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structured influence of groundwater on land hy-
drology and ecosystems and highlight the need
for larger efforts to improve observing and mod-
eling large-scale groundwater processes in the
context of earth system dynamics.
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Atmospheric nucleation is the dominant source of aerosol particles in the global atmosphere
and an important player in aerosol climatic effects. The key steps of this process occur in the
sub—2-nanometer (nm) size range, in which direct size-segregated observations have not been
possible until very recently. Here, we present detailed observations of atmospheric nanoparticles
and clusters down to 1-nm mobility diameter. We identified three separate size regimes below
2-nm diameter that build up a physically, chemically, and dynamically consistent framework

on atmospheric nucleation—more specifically, aerosol formation via neutral pathways. Our
findings emphasize the important role of organic compounds in atmospheric aerosol formation,
subsequent aerosol growth, radiative forcing and associated feedbacks between biogenic

emissions, clouds, and climate.

tmospheric aerosol formation [that is,

the formation of molecular clusters and

their growth to larger sizes (/, 2)] has an
important effect on aerosol particle number con-
centrations (3, 4) and on climate through indirect
radiative effects (5, 6). To understand the initial
steps of atmospheric aerosol formation, one must
have detailed knowledge of the concentrations of
neutral and charged clusters, their chemical compo-
sition, and gaseous compounds participating in
their formation and growth. However, size-segregated
measurements of sub—2-nm clusters are extreme-

ly rare, and until now, no one has taken com-
prehensive and simultaneous field measurements
of charged and neutral clusters and their precur-
sors (supplementary materials, section 3).
Recent technical developments make it pos-
sible to measure the concentrations and size
distributions of ions, molecular clusters, and
nanoparticles in the 1- to 2-nm mobility diam-
eter range and to simultaneously obtain infor-
mation about the chemical composition of these
entities and their interactions with trace gases.
Here, we present a comprehensive analysis of such

measurements, conducted between 14 March
and 16 May 2011, at the SMEAR II station (7)
in Hyytidld, southern Finland. We measured the
total nanoparticle and ion concentrations, along
with the concentrations of gaseous compounds,
including sulfuric acid, volatile organic com-
pounds, ammonia, amines, ozone, sulfur diox-
ide, and nitrogen oxides. The instruments we
used to take our measurements are described in
greater detail in the supplementary materials
(sections 1.3.1 to 1.3.7).

We categorized each day of the measurement
campaign as a “nucleation event day,” a “non-
event day,” or an “undefined day” (table S7) (8).
We determined the concentrations of nanopar-
ticles and ions separately for six size classes be-
tween 0.9 and 2.1 nm (supplementary materials,
section 1.2). For each size class, we calculated the
concentration of nanoparticles originating from
neutral formation pathways, V,, from the relation
Niot = Nions T Nree T Ny, Where Ny is the total
measured nanoparticle concentration in that size
class, Ny is the corresponding ion concentration,
and N, is the estimated concentration of neutral
particles originating from the recombination of
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Fig. 1. Diurnal variations of the sulfuric acid concentration (left y axis) and the concentrations of neutral clusters in different size classes (right y axis)
during median event days (A) and median nonevent days (B).

oppositely charged ions ending up in that size
class (supplementary materials, section 1.2).
Excluding a few intermittent periods during
the night, N, exceeded Njons and Ny in all of
the sub—2-nm size classes (fig. S9). The domi-
nance of neutral nanoparticles over ions was
particularly clear during the periods of active
aerosol formation, characterized by the mea-
surable formation of 3-nm particles and their
further growth to larger sizes (see fig. S8A).
Ions showed a clear concentration maximum
below 1.5 nm and a steep concentration decrease
above this size under all conditions (fig. S9A).
Such a maximum corresponds to the size of sta-
ble ion clusters in the ion-induced nucleation the-
ory. Overall, our observations indicate that the
dynamics of sub—2-nm clusters were dominated
by neutral pathways, with little influence due to
the presence of ions. This finding is in line with
the latest analysis of earlier field measurements
conducted in various continental boundary-layer
environments (9). Hereafter, we will focus our
attention on the properties of neutral nanoparticles
and call them “neutral clusters.” In reality, the
smallest nanoparticles include both clusters and
large molecules or molecular complexes.
Figure 1 shows the median neutral cluster
concentrations in different size classes and sul-
furic acid concentrations during the nucleation
event days (33 days) and nonevent days (19 days).
The first thing we observe is the near-constant
presence of neutral clusters throughout the sub—
2-nm size range (see also fig. S8). This feature
indicates continuous formation of neutral clus-
ters and their subsequent growth up to a mobil-
ity diameter of at least 2 nm. Concentrations of
neutral clusters were typically 10 times higher
than concentrations of aerosol particles in the
nucleation mode (3- to 12-nm diameter). The
second important feature, discussed in more
detail below, is the very different behavior of the
clusters in three size regimes: (i) <1.2 + 0.1 nm,

Fig. 2. Cluster size as a func- 45F ' ]
tion of time during median
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we show data from normal- GR,_, o= 27 nmh

ized concentrations of sul- 3.51 1
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ter (CIMS)], size-segregated €

neutral clusters [fromapar- = 25§ 1
ticle size magnifier (PSM)], a @ -

cluster with a mass of 339.06 § 2r Figerg =000 1
Th (from CI-APi-TOF), and

ions/aerosol particles [neu- 18f R,y 1,02 nmh |
tral cluster and air ion spec- | : |
trometer (NAIS)!. Times when [ —y

the concentrations reached 05l —e—CIMS I
half of their maximum are ’ —— CI-APi-TOF
plotted. Because sulfuric acid o ) , , ) O NAIS
concentration rises first, the 0 05 15 2 25 3 35 4

zero time is taken from the
value of sulfuric acid. The used

Time difference (h)

mobility diameters of a sulfuric acid molecule and a cluster with a mass of 339.06 Th are 0.85 and 1.17 nm,
respectively. Growth rates (GR) for particles below 5-nm diameter were determined using the plotted data.
The data with error bars are given in the supplementary materials (section 4 and fig. S15).

(ii) from 1.2 £ 0.1 nm to 1.7 £ 0.2 nm, and (iii)
>1.7 + 0.2 nm. In the first size regime (the size
classes 0.9 to 1.1 nm and 1.1 to 1.3 nm in Fig. 1),
cluster concentrations and their diurnal be-
havior were very similar between the nucleation
event and nonevent days. In the two other size
regimes, cluster concentrations showed a clear
daytime maximum during the nucleation event
days, which was absent during the nonevent days.
The cluster maxima peaked somewhat later than
the sulfuric acid concentration. Cluster concen-
trations decreased rapidly with the increasing
cluster size in the first two size regimes. In the
third size regime, cluster concentration appeared
to increase with the increasing cluster size around
noon on nucleation event days (see also fig. S9A).
The maximum concentrations of 1.9- to 2.1-nm

neutral clusters were about a factor of 50 higher
during the nucleation event days compared with
the nonevent days.

Several groups have suggested that gaseous
sulfuric acid is the main driver of daytime atmo-
spheric aerosol formation (/, /0—12). During our
measurement campaign, we observed a clear
association between the sulfuric acid concentra-
tion and the formation rate of 1.5-, 2.0-, and 3.0-
nm clusters and aerosol particles (supplementary
materials, section 5, and figs. S16 to S18). To
look closer at this association, we determined
the average growth rates of neutral sub—3-nm
clusters during the periods of active aerosol for-
mation (Fig. 2; see also supplementary mate-
rials, section 4). These rates were equal to 0.2,
0.9, and 2 nm h ™" in the mobility diameter ranges
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Fig. 3. Average diurnal cycle of the formation rates of 1.5-, 2.0-, and 3.0-nm atmospheric aerosol particles (or clusters) and 1.5-nm negative- and positive-ion
clusters during (A) nucleation event days and (B) nonevent days. The particle-formation rates as a function of sulfuric acid concentration are given in the
supplementary materials (section 5 and figs. $16 to S18).

of <1.2, 1.4 to 1.8, and 2 to 3 nm, respectively. An
increase in cluster growth rates with increasing
particle size in the sub-3-nm size range has re-
cently been reported at two other measurement
sites as well (/3). Next, we calculated the max-
imum cluster growth rates due to sulfuric acid
condensation over the same size ranges by allow-
ing no sulfuric acid evaporation, and we found
these rates to be 0.3 to 0.4, 0.6 to 0.9, and 0.5 to
0.6 nm h™', on average. Clearly, there was more
than enough sulfuric acid vapor to explain the
growth of the smallest clusters. Together with
the very steep decline of cluster concentrations at
these sizes, this finding suggests that neutral clus-
ters in the first size regime (<1.2 + 0.1 nm) both
take up and evaporate vapor molecules constant-
ly, the net effect being a slow cluster growth
during the periods of active aerosol formation.

In the second size regime (1.2 £ 0.1 to 1.7 =
0.2 nm), the concentration of sulfuric acid was,
within experimental uncertainties, high enough
to explain the observed cluster growth rates. On
the other hand, quantum chemical investigations
(14-17) predict that clusters containing only sul-
furic acid (and water) cannot grow; rather, these
clusters must be stabilized with amines, ammonia,
or organic vapors (of these, amines are the strongest
stabilizers) (16). Our measurements obtained by
chemical ionization atmospheric pressure inter-
face time-of-flight (CI-APi-TOF) mass spectrom-
eter showed abundant presence of amines in the
gas phase, and our APi-TOF measurements showed
the existence of sulfuric acid—amine clusters
(figs. SS and S21 to S23). Small sulfuric acid—
amine clusters have been identified in earlier
laboratory experiments (/8—20) and tentatively
also in the atmosphere (/8).

Clusters in the third size regime (>1.7 *
0.2 nm) grew two to four times faster than what
can be explained by sulfuric acid condensation.
Furthermore, the strongest aerosol-formation
events were characterized by a local minimum

in the size space within this size regime (Fig. 1A
and fig. S9A). Such a minimum is in accordance
with Nano-Kéhler theory (27), which describes
the activation of neutral clusters by condensable
vapors in a manner analogous to cloud conden-
sation nuclei activation by water vapor during
cloud formation. After activation, nanoparticles
are expected to grow faster due to a decreasing
Kelvin effect and, thus, an enhanced conden-
sation flux. The most likely candidates for the
additional compounds participating in the growth
of sub—-3-nm clusters and nanoparticles are or-
ganic vapors (22—24). The cluster activation in the
size range of 1.5 to 2.0 nm could be caused by
condensation of low-volatility organic vapors once
they have overcome the Kelvin barrier (27, 25)
or by heterogeneous reactions between the clus-
ters and organic vapors (24).

The CI-APi-TOF instrument detects a wide
range of molecules and clusters in the 300- to
700-thomson (Th) range, mainly believed to re-
sult from highly oxidized organic molecules,
similar to those recently found in the ambient
APi-TOF measurements by Ehn et al. (26). The
temporal behavior of the ions in this size range
is highly variable, with some ions observed main-
ly at night and others during the day. During
periods with high solar radiation, the most abun-
dant cluster above 300 Th is typically detected
at 339.06 £ 0.02 Th and has tentatively been
identified as C;oH;sN-O;, ", with one or both N
atoms resulting from clustering with nitrate
and/or nitric acid inside the CI-APi-TOF in-
strument. Several other clusters in the 300- to
700-Th range show similar time behavior, and
the cluster at 339 Th will be used to represent
this group. Although the CI-APi-TOF detec-
tion and quantification of organics still needs
detailed characterization, our results show that
the diurnal variation in the signal of the 339-Th
tracks 1.5- to 2.0-nm cluster concentrations even
better than sulfuric acid (supplementary materials,

section 6, and fig. S20). The total estimated
concentration of highly oxidated organic mole-
cules in the 300- to 450-Th range correlated pos-
itively with cluster concentrations in the second
size regime during active aerosols formation (but
not at any other time; see supplementary materials,
table S5), indicating that these organic molecules
will participate in atmospheric nucleation.

The net flux of growing clusters past a cer-
tain size, usually some fixed mobility diameter
d, is defined as the formation rate J; (8). Figure
3 shows the formation rates of ions and neutral
nanoparticles over the diurnal cycle of an aver-
age particle-formation (nucleation) event day
and nonevent day. During the nonevent days,
the formation rates of 1.5-nm ions averaged to
~0.01 cm™ s and showed little diurnal varia-
bility. The formation rates of 1.5- and 2.0-nm
neutral clusters exceeded 0.1 cm™ s’l, whereas
the formation rates of 3-nm particles were mostly
too low to be detected. During the days with ac-
tive aerosol formation, the average formation rates
of 1.5-nm ions approached 0.08 cm™ s around
noon and late evening/early night. The average
formation rates of neutral 1.5-nm particles ex-
ceeded those of 1.5-nm ions by about one order
of magnitude and by up to a factor of 50 to 100
during the afternoon. The formation rates of 3-nm
particles were measurable over the whole diurnal
cycle of a typical nucleation event day, with val-
ues of J; approaching ., during a few hours around
noon. This observation shows the importance
of the enhanced growth rate from sub—2-nm size
to 3 nm. The formation rate of 3-nm particles dur-
ing event days was 100 to 1000 times higher than
during nonevent days, with the corresponding dif-
ference at 1.5 or 2 nm being less than one order
of magnitude.

The formation rate of 1.5-nm clusters is often
called the atmospheric nucleation rate (27).
However, from a thermodynamic point of view,
nucleation requires overcoming the free energy
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Fig. 4. Schematic de-
scription of main size
regimes of atmospheric
neutral clusters and the
main processes related to

I
Small clusters and
molecules
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II
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for clustering
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those size ranges. In regime
| (mobility diameter < 1.1
to 1.3 nm), the net clus-
ter growth is very small,
as clusters and molecules

are continually formed and

lost as a result of chemical ?
reactions, vapor uptake, P
and evaporation. This re- e o
gime has no direct con- - @ ° @
nection to atmospheric - o € °
nucleation. NPF, new par- @ °% 2.9
ticle formation. In regime oo B @

1(1.1to 1.3 nmto 1.5to °
1.9 nm) clusters grow in o) @°
size by sulfuric acid con-
densation and are sim-
ultaneously being stabilized
by amines, ammonia, or
organic vapors. This re-
gime is critical for the

* Very slow growth * Stabilizing organic compounds
» Slowly growing (<1 nm/h)

« Determines J,

Key processes:

. Gas-phase reactions, .
dUSt.enng process (atmos- cluster formation/evaporation ClustEiieation
pheric nucleation) and the
formation rate of 1.5-nm 300 ... 500 amu

neutral clusters. Addition-
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clusters
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* Rapidly growing (~2 nm/h)
» Nano-Kéhler

+ Determines J,
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ally, gas-phase chemical
reactions are important
in this size range, and

activation of clusters will begin. In regime Ill (>1.5 to 1.9 nm), clusters grow
faster than can be explained by sulfuric acid concentration, especially during the
periods of active aerosol formation when large numbers of 3-nm aerosol
particles are being formed. This fast rate of growth is due to enhanced vapor

barrier. The relatively high evaporation flux in
the first size regime indicates the existence of a
nucleation barrier and that the critical cluster in
the atmospheric nucleation point of view is in
the second size regime at 1.5 + 0.3 nm. In any
case, we observe a starting point of a phase tran-
sition, which includes chemical reactions to form
condensable vapors, heteromolecular clustering
of vapor molecules, and the subsequent growth
of clusters to 2 and 3 nm.

In summary, we can identify three separate
size regimes characterized by different mo-
bility diameter ranges for neutral clusters (Fig.
4). Our findings demonstrate an observational-
based framework on atmospheric aerosol for-
mation that, in a consistent way, combines (i)
molecules, small atmospheric clusters, and grow-
ing nanoparticles; (ii) sulfuric acid, strong bases,
and organic vapors; and (iii) various dynam-
ical processes. This framework confirms that
atmospheric aerosol formation is essentially a two-
step process, as suggested based on theoretical
arguments (21, 28) and some laboratory ex-
periments (29). In the first step—in the second
size regime—atmospheric nucleation or the for-
mation of stabilized clusters will occur. The sec-
ond step, characterized by enhanced cluster growth
rates due to the activation of the growing clus-

1.1...1.3nm

atomic mass units.

ters by organic vapors, is initiated in the third size
regime just below 2 nm. This second step deter-
mines the formation rate of 3-nm particles and is
efficient only during periods of active aerosol
formation. Our findings emphasize the important
role of organic compounds in atmospheric aero-
sol formation; in the radiative forcing that results
when these particles grow to larger sizes; and in
the associated feedbacks involving the biosphere,
clouds, and climate (30, 31).
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