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Nucleation of aerosol particles from trace atmospheric vapours is
thought to provide up to half of global cloud condensation nuclei1.
Aerosols can cause a net cooling of climate by scattering sunlight
and by leading to smaller but more numerous cloud droplets,
which makes clouds brighter and extends their lifetimes2.
Atmospheric aerosols derived from human activities are thought
to have compensated for a large fraction of the warming caused by
greenhouse gases2. However, despite its importance for climate,
atmospheric nucleation is poorly understood. Recently, it has been
shown that sulphuric acid and ammonia cannot explain particle
formation rates observed in the lower atmosphere3. It is thought
that amines may enhance nucleation4�16, but until now there has
been no direct evidence for amine ternary nucleation under atmo-
spheric conditions. Here we use the CLOUD (Cosmics Leaving
OUtdoor Droplets) chamber at CERN and find that dimethyl-
amine above three parts per trillion by volume can enhance particle
formation rates more than 1,000-fold compared with ammonia,
sufficient to account for the particle formation rates observed in
the atmosphere. Molecular analysis of the clusters reveals that the
faster nucleation is explained by a base-stabilization mechanism
involving acid�amine pairs, which strongly decrease evaporation.
The ion-induced contribution is generally small, reflecting the
high stability of sulphuric acid�dimethylamine clusters and indi-
cating that galactic cosmic rays exert only a small influence on their
formation, except at low overall formation rates. Our experimental
measurements are well reproduced by a dynamical model based on
quantum chemical calculations of binding energies of molecular
clusters, without any fitted parameters. These results show that, in
regions of the atmosphere near amine sources, both amines and
sulphur dioxide should be considered when assessing the impact of
anthropogenic activities on particle formation.

The primary vapour responsible for atmospheric nucleation is
thought to be sulphuric acid (H2SO4), derived from the oxidation of
sulphur dioxide. However, peak daytime H2SO4 concentrations in the

atmospheric boundary layer are about 106 to 3 3 107 cm23 (0.04�1.2
parts per trillion by volume (p.p.t.v.)), which results in negligible bin-
ary homogeneous nucleation of H2SO4�H2O (ref. 3). Additional spe-
cies such as ammonia or amines4,5 are therefore necessary to stabilize
the embryonic clusters and decrease evaporation. However, ammonia
cannot account for particle formation rates observed in the boundary
layer3 and, despite numerous field and laboratory studies6�16, amine
ternary nucleation has not yet been observed under atmospheric con-
ditions. Amine emissions are dominated by anthropogenic activities
(mainly animal husbandry), but about 30% of emissions are thought to
arise from the breakdown of organic matter in the oceans, and 20%
from biomass burning and soil8,17. Atmospheric measurements of gas-
phase amines are sparse, but typical values range between negligible
and a few tens of p.p.t.v. per amine species17�20.

Here we report results from the CLOUD experiment at CERN
(for experimental details see Methods, Extended Data Fig. 1 and
Supplementary Information). The data were obtained during three
campaigns at the CERN Proton Synchrotron between October 2010
and November 2012, and comprise measurements of sulphuric acid�
amine nucleation at atmospheric concentrations. Dimethylamine
(DMA; C2H7N) was selected for this study because it is expected to
have cluster binding energies representative of other light alkyl amines4.

Nucleation rates J were measured under neutral (Jn), galactic cosmic
ray (Jgcr) and p1 beam (Jp) conditions, corresponding to ion-pair
concentrations of about 0, 650 and 3,000 cm23, respectively. Both
Jgcr and Jp comprise the sum of neutral and ion-induced nucleation
rates, whereas Jn measures the neutral rate alone. Figure 1 shows the
nucleation rates at 1.7 nm mobility diameter (1.4 nm mass diameter)
as a function of [H2SO4] for �binary� (H2SO4�H2O), ammonia ternary
(H2SO4�NH3�H2O) and amine ternary (H2SO4�DMA�H2O) nuc-
leation at 278 K and 38% relative humidity (RH). Here �binary�
includes previous measurements made in the presence of NH3 and
DMA contaminants3, estimated from later campaigns to be ,2 p.p.t.v.
and ,0.1 p.p.t.v., respectively, for the conditions of ref. 3. Nucleation
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rates with 5 p.p.t.v. DMA are enhanced more than 1,000-fold com-
pared with 250 p.p.t.v. ammonia (Fig. 1). Additional DMA up to
140 p.p.t.v. results in a less than threefold further rate increase, indi-
cating that amine levels of about 5 p.p.t.v. are sufficient to reach the rate
limit for amine ternary nucleation under atmospheric conditions
([H2SO4] # 3 3 107 cm23, or 1.2 p.p.t.v.).

The amine ternary nucleation rates pass through the band of atmo-
spheric observations (Fig. 1). However, the latter reveal distinct
regional differences, with some environments showing nucleation
rates both above and below the amine limit (boreal forest and moun-
tain21,22), whereas others are only below the limit (agricultural, live-
stock, industrial and urban21,23). This suggests that nucleation in
different regions of the boundary layer may be controlled by different
ternary vapours. In regions where amines are likely to be present
(livestock farming and urban), the atmospheric rates are compatible

with amine nucleation. However, the atmospheric data show consid-
erable variability, probably resulting from variations in ternary vapour
concentrations and particle coagulation sinks. When growth rates are
low, the measured nucleation rates are highly sensitive to particle
coagulation sinks, which influence particle losses both above and
below the quoted formation threshold sizes. Losses below the thresh-
old size are uncorrected, implying higher variability in the atmosphere,
where conditions are less well defined than in the laboratory.

Figure 1 shows the theoretical expectations for NH3 (blue band)
and DMA ternary nucleation (orange band), obtained with the
Atmospheric Cluster Dynamics Code model (ACDC)24 (see Methods
and Supplementary Information for further details). The model uses
cluster evaporation and fragmentation rates calculated from quantum
chemistry, with no fitted parameters25. The agreement is quite good,
although the model predicts somewhat higher DMA ternary nucleation
rates than measured experimentally. Part of this discrepancy is due to
the smaller size�and hence higher formation rate�of the modelled
clusters (up to four acid and four base molecules per cluster, corres-
ponding to mobility diameters of 1.2�1.4 nm). Computational studies
(see Supplementary Information and Extended Data Figs 2 and 3)
indicate that DMA ternary nucleation is rather insensitive to RH or
temperature, reflecting the strong acid�base binding. The experimental
measurements obtained at 38% RH and 278 K may therefore be con-
sidered representative of a wide range of boundary layer conditions.

Plots of the nucleation rates Jn, Jgcr and Jp against DMA mixing ratio
are shown in Fig. 2a. Here, all measurements have been scaled to
[H2SO4] 5 2.0 3 106 cm23 using the fitted slopes, n, from Fig. 1. The
addition of only 5 p.p.t.v. DMA enhances the nucleation rate of sul-
phuric acid particles by more than six orders of magnitude, but the
addition of further DMA up to 140 p.p.t.v. produces a negligible fur-
ther increase. The measured neutral, galactic cosmic ray (GCR) and
beam nucleation rates are indistinguishable, within experimental
uncertainties. However, a more sensitive determination of the ion-
induced nucleation rate, Jiin~ Jz

iinz J {
iin , is obtained from direct ion

measurements with the neutral cluster and air ion spectrometer. The
ion-induced fractions, Jiin/Jgcr or Jiin/Jp (Fig. 2b), are found to average
about 20% at 0.5 cm23 s21 but grow in relative importance as the total
nucleation rate decreases. This indicates that the influence of galactic
cosmic rays on the nucleation of sulphuric acid�amine particles is only
significant at low overall formation rates. No difference is measured for
the ion-induced fraction under GCR or beam conditions (Fig. 2b).
This follows, because the ion�ion recombination lifetimes are below
10 min and are comparable to the monomer arrival rate on the cluster
(one molecule per 12 min for H2SO4?HSO4

2 at 106 cm23 [H2SO4]).
Consequently, although the ion pair concentration is larger for beam
conditions, it is compensated for by a shorter ion lifetime, which
decreases the time available for nucleation before the ion cluster is
neutralized.

Figure 3 shows the molecular composition of nucleating charged
clusters in the presence of DMA for negative ions (Fig. 3a) and positive
ions (Fig. 3b), measured with atmospheric-pressure interface time-of-
flight mass spectrometers (APi-TOFs). The predominant negatively
charged clusters include an HSO4

2 or HSO5
2 ion. The latter is depro-

tonated peroxysulphuric acid, whose presence varies with the ozone
concentration in the chamber (it is absent when no ozone is present).
We found no indication that the nucleation rates are sensitive to the
relative contribution of these ion species. Contaminant NO3

2 ions are
also detected, but at much lower concentrations. The predominant
positively charged clusters contain a protonated DMA ion, DMA?H1

(C2H7N?H1), in association with H2SO4 and DMA. The remaining
positive ions are largely protonated light organic contaminants, mostly
also nitrogen-containing.

Amine ternary nucleation is observed to proceed by the same base-
stabilization mechanism as that found previously for ammonia ternary
nucleation3. We will use the label (n, m) to indicate the number
of sulphuric acid (nSA) and DMA (mDMA) molecules in pure
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Figure 1 | Plot of experimental, atmospheric and theoretical nucleation
rates against H2SO4 concentration. Observations in the atmospheric
boundary layer are indicated by small coloured squares21�23. The CLOUD data,
recorded at 38% RH and 278 K, show Jgcr with only H2SO4, water and
contaminants (,0.1 p.p.t.v. DMA and ,2 p.p.t.v. NH3) in the chamber (open
black circles, curve 1); Jgcr with ,0.1 p.p.t.v. DMA and 2�250 p.p.t.v. NH3
(coloured triangles, curve 2); and Jn, Jgcr and Jp with 10 p.p.t.v. NH3 and
3�5 p.p.t.v. DMA (coloured circles, curve 3), 5�13 p.p.t.v. DMA (coloured
circles, curve 4) and 13�140 p.p.t.v. DMA (coloured circles, curve 5). The
mixing ratios of NH3 or DMA are indicated by a colour scale. The curves are
drawn to guide the eye; the straight sections follow power laws, J / [H2SO4]n,
with fitted slopes n of 3.6 6 0.5 (curve 1), 2.7 6 0.1 (curve 2), 5.0 6 0.8 (curve
3), 3.6 6 0.2 (curve 4) and 3.7 6 0.1 (curve 5). The flattening of curves 1 and 2 at
higher [H2SO4] results from saturation of the ion production rate and also a
decreasing contribution of ammonia ternary nucleation. The bars indicate 1s
total errors, although the overall factor 2 systematic scale uncertainty on
[H2SO4] is not shown. Theoretical expectations (ACDC model) are indicated
for H2SO4 nucleation with 10 p.p.t.v. NH3 (dashed blue line and blue band) and
for 10 p.p.t.v. DMA plus 10 p.p.t.v. NH3 (dashed red line and orange band,
assuming a sticking probability of 0.5 for neutral�neutral collisions and 1.0 for
charged�neutral collisions). The bands correspond to the uncertainty range of
the theory: 11 and 21 kcal mol21 binding energy (blue band) and sticking
probabilities for neutral�neutral collisions between 0.1 and 1.0 (orange band),
for the lower and upper limits, respectively.
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