles in the accu-
mulation mode (0.1 to 1 wm diameter). This size
range is most relevant to the activation of cloud
condensation nuclei (6). The aerosol samples were
collected during the wet season (May 2011) at a
remote rainforest site [Amazonian Tall Tower
Observatory (ATTO) site] 150 km northeast of
Manaus, Brazil. The investigated air masses came
with the trade wind circulation from the northeast
and traveled over some 1000 km of mostly pris-
tine tropical rainforest. For comparison, we also
investigated laboratory-generated SOA reference
samples from isoprene and terpene oxidation,
as well as reference samples generated by spray-
drying of pure organic compounds in aqueous
solution (/7). We used STXM-NEXAFS for the
determination of elemental and functional group
composition in individual organic aerosol parti-
cles (12, 13) and SEM and NanoSIMS for further
morphological characterization and independent
confirmation of elemental composition.

The Amazonian aerosol samples comprised a
mixture of homogeneous droplets and droplets
containing internal structures that may be indic-
ative of their atmospheric aging history (Fig. 1, A
and B, and fig. S8). The NEXAFS spectra re-
vealed characteristic similarities and differences
between the chemical composition of the Ama-
zonian aerosol and laboratory-generated reference
samples. The terpene SOA reference particles
exhibit a sharp peak representative of carboxylic
acid groups (COOH), as well as shoulders in-
dicating carbonyl groups (C=0) and carbon-
carbon double bonds (C=C), but no pronounced
signal of hydroxy groups (C-OH). Spectra of the
isoprene SOA reference particles show a broad
peak resulting from COOH and C-OH signals of
comparable intensity, a C=0 shoulder, and no
C=C signal. Spectra of the carbohydrate reference
particles exhibit a sharp C-OH peak, no COOH
signal, and very weak C=0 and C=C shoulders
(Fig. 2A).
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In the Amazonian aerosol samples, three chem-
ically distinct types of organic particles could be
assigned to the following categories (Fig. 2A): (i)
OA ,.iq particles exhibited spectra with a pro-
nounced COOH peak similar to those of laboratory-
generated SOA particles from terpene oxidation;
(i1) OApydroxy particles showed a strong hydroxy
group signal similar to pure carbohydrate parti-
cles; and (iii) OA ixeq particles exhibited spectra
resembling a mixture of OAyq and OApydroxy
spectra. All three particle classes contained var-
iable amounts of potassium. The coexistence of
chemically distinct types of organic particles in-
dicates the influence of different sources and for-
mation mechanisms in the Amazonian boundary
layer. Categories OA,ciq and OApyqroxy €ach ac-
counted for about 25% of all particles analyzed in
this study, whereas OA ,ixeq Was the most abun-
dant particle type and contributed about 50%.
Previous studies in Amazonia had shown that
terpene- and isoprene-based SOA dominated the
mass of organic aerosol (6, 7, 14), which is con-
sistent with our observation of OAciq, OApydroxys
and OA ixeq as a mixture of both. In addition to
isoprene and terpene oxidation products, carbo-
hydrates associated with primary particle emis-
sions may also contribute to the observed organic
matter (15, 16).

The most unexpected finding of our study
was the presence of pronounced potassium sig-
nals in the NEXAFS spectra of nearly all an-
alyzed organic particles (Fig. 2B). The potassium
mass fraction is strongly size-dependent and de-
creases from ~20% at volume-equivalent particle
diameters around 0.15 pm down to ~0.3% for
diameters around 1 pum (Fig. 3), with a median
value of 2.6% (I1) (supplementary text S1.5).
This observation suggests that small potassium-
salt-rich particles from primary emissions act as
seeds for the condensation of organic material
and that the primary potassium content is diluted
upon particle growth. The occurrence of these
potassium-bearing particles has been confirmed by
a combination of STXM, SEM, and NanoSIMS.
In particular, samples collected during the morn-
ing hours show a high abundance of fine parti-
cles (~0.2 um) with strong potassium signals and
a low content of organic matter (Fig. 1, C to F,
and fig. S7). The STXM and NanoSIMS results
indicate that the potassium-rich particles also con-
tain substantial quantities of ammonium cations
as well as chloride and sulfate counteranions (/)
(supplementary text S1.7).

Potassium-rich particles, in association with
soot carbon, are an important component of
biomass-burning smoke (17, 18). In our samples,
however, we can exclude biomass burning as a
source of the potassium-rich particles, because
we did not find any particles containing soot car-
bon. Also, there were no fires detected in the
region along the airmass trajectories during our
study period (19, 20). Hence, biogenic emissions
are the only potential source. Earlier investiga-
tions, including online high-resolution time-of-
flight aerosol mass spectrometry (HR-ToF-AMS)

(fig. S12), had already reported substantial amounts
of potassium associated with biogenic submicro-
meter aerosol in the Amazon during the wet
season (2/-23). They were not able to relate the
presence of potassium to specific particle types,
but the combination of potassium and sulfur has
been attributed to local biogenic sources (24-26),
which is consistent with the observation of
potassium- and sulfate-rich particles in our study.
The median atmospheric potassium concentra-
tion estimated from our analysis [~50 ng m "> for
particles in the size range of 0.1 to 1 um, (/)
supplementary text S1.5] is consistent with pre-
vious measurement results [18 to 220 ng m ° for
particles <2 um (/6)]. Several studies show that
active biota, such as plants and fungi, can effi-
ciently release salts into the air (15, 16, 27-30).
In particular, the active wet discharge of fungal
spores is accompanied by the emission of aque-
ous droplets that contain potassium, chloride, and
carbohydrates as the main osmolytes (/1, 16)
(supplementary text S2.1). STXM and light mi-
crographs of our samples indicate a high abun-
dance of fungal spores in the coarse particle
fraction (>1 um, fig. S6), which supports the idea
of fungal emissions as a plausible source for the
observed potassium-rich particles.

SEM images show that the biogenic salt par-
ticles in the early morming samples consist of a

(, CH,

strongly electron-scattering salt core embedded
in a thin organic coating (Fig. 1, E and F). How-
ever, potassium salt cores are not present in par-
ticles collected during the daytime. Instead, many
particles show an inorganic microgranular mate-
rial distributed over the entire particle (fig. S8, A
and B). The phase separation observed in our
samples follows the same pattern and depen-
dence on oxygen-to-carbon ratio as reported in
recent studies of liquid-liquid phase separation in
organic and mixed organic-inorganic aerosol par-
ticles (37-33): OApyaroxy particles with high atom-
ic ratios of oxygen to carbon (O:C = 0.9 to 1.0)
showed no phase separation, whereas OA,;q and
OA ixea particles with O:C ratios around 0.5 to
0.7 showed internal structures with a COOH-rich
core and a C-OH-rich shell (table S4 and fig. S8).
These observations indicate a pronounced influ-
ence of aqueous processing in deliquesced aerosol
particles and cloud or fog droplets on the growth
and aging of SOA particles, that is, the formation
and evaporation of aqueous droplets in which
multiphase chemical reactions can produce sec-
ondary organic matter and the inorganic salt seeds
can undergo cyclic dissolution and recrystalliza-
tion. SOA formation by multiphase rather than
gas-phase chemistry might also contribute to a
suppression of new particle formation (/1) (sup-
plementary text S2.3 and S2.4).
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Fig. 2. (A) NEXAFS spectra of (i) laboratory-generated SOA from terpene and isoprene oxidation; (ii)
glucose as carbohydrate reference compound from spray-drying of aqueous solution; and (iii) OA.gq,
OAnixed: @and OApyaroxy Particles from the Amazon. (B) NEXAFS spectra for Amazonian organic aerosol
particles with different potassium (K) mass fractions. Solid lines and shaded areas represent mean spectra
and standard deviations. Numbers of analyzed particles are given in parentheses. Vertical lines indicate
resonant absorption of organic functional groups and potassium (table S3).

31 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org

2202 ‘ST Jequan0N U0 O|red 0eS ap apepsioAiun 12 B10°8ous 105 MMM//:SAdny WoJ) papeojumod



REPORTS

Of the 77 Amazonian organic aerosol par-
ticles analyzed by STXM-NEXAFS, only 3 con-
tained no detectable amount of potassium (<2 fg).
The near-ubiquitous presence of potassium sug-
gests that biogenic salt particles emitted from
active biota in the rainforest serve as initial seeds
for the condensation of VOC oxidation products.
This mechanism appears to dominate the forma-
tion of SOA particles in the accumulation size
range in pristine Amazonian rainforest air (Fig. 4).
It can explain why new particle formation events
are not observed, even though the aerosol con-
sists largely of secondary organic material formed
from gas-phase precursors (//) (supplementary
text S2.4). A major implication is that the number
concentration of atmospheric aerosol particles in
the accumulation size range is partly regulated by
the primary emission of potassium-salt—rich par-

ticles from biota in the rainforest. Compared with
smaller particles in the nucleation and Aitken size
range (<0.1 pum), accumulation mode particles

Potassium Mass Fraction [%]

e OA acid

e OA mixed

e OA hydroxy
® Salt+ OA

are by orders of magnitude more frequently acti-
vated as CCN (/7) (supplementary text S2.3 and
fig. S11B). Thus, the biological sources and emis-
sion rates of potassium-salt-rich particles have a
direct influence on the initial droplet number and
microphysical evolution of clouds over the rain-
forest, which in turn influence the dynamics of
clouds and precipitation as well as their effects on
I the hydrological cycle and climate.

2 3
0.1
Volume Equivalent Diameter [pm]

Fig. 3. Size dependence of potassium mass fraction in Amazonian organic aerosol particles. Solid
markers represent data from samples collected in this study (ATTO site, 2011), and open markers
represent additional data from previously collected samples (ZF2 site, 2010) (11). Numbers and arrows
identify individual particles from Fig. 1 (1, F; 2, E; 3 and 5, A; and 4 and 6, B). Shaded area illustrates
idealized dilution of primary potassium content upon particle growth by condensation of secondary
organic material (inverse third-order dependence on particle diameter) (11). Error bars indicate the

estimated uncertainty in calculations of particle size and potassium mass content.

Fig. 4. Sources and processing of organic aerosol in
pristine Amazonian boundary layer air. SOA formation by
photooxidation of VOC and condensation of semi- and low-

Our findings support the hypothesis that the
Amazonian rainforest ecosystem can be regarded
as a biogeochemical reactor in which the for-
mation of clouds and precipitation in the atmo-
sphere are triggered by particles emitted from the
biosphere. The connection between biogenic par-
ticle emissions and cloud properties in the trop-
ical rainforest ecosystem appears even stronger
and more direct than previously assumed (6, 34).
In view of the large impact of tropical rainforests
on biogeochemistry and climate, the biological
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activity and diversity of particle-emitting orga-
nisms seem likely to play important roles in Earth
history and future global change.
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Radiative Absorption Enhancements
Due to the Mixing State of
Atmospheric Black Carbon

Christopher D. Cappa,** Timothy B. Onasch,?3* Paola Massoli,? Douglas R. Worsnop,>*
Timothy S. Bates,” Eben S. Cross,>t Paul Davidovits,® Jani Hakala,* Katherine L. Hayden,®
B. Tom Jobson,” Katheryn R. Kolesar,* Daniel A. Lack,®? Brian M. Lerner,®? Shao-Meng Li,°

Chen Song,*? R. Subramanian,*® Eric ]. Williams,® Rahul A. Zaveri'?

Atmospheric black carbon (BC) warms Earth’s climate, and its reduction has been targeted for
near-term climate change mitigation. Models that include forcing by BC assume internal mixing with
non-BC aerosol components that enhance BC absorption, often by a factor of ~2; such model estimates
have yet to be clearly validated through atmospheric observations. Here, direct in situ measurements
of BC absorption enhancements (E,,s) and mixing state are reported for two California regions. The
observed Ep is small—6% on average at 532 nm—and increases weakly with photochemical aging.
The Egs is less than predicted from observationally constrained theoretical calculations, suggesting

that many climate models may overestimate warming by BC. These ambient observations stand in
contrast to laboratory measurements that show substantial £, for BC are possible.

lack carbon (BC) in the atmosphere has a

strong effect on global and regional cli-

mate, with some estimates suggesting that
the positive (warming) radiative forcing by BC is
second only to CO, (7), making it an important
near-term climate mitigation target (2, 3). Quan-
tification of the warming caused by BC in global
climate models depends explicitly on the mixing
state assumed for particles (internal versus ex-
ternal) and, for internal mixtures, the assumed
influence of coatings on the magnitude of BC
absorption (4-6). Optical properties of internally
mixed BC-containing particles can be calculated
in various ways, all of which indicate substantially
greater absorption than for an equivalent exter-

nal mixture—the absorption by internally mixed
BC is “enhanced” because the coatings act as a
lens (7). Model estimates of BC radiative forcing
are increased by up to a factor of 2 for internally
versus externally mixed BC (4, 5), and many
models that use external mixtures simply multi-
ply BC absorption by a scaling factor (8) to ac-
count for the theoretical absorption enhancement
(Eps).- However, the magnitude of E,,s has not
been determined for real atmospheric particles
(9, 10), which is crucial as more models describe
aerosol distributions as combinations of internal
and external mixtures (/7).

In this study, direct measurements of F,p
and average mixing state for BC in the atmo-

sphere around California are reported from two
field campaigns: the 2010 CalNex study and
the Carbonaceous Aerosols and Radiative Ef-
fects Study (CARES). The CalNex measure-
ments were made onboard the R/V Atlantis,
whereas the CARES measurements were made
at a ground site in the Sacramento urban area
(fig. S1) (12). Our observations indicate that the
E,,s for ambient particles around large urban
centers do not vary much with photochemical
aging, are significantly less than predicted from
traditional core-shell Mie theory, and are in con-
trast to laboratory experiments, suggesting that
the warming by BC may be overestimated in cli-
mate models. Further, they indicate a role for
absorption by non-BC aerosol components [brown
carbon (BrC)] (/3) in urban environments at short
visible wavelengths.
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Salty Origins of Fresh Water

Cloud droplets above the Amazonian rain forest form mostly around organic aerosols, but the source of the aerosols
has been a mystery. Pohlker et al. (p. 1075) report that particles rich in potassium salts emitted by Amazonian
vegetation can act as the seeds for the growth of organic aerosol particles that function as condensation nuclei for
water droplets. These specks of biogenic salts provide a surface for the condensation of low- or semi-volatile organic
compounds formed by the atmospheric oxidation of isoprene and terpenes, molecules produced in great abundance by
many kinds of Amazonian plants.

View the article online

https://lwww.science.org/doi/10.1126/science.1223264
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.
Copyright © 2012, American Association for the Advancement of Science

2202 ‘ST Jequan0N U0 O|red 0eS ap apepsioAiun 12 B10°8ous 105 MMM//:SAdny WoJ) papeojumod


https://www.science.org/about/terms-service

