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Materials and Methods

1 Overview of CLOUD experiments

The experiments on inorganic nucleation were conducted in 2010, 2011 and 2012 at the CLOUD
chamber facility at CERN (Sect. 2 and the Supplementary Material of Ref. (7)). In 2010, the
binary H2SO4-H2O system was systematically investigated at temperatures between 248K and
292K while the ternary H2SO4-NH3-H2O system was measured at 278K and 292K (7). The
2011 experiments extended coverage to 208K, with much lower H2SO4 (down to 5×105 cm−3)
and NH3 (below 5 pptv) concentrations, to match ambient conditions in the free and upper tro-
posphere. This required much more sensitive instrumentation for the detection of low ammonia
levels. Additional data at 278K were obtained in 2012. The combined results from the three
experiments comprise the most complete experimental data of inorganic nucleation so far mea-
sured under tropospheric conditions. A more detailed description of the experimental conditions
and results can be found in Ref. (32).

As well as the organic nucleation rates (24), subsets of the inorganic nucleation rates pre-
sented in Fig. 1 have been published before. The nucleation rate measurements without added
ammonia are presented in Ref. (31). In addition, a subset of the data with added ammonia (those
data recorded in 2010 at 248 K, 278 K and 293 K) were published in Refs. (7) (approximately
20 nucleation rate measurements with added ammonia) and (23) (approximately 35 nucleation
rate measurements with added ammonia, which mostly overlap with Ref. (7)). We add to these
data around 100 hitherto unpublished nucleation rate measurements to complete the dataset
presented in Fig. 1.

2 CLOUD chamber and instruments

The CLOUD chamber is designed to study in controlled conditions the effect of ionizing ra-
diation and a wide variety of precursor gas concentrations on particle formation, growth and
activation to ice or cloud droplets (7). It consists of a 3m diameter electro-polished stainless
steel cylinder with a volume of 26.1m3. Air circulating in the space between the chamber and
its thermal insulation controls the internal temperature to a stability of ±0.01K in the range
between 208 and 300K. The temperature can also be raised to 373K for chamber cleaning by
bakeout. More thorough cleaning involves rinsing the chamber walls with ultrapure water and
flushing the chamber with air containing high O3 concentrations. The chamber is filled with
N2 and O2 from evaporated cryogenic liquids, mixed at a ratio of 79:21, with a pressure of
1.005 atmospheres. Ultra-violet light is used to stimulate photolytic reactions which produce
H2SO4 in-situ in the presence of O3, SO2, O2 and H2O. The UV light is fed into the cham-
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ber through 250 optical fibres, which avoids perturbing the chamber temperature (57). The
trace gases SO2 and (for the ternary runs) NH3 come from gas cylinders with mixing ratios of
100 ppmv and 1% respectively, diluted in nitrogen. The flow of the gases into the chamber is
precisely regulated by mass flow controllers. Ozone is introduced by illuminating some of the
incoming air with UV light (λ < 200 nm) before it reaches the chamber. The absolute humidity
is controlled by an air flow through a humidifier, where ultrapure water vapor is added to the
flow by means of a Nafion membrane. The humidification system is temperature controlled
to ±0.01K, and the water is purified by re-circulating it through a bank of Millipore Super-Q
filters. To suppress contamination of the water through biological activity, it is illuminated by
an intense UV light source. The cleanliness of the chamber with regard to nucleation is con-
tinually monitored through the use of an Atmospheric Pressure-interface Time Of Flight mass
spectrometer (APi-TOF) and a Proton Transfer Reaction Mass Spectrometer (PTR-MS). Two
fans, one installed at the bottom of the chamber and another at the top, continuously mix the
contents of the chamber by operating in a counter-flow mode (58). The mixing fans are driven
by magnetically coupled motors installed outside the chamber.

3 Ion production and control

To replicate the galactic cosmic-ray (GCR) intensity from ground level to the stratosphere,
the chamber can be exposed to a 3.5 GeV/c secondary π+ beam from the CERN Proton Syn-
chrotron. The beam is defocused to cover a cross-section of the chamber with area about
1.5× 1.5m2, leading to an ion pair production rate between approximately 3 and 110 cm−3s−1.
Natural GCRs lead to an ion pair production rate of 1.5−3 cm−3s−1 (depending on temperature)
when the beam is off. The intensity and angular distribution of the GCRs are measured next to
the chamber using an ionization-counter array, while the beam profile is monitored by a plastic
scintillator hodoscope close to the chamber and a separate pair of scintillation detectors in front
of the beam aperture. Neutral (ion-free) conditions are achieved by applying an electric field
of up to 20 kV/m between two electrodes positioned near the top and bottom of the chamber.
This sweeps all small ions from the chamber within about 1 s. This configuration allows us to
measure nucleation rate under three ionization conditions: pion beam (Jπ), galactic cosmic rays
alone (Jgcr), and neutral (Jn) (7).

4 Measurement sequence

To measure a nucleation rate, the chamber is cleaned of any existing aerosol and the gas con-
centrations, temperature and relative humidity needed for the experiment are established. If
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required, the electric field or pion beam are switched on to remove or produce extra ions re-
spectively. Ultraviolet light is then permitted to enter the chamber to generate sulfuric acid.
Once sufficient H2SO4 is present, nucleation starts. After reaching stable conditions with the
clearing field present, the neutral nucleation rate is measured. The electric field is then switched
off and the nucleation rates measured with the same gas concentrations under GCR or pion
beam conditions. Finally the run is ended by closing the UV shutter and clearing aerosol from
the chamber in preparation for the next experiment. The procedure usually takes around six
hours for a single run under fixed gas conditions.

5 Sulfuric acid concentrations

For data recorded in 2010 and 2011, the sulfuric acid concentration was measured with a
quadrupole Chemical Ionization Mass Spectrometer (CIMS, e.g. Ref. (59)) in 2010 and 2011.
The instrument is calibrated in the laboratory as described in Ref. (60) and compared to mea-
surements with a chemical ionization time of flight mass spectrometer (CI-APi-TOF, (61)) in
2012. The monomer concentration determined by the CIMS is equal to (62)

[H2SO4] =
C

L
ln
(
1 +

CR97

CR62

)
where CR62 is the count rate for the primary nitrate ion, which has mass/charge ratio 62,
CR97 is the count rate of the HSO−4 ion, L, around 0.3, is the fraction of sulfuric acid that
passes through the sampling line without interacting with the walls, and C is derived from the
calibration and is 1× 1010 cm−3 (60).

As a cross check, the total sulfuric acid concentration was also calculated from the ozone,
SO2 and water concentrations using literature reaction rates (63) with a free parameter for the
photolysis rate. The photolysis rate is almost independent of temperature and therefore the low-
temperature sulfuric acid concentrations are determined by calibrating this mechanism with the
measured concentrations at high temperatures. This indirect method accounts for all sulfuric
acid clusters as well as monomers but is likely to be less precise. The difference between mod-
eled and measured concentrations is found to be within−33%/+50% in 77% of 254 nucleation
runs studied. This range is therefore considered to be an estimate of the uncertainty on the sul-
furic acid concentrations for the inorganic nucleation measurements. The uncertainty is slightly
larger than that in the monomer concentration in Ref. (62) as the number of experimental cam-
paigns used in this study is greater.
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6 Ammonia mixing ratios

In 2010, ammonia concentrations were measured with a long-path absorption photometer (LOPAP)
at 278 K and 292 K . This instrument has a lower detection limit of ∼ 35 pptv (64). The 2010
experiments therefore focused on higher NH3 concentrations up to 1400 pptv. During 2011
and 2012, much lower NH3 concentrations were necessary and a more sensitive ion chromato-
graph (IC) was used, which could measure NH3 down to mixing ratios of around 1 pptv (65).
Both measurement techniques rely on dissolving gas phase NH3 in liquid water and can only
be applied at temperatures above 0 ◦C. Since most runs in 2011 were conducted below 0 ◦C,
a relationship was derived between the flow of NH3 going into the chamber through the mass
flow controllers and the NH3 mixing ratio measured by the IC. The measurements were carried
out at 278K during a dedicated calibration period at the end of the 2011 campaign (32). A
further measurement of [NH3] was obtained from the PTR-MS, but instrumental problems dur-
ing 2011 meant that it did not contribute a complete time series. However, for a certain period
it did yield reliable measurements at 223K while NH3 was being added to the chamber. The
PTR-MS measurements at 223K agree with the NH3 concentrations derived from the mass flow
controller (MFC) settings that are calibrated against the IC measurements above 273K. This
validates the derivation of NH3 concentrations from the MFC settings over a wide temperature
range, within the following experimental uncertainty. At high NH3 mixing ratios (above approx-
imately 5 pptv at the lowest temperatures and around 100 pptv at the highest temperatures), the
uncertainty on the mixing ratio is very small, estimated as±20%. However, at low NH3 mixing
ratios, the uncertainty is larger due to the contribution of NH3 background contamination. At
278K, the background mixing ratio during 2011 was measured as 2 pptv with −50%/+100%

uncertainty. For the lower temperatures, there is no direct background measurement. However,
using the measurement at 278K, background NH3 can be estimated at other temperatures on
the assumption it originates from desorption from surfaces. This yields background estimates
of 2.5 × 105 cm−3 or 0.012 pptv at 208K, with a factor 10 uncertainty, and 1.0 × 107 cm−3 or
0.4 pptv at 248K. The details of the method for deriving the calibration curve and the back-
ground NH3 mixing ratios are described in a separate paper (32). In general, the uncertainty
in the mixing ratio of NH3 is around ±20% at 100 pptv and above, −50%/+100% for ratios
of 1 − 10 pptv, and up to a factor of 10 at lower values, with a temperature dependence as
described earlier. The parameterization of nucleation rates is insensitive to NH3 mixing ratios
below 0.1 pptv since inorganic nucleation becomes pure binary at these values.

To investigate pure binary nucleation and ternary nucleation with ammonia, the 2011 cam-
paign was divided into two periods. In the first period no NH3 was intentionally introduced into
the chamber, while during the second period NH3 was added to the chamber through a mass
flow control system.
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The molecular composition of the charged nucleating clusters was measured with an APi-
TOF during each experimental run. This allowed unambiguous verification of the amount of
ammonia or organic species in, or their absence from, the charged nucleating clusters (34, 35).
The APi-TOF spectra show that for ternary NH3-nucleation, when the molar concentration ra-
tio [NH3]/[H2SO4] is greater than 1, ammonia is found in almost all negatively charged clusters
that contain four or more sulfur atoms (HSO−4 .(H2SO4)n(NH3)m, n ≥ 3, m ≥ 1). However,
when [NH3]/[H2SO4] is below 0.1, the clusters containing no NH3 dominate the mass spectrum
and NH3 is almost entirely absent – see Fig. S1 (34, 66). Positively charged clusters are only
seen at high [NH3]/[H2SO4] (34) and grow more slowly than negative clusters (66). They are
assumed not to contribute significantly to ion-induced nucleation rates, so the ion-related pa-
rameterizations described in Sect. 8 consider only the negative ion concentration. The mass
spectra were used in 2011 to indicate the influence of ternary compounds on nucleation for the
experiments where no ammonia was added (7). For almost all experiments that were intended
to be binary, no contamination was identified. For the development of the parameterization of
nucleation rates, the background NH3 concentration appropriate for the measured temperature
was assumed.

During the second half of the 2011 experimental campaign, measurements at different tem-
peratures were performed and the ammonia concentration was varied at each temperature. After
nucleation measurements in which NH3 was added to the chamber, sufficient time was allowed
for the NH3 to decay away before restarting measurements without NH3. During the transition
periods to new temperatures and measurements without NH3, the lines supplying ammonia to
the chamber were continuously flushed with ammonia to keep the pipes conditioned, but the
flow was vented through a valve just before the inlet into the chamber so that no NH3 reached
the chamber. Measurements were performed to indicate that the influence of contaminant am-
monia from previous experiments is negligible by comparing the nucleation rates with the pure
binary situation before any NH3 was added to the chamber.

7 Nucleation and growth rate evaluation

Nucleation rates J are reported at a mobility diameter of 1.7 nm, in accordance with previously
published results from the CLOUD experiment (7, 24). Strictly, this is the formation rate of
particles at 1.7 nm, rather than the nucleation rate, since this diameter does not necessarily
correspond to the critical cluster size at all temperatures and precursor concentrations. Classical
binary nucleation theory shows that the critical cluster is smaller at low temperatures and that
nucleation can even become barrierless (31). Experimentally, it would be more straightforward
to determine the formation rate at a larger particle diameter, for example 3 nm. However, the
survival probability between 1.7 nm and 3 nm in the CLOUD chamber is low, often below 10%,
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while it is higher in the cold free troposphere since the condensation sink there is lower than
the CLOUD wall loss rate. Therefore the formation rate at 1.7 nm in CLOUD will be a closer
representation of particle formation at the corresponding size in the free troposphere than that
at 3 nm.

The nucleation rates reported here have been evaluated from a TSI 3776 condensation parti-
cle counter (CPC) with a cut-off diameter of 3.2 nm, then corrected back to 1.7 nm. Additional
CPCs (two particle size magnifiers (PSMs) and two diethylene glycol CPCs) which have cut-
off diameters between 1.2 and 2.0 nm were also used to cross-check the result obtained from
the TSI 3776 CPC. Since the detection efficiencies are not a step function at the cut-off size,
particles with diameters below this size are also detected to some extent by all of these coun-
ters. For some experimental conditions, particles below the critical size in the counters with the
smallest cut-offs may be detected, leading to an over-estimation of the nucleation rate. In most
cases, however, the nucleation rates derived from these sub-2 nm counters are consistent with
the value of J1.7 derived from the TSI 3776 CPC. For measurements at low temperatures (208K
or 223K in the chamber), the counters were housed in thermally insulated boxes which were
cooled to 243K. Since the instruments are warmer than the chamber, it is likely that some small
particles will evaporate and will therefore not be counted. It is not possible to fully quantify the
losses involved, but a first attempt to characterize the effects of temperature on the counters is
described in Ref. (67).

The formation rates are obtained from dNCPC/dt where NCPC is the concentration mea-
sured in the CPC. Before calculating J1.7, the measured concentrations are corrected in a two-
step process (68): first the concentrations are corrected by integrating the loss of particles above
the detection threshold of 3.2 nm due to dilution, wall loss and coagulation; second, the same
loss processes that have occurred during the growth of particles from 1.7 nm to 3.2 nm are ac-
counted for. The second correction requires knowledge of the particle growth rate (GR). This
is experimentally determined from the different rise times at which CPCs with different cut-off
diameters start detecting newly formed particles. The instruments used to evaluate GRs were
the two PSMs, the di-ethylene glycol CPCs, a scanning mobility particle sizer (nano-SMPS)
and a neutral air ion spectrometer (NAIS). The nano-SMPS measures particles in a size range
from approximately 5 to 100 nm, and the NAIS measures ions in the range 0.8−42 nm and total
particle populations in the range 2.5 − 42 nm (69). Since GR measurements were not always
available for the same time intervals as those used for the nucleation rate calculations, a pa-
rameterization was derived which allowed us to calculate the growth rate for each experimental
run (32). The particle size spectra measured with the nano-SMPS allows particle losses due
to the coagulation sink to be determined, although these are usually small compared to losses
to the chamber walls. When correcting for losses between 1.7 and 3.2 nm, some simplifying
assumptions were made which enable formation rates to be determined consistently in diffi-
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cult cases, for example where the nucleation rate is low or when the nucleation processes are
at steady state for only a short time. The main simplification is to approximate the change in
formation rate from 3 to 1.7 nm as a linear function of growth and loss rates. The accuracy of
this approximation is determined by calculating as many nucleation rates as possible according
to the prescription of Ref. (70), which requires a longer period of nucleation at steady state
than the approximate method. The rates calculated with the two techniques are compared in
Fig. S2. Most of the data that are grouped below the 1:1 line in the figure were taken in 2011,
where there is an uncertainty on the wall loss rate since the flows in the chamber were changed
following the introduction of a hood around the fans after these experiments. The systematic
uncertainty associated with the procedure is found to be a factor of 2.5 overall. This uncertainty
usually dominates the uncertainty on each nucleation rate data point shown in Fig. S2, which
is determined by combining the uncertainties associated with the growth rates, particle counts,
and loss rates, and therefore the factor 2.5 is used in subsequent analysis (Sect. 19). However,
the uncertainty in the nucleation rate measurement is less significant overall than uncertainties
in the sulfuric acid and ammonia concentrations.

8 Nucleation rate parameterization

In the global aerosol model, the overall nucleation rate is given by the sum of the following
individual processes:

Jb,n = kb,n(T )[H2SO4]
pb,n

Jt,n = kt,n(T )fn ([NH3], [H2SO4])

Jb,i = kb,i(T )n−[H2SO4]
pb,i

Jt,i = kt,i(T )n−fi ([NH3], [H2SO4])

Jorg = kt,org[BioOxOrg][H2SO4]
2

where Jb,n is the binary neutral rate, Jb,i is the binary ion-induced rate, Jt,n is the ternary neu-
tral rate, Jt,i is the ternary ion-induced rate, Jorg is the ternary organic rate, n− is the steady
state concentration of small negative ions, and [H2SO4], [BioOxOrg] and [NH3] are gas con-
centrations (cm−3). BioOxOrg and the characteristics of the organic nucleation are described
later in this Section. The ternary organic rate can be further split into neutral and ion-induced
components, but with a larger uncertainty than in the inorganic case as we have fewer measure-
ments. The dataset of inorganic nucleation rate measurements was fitted to the first four of these
equations, while the organic nucleation rate was determined according to the final equation, in
accordance with Ref. (24). Uncertainties in the parameterization are discussed in subsequent
sections, particularly Sect. 19.

In the inorganic parameterization, the 20 free parameters contained within the first four of
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the equations above (described in more detail later in this Section) are fitted using the min-
pack.lm interface to the Levenberg-Marquardt algorithm (71) in R. Alternative fit methods
(Nelder-Mead, conjugate-gradient and quasi-Newton) were also tried, together with a strategy
of running all methods in a loop. The optimisation is designed to find the best value of the R2

coefficient.
Since an ab initio fit of 20 free parameters is not feasible, the fit of the free parameters begins

with binary neutral nucleation only. Assuming for now that the runs without added ammonia
are pure binary, the four free parameters (three temperature coefficients and one power of the
sulphuric acid concentration) are fitted. Next, the ternary neutral data are added (two powers,
three temperature coeffcients and the an parameter described below). The data are fitted first
with the binary parameters fixed, then with them floating, which allows the binary parameters to
re-adjust for a nonzero contribution from ternary nucleation in the runs without added ammonia.
Binary ion-induced nucleation is then added, followed by ternary ion-induced nucleation. All
the ion-induced nucleation parameters are then refitted, followed by a final step in which all
parameters are allowed to vary together. The final fit was re-run many thousands of times with
large perturbations to the starting fit parameters to check that the optimizations had reached a
global minimum. The R2 value is 0.90 and the residuals of the nucleation rates with respect to
the parameterization are shown in Fig. S3. The values of the fit parameters, which are explained
in more detail below, are given in Table S1.

To account for the temperature dependence of the inorganic J , the rate coefficients k(T ) are
empirical, and have the form

ln k(x,y) = u(x,y) − exp
(
v(x,y)

(
T

1000
− w(x,y)

))
,

where u(x,y), v(x,y), and w(x,y) are fitted coefficients. The subscript x refers to binary or ternary
nucleation (Jb/t,y) and y to neutral or ion-induced components (Jx,n/i). The strong temperature
dependence found in the data is in good qualitative agreement with quantum chemistry calcu-
lations (23, 72). The double exponential form with its three free parameters per coefficient is
complex, but leads to the best overall R2 value, of 0.9. Single exponential functions of the form

ln k(x,y) = u(x,y) − v(x,y)
(

T

1000

)
were also tried but led a poorer overall agreement with the data, R2 = 0.83. Since this op-
timisation contains four fewer free parameters, the poorer agreement with the data does not
necessarily mean the fit is worse. We therefore consider the variation between this fit result and
the baseline fit to be a useful measure of uncertainty in the parameterization, particularly in the
temperature dependence. Therefore the fit parameters are given in Table S2. The parameters
other than u, v and w can be directly compared to the baseline fit parameters; the dependence
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of the nucleation rates on vapor concentrations is reduced slightly (but not substantially) when
this temperature parameterization is used. The results of running the global simulation with this
second parameterization are described in Sect. 19.

At high ammonia concentrations, the inorganic ternary nucleation rate was found to de-
pend approximately linearly on [NH3]. However, at very low concentrations a small addition
of ammonia caused a much sharper increase of nucleation rate with ammonia concentration,
as the clusters changed from pure binary to ammonia ternary. This indicates a dependence
of the nucleation rate on ammonia that is initially steep but then flattens at higher concentra-
tions, with the transition region depending on [NH3]/[H2SO4] (see Fig. 5 in Ref. (34)). Cluster
models (73) and mass spectrometry measurements from CLOUD (34) suggest that ammonia
readily evaporates from the smallest charged clusters, with a strong dependence on the number
of H2SO4 molecules in the cluster and temperature. From Fig. S1,with approximately 2 ppt of
NH3 and a typical H2SO4 concentration of 4 × 108, ion-induced nucleation is clearly mostly
binary. We assume that neutral nucleation is binary when ion-induced nucleation is observed
to be binary under the same conditions. Qualitatively, this is expected since neutral sulfuric
acid dimers or trimers are relatively unstable. Therefore, at low concentrations of ammonia,
ternary neutral nucleation is likely to be inhibited because new sulfuric acid clusters will often
evaporate before an ammonia molecule arrives to stabilize them. The uncertainty associated
with this assumption is studied in Sect. 19 by refitting the parameterization with binary neutral
nucleation constrained to be zero (which gives an R2 value of 0.88). It is also expected that, at
a given ammonia concentration, the ternary nucleation pathways will eventually saturate with
respect to sulfuric acid. To capture these three aspects of the behaviour of the ternary nucleation
pathways, the function f([NH3], [H2SO4]) is used:

fy([NH3], [H2SO4]) =
[NH3][H2SO4]

pt,y

ay +
[H2SO4]

pt,y

[NH3]
pA,y

where y is n for the ternary neutral pathway and i for the ternary ion-induced pathway. The
behaviour of this formula depends on the denominator. When

ay <<
[H2SO4]

pt,y

[NH3]pA,y

then

fy([NH3], [H2SO4]) ∼ [NH3]
1+pA,y .

Thus, when sulfuric acid is in excess, nucleation will be mostly binary and the ternary contri-
bution is limited only by the ammonia concentration. On the other hand, when
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ay >>
[H2SO4]

pt,y

[NH3]pA,y

then

fy([NH3], [H2SO4]) ∼
[NH3][H2SO4]

pt,y

ay
.

Therefore, when ammonia is in excess, the nucleation rate depends only weakly (linearly) on its
concentration and has a much stronger dependence (approximately cubic) on sulfuric acid. For
ternary neutral nucleation with high but atmospherically relevant sulphuric acid concentrations
of around 107 cm−3, this condition is met whenever ammonia concentrations are above around
1 ppt due to the high value of pA,n, while for ternary ion-induced nucleation pA,i is comparable
to pt,i so its value is more dependent on the sulphuric acid concentration. Since this functional
form would in principle allow nucleation rates to increase beyond the kinetic limit set by sulfuric
acid collisions at very high ammonia concentrations, any J rates in the aerosol model that
reach the kinetic limit in Ref. (70) are set equal to that limit. This constraint is rarely reached
so has no significant effect. Fig. S4 shows how the function works in practise. Since the
uncertainty in our measured [NH3] depends on its value (the relative uncertainty is larger at
low concentrations, see Sect. 6) we re-fit the parameterization in scenarios of overestimated and
underestimated chamber ammonia. The optimization leads to R2 = 0.89 in the low-ammonia
case and R2 = 0.88 in the high-ammonia case. The results of rerunning the global model in
these scenarios are given in Sect. 19.

Figure S5 shows the parameterized nucleation rates as a function of ammonia and sulfuric
acid at five important temperatures (208, 223, 248, 273, and 292K), together with measured
nucleation rates. Atmospheric concentrations of ammonia and sulfuric acid derived from the
global model (Sect. 12) are indicated in this figure as greyscale density distributions. Fig. S5
shows that the experimental data points were recorded under conditions close to those most im-
portant in the atmosphere, to minimize the need for extrapolation using the parameterization. At
higher temperatures this becomes more challenging for inorganic nucleation because the mini-
mum nucleation rate that can be measured reliably in CLOUD is around 10−3 cm−3s−1. How-
ever, such low nucleation rates do not produce significant numbers of particles in the model at
high temperatures due to high coagulation sinks at the low altitudes that correspond to these tem-
peratures, hence the lack of nucleation predicted in the tropical marine boundary layer (Fig. S11
in Sect. 12).

The nucleation rates are compared to predictions of the ACDC model in Ref. (32). The
decrease in the ternary inorganic nucleation at low ammonia concentration is steeper than the
model predicts, but the overall characteristic is qualitatively similar. Moreover, close agreement
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is not expected since the ACDC model has a large uncertainty and the fit presented here is not
well constrained at low ammonia concentrations, as discussed in Sect. 19.

The negative small ion concentration, n− was calculated from the steady state solution to
the equation

dn−
dt

= q − α(T )n2
− −Xn−,

where q is the ionization rate, α is the recombination coefficient, and X is the loss rate of ions
due to scavenging and to ion-induced nucleation itself.

The ionization rate is calculated from the intensity of the beam as measured by the scintil-
lation counters (Sect. 3) and from the GCR ion pair production rate of 1.8 cm−3s−1 at 298 K.
The ionization rate is adjusted to account for the air density variation with temperature. The
recombination coefficient of Brasseur and Chatel (74) was found to give the best representation
of separate CLOUD experimental measurements in Ref. (33). It takes the form

α = (6× 10−8)
√
(300/T ) + (6× 10−26) [Mair]

(
300

T

)4

(1)

where [Mair] is the concentration of air molecules in cm−3. The linear ion loss rate is given by

X =
1

τi
+
Jb,i + Jt,i

n−
,

where τi is the ion lifetime in the chamber without nucleation, assumed to correspond to the
lifetime with respect to the chamber walls of sulfuric acid, equal to 480 s. It is assumed that
only negative ions participate in nucleation (see Sect. 6). The steady state concentration of small
ions is therefore

n− =

√
(X2 + 4αq)−X

2α
.

When losses due to pre-existing aerosol, the chamber walls, and ion-induced nucleation
are negligible, X → 0 and n− →

√
(q/α). When losses due to recombination are small

compared to linear loss processes, as is the case when nucleation rates are high, n− can be
approximated by q/X . The total ion-induced nucleation rate saturates at the ionization rate,
since the number of particles nucleating on ions in steady state cannot exceed the ion production
rate. The formulation constrains the ion-induced nucleation rates to satisfy Jb,i + Jt,i ≤ q.

The organic nucleation rate is determined as in Ref. (24). The experiments at CLOUD were
performed using pinanediol (PD) as a precursor. The concentration of the nucleating oxidation
products of PD is inferred from the reaction rates of pinanediol with hydroxyl radicals. The
BioOxOrg referred to in Ref. (24) is the first-generation oxidation product of pinanediol with
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hydroxyl radicals. In the global model, BioOxOrg is assumed to be equivalent to the oxidation
products of alpha-pinene that participate in nucleation, as described in the Supplementary In-
formation of Ref. (24). The temperature dependence of the organic nucleation rate is not known
from CLOUD experiments, but an upper bound on the strength of the dependence is estimated
from quantum chemical calculations, described in Sect. 10 below.

The ion-induced fraction of organic nucleation was measured in Ref. (24) at 278 K to be
approximately 50% for most nucleation rates below the ion production rate limit. With beam,
the ion pair production rate increases by approximately a factor 30, and the ion concentration
by a factor of approximately five due to the square root dependence described earlier. This
factor of five can be seen in the inorganic parameterization in Fig. 2. For GCR conditions,
ternary inorganic nucleation at 278 K and low nucleation rates, below the saturation at the ion
production rate, is at least 80% ion-induced. The enhancement of the organic nucleation rate is
much weaker (24). The representation of organic ion-induced nucleation in the global aerosol
model is described in Sect. 15.

9 Humidity dependence of nucleation rates

Nucleation rates are expected to show a significant dependence on relative humidity (RH) (75)
and this appears to be borne out by observations (46). The limited number of CLOUD nucle-
ation measurements did not allow the RH dependence of nucleation to be fully integrated into
our parameterization as a fifth dimension, although it can be parameterized on a more ad-hoc
basis (see below). Most experiments were performed at an RH of 38%. The dependence of the
inorganic nucleation rates on RH was measured at 208, 223 and 298K. Fig. S6A shows the
humidity dependence of the nucleation rate at 223 and 208K, and Fig. S6B that at 298K.

In our model, the inorganic system is assumed to be saturated with respect to RH above
values of 10%. For the purposes of our inorganic nucleation parameterization, we therefore
assume that no nucleation occurs below 10% RH, and nucleation is otherwise independent
of humidity. As a sensitivity study, we included a temperature-dependent factor that models
the RH dependence of the inorganic nucleation rate with a polynomial function. The empirical
function we used isKRH = 1+c1(RH−0.38)+c2(RH−0.38)3(T −208)2 for constant c1 and
c2, with the constraint that KRH is set to zero if it is less than zero. Here RH is expressed as a
fraction. The parameters of this function c1 = 1.5±1.3 and c2 = 0.045±0.003 were determined
by fitting the ratio of the parameterized and measured nucleation rates (similar to the strategy
employed to plot Fig. S6) as a two-dimensional function of temperature and relative humidity.
Since we do not consider any biases that may be introduced by fitting the ratio of measured
and parameterized rates rather than the nucleation rates themselves, this parameterization is not
included in our main results. A 0.7% change in the concentration of 70 nm diameter particles
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at cloud-base level is found when this function is applied to the binary nucleation rate with the
ternary rates unchanged.

The RH dependence of the organic nucleation rates was not investigated in Ref. (24) and
is not accounted for in the model by default. Including the dependence on RH for ternary
nucleation (organic and inorganic), we obtain an increase in 3 nm particle concentrations at
cloud level of 34.0% averaged globally. This leads to an 6.0% increase in CCN. This is relatively
homogeneously distributed across the globe (Fig. S7). The change of 34% is on the same
scale as the seasonal differences between modelled and observed particle concentrations when
averaged over surface sites (Sect. 18). Well above the clouds, the increase is much lower: while
the water concentration is substantially less at these high altitudes, the relative humidity does
not change substantially. Thus at an altitude of around 6.7 km, the change in the concentration
of 3 nm particles is only 14%, and the average change for the whole troposphere is also 14%.
The effects on CCN are smaller than those on the number of ultrafine particles, as expected and
shown in Fig. S8. Unfortunately, consideration of the influence of sub-grid meteorology which
could also affect nucleation (44, 46) is also not practical in the present study.

10 Quantum chemistry simulations

Since experimental measurements are lacking, the temperature dependence of ternary organic
nucleation was estimated with model studies based on quantum chemical calculations of clus-
ter binding energies. The organic proxy compound 3-methyl-1,2,3-butane-tricarboxylic acid
(MBTCA) was chosen because it is one of the few well known compounds formed in oxida-
tion of volatile organic compounds that have a high O:C ratio. In addition, there are formation
free energies already available from previous works (Supplementary Materials of Ref. (24))
for MBTCA-sulfuric acid clusters. The reported formation Gibbs free energies are calculated
at 278K. To study the temperature dependence of the MBTCA-sulfuric acid nucleation rates,
the vibrational frequencies calculated using the method proposed in Ref. (72) were used to re-
calculate the thermodynamic contributions at different temperatures. As in Ref. (24), water
molecules were not included in the calculations.

These formation Gibbs free energies were used in the Atmospheric Cluster Dynamics Code
model (ACDC), described in detail in Ref. (76), to derive the nucleation rate of MBTCA-
sulfuric acid system at different temperatures. The ACDC model has been used successfully
to interpret different experimental observations (23, 77).

To simulate steady-state conditions, the monomer concentrations and the total concentration
of acid are fixed and the simulation is run until concentrations and formation rates no longer
change with time. In this study the concentration of MBTCA is kept constant at 1 pptv while
that of sulfuric acid is varied between 105 and 108 cm−3. The available quantum chemistry data
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is limited to neutral clusters containing two sulfuric acid and two MBTCA molecules. Therefore
only neutral nucleation is simulated and it is assumed that any cluster with two sulfuric acid
and two MBTCA molecules (2,2) is representative of a nucleated cluster. The critical steps
in nucleation are considered likely to be these first steps, but this approximation nevertheless
introduces a large uncertainty. The calculated temperature dependence of the nucleation for
different sulfuric acid concentrations is represented in Fig. S9. The effect of this temperature
dependence on the modeled particle concentrations is discussed in Sect. 20.

As stated in the main text, this estimation is likely to lead to a stronger temperature depen-
dence than the reality because the isomerization reactions that create organic molecules with
sufficiently low volatility to participate in nucleation are slower at low temperature (36). There-
fore the oxidation level will decrease, because, instead of isomerization, organic peroxy radicals
will react with other peroxy radicals to create stable, less oxidized species. Therefore we also
perform simulations with a plausible weaker temperature dependence, which lies between the
extrema of zero temperature dependence and this strong dependence:

J ′org = Jorg exp(−(T − 278)/10) (2)

The results are also given in Sect. 20.

11 Global aerosol model

We used the GLOMAP aerosol microphysics model (4, 13, 78), which is an extension of the
TOMCAT 3-D chemical transport model (79) to simulate global aerosol containing sulfate (SU),
sea salt (SS), black carbon (BC) and organic carbon (OC) for the year 2008. Large-scale trans-
port and meteorology are specified from 6-hourly European Centre for Medium-Range Weather
Forecasts (ECMWF) analyses. The horizontal resolution is 2.8◦ by 2.8◦ with 31 vertical levels
between the surface and 10 hPa. This low spatial resolution is necessary due to the computa-
tionally demanding treatment of the aerosol microphysics.

The particle size distribution is represented using a two-moment sectional (bin) scheme.
Two externally mixed distributions are each described with 20 sections spanning dry diameters
from 3 nm to 10µm. The non-hydrophilic distribution, containing only OC and BC, represents
freshly emitted primary carbonaceous aerosol (soot) and is not wet scavenged. The hydrophilic
distribution contains SU, SS, BC and OC and is wet scavenged. Non-hydrophilic particles
are converted to hydrophilic particles through condensation of H2SO4 and secondary organic
vapors, typically on the timescale of hours to a day. Dust is not included in this particular
version of the model because we have previously shown it has an insignificant effect on total
particle concentrations, which are the main focus of this study (80).
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The microphysical processes in the model include nucleation, coagulation, condensation of
gas-phase species, in-cloud and below-cloud aerosol scavenging and deposition, dry deposition
and cloud processing.

12 Modeled emissions and concentrations

Oceanic DMS emissions were calculated using the ocean surface DMS concentration database
of Kettle and Andreae (81) and the sea-to-air transfer velocity of Nightingale et al (82). Volcanic
SO2 emissions from continuously erupting volcanoes and anthropogenic SO2 from Ref. (83)
are included. Emissions of biogenic terpenes are from the Global Emissions Inventory Activ-
ity (GEIA) inventory based on Guenther et al. (1995) (84). Anthropogenic emissions of SO2

and carbonaceous aerosol from wildfires, biofuel, fossil fuel and volcanoes are based on the
Aerosol Inter Comparison Project (AeroCom) emission inventories for the year 2000 (85). El-
emental (black) and organic primary organic carbon are emitted in log-normal modes which
have diameters specified in Table S3. Emissions of sea salt were calculated using the scheme
of Martensson et al. (86) for sizes below 2µm and Monahan et al. (87) above 2µm. The
overall sea spray flux of approximately 1300TgNaClyr−1 is much lower than the AeroCom
and IPCC values in Ref. (85) of 7925TgNaClyr−1 and 3340TgNaClyr−1 respectively (though
well within uncertainties, which are quoted as 80% in the latter study). The AeroCom value is
based on the Gong parametrization (88), which does not account for ultrafine sea spray emis-
sions while the Martensson parametrization we use here does (see Fig. 7 of Ref. (89) for a much
more recent comparison of parametrizations with observations). The overall mass flux may be
underestimated by the Martensson parametrization, but this is unimportant as the mass flux is
dominated by small numbers of coarse mode particles, and so will not strongly affect CCN
numbers, condensation sinks or radiative forcing. On the other hand, accounting for ultrafine
particle numbers correctly is critical to accurately calculate the fraction of CCN that originate
from nucleation.

Concentrations of the oxidants OH, O3, H2O2, NO3 and HO2 were specified using 6-
hourly monthly mean 3-D concentrations from a TOMCAT simulation with detailed tropo-
spheric chemistry (79). During each 6-hour transport step of the model, concentrations of H2O2

are depleted through the aqueous phase reaction with SO2 and replenished through the reaction
2HO2 → H2O2 +O2 as described in Ref. (13).

The gaseous sulfuric acid that participates in nucleation is produced from a simplified sulfur
cycle scheme including the reaction of SO2 with OH, reactions of DMS and reactions of MSA,
while H2O2 and O3 produce sulfate via aqueous phase processing in cloud droplets. Primary
sulfate is also emitted in the model as a log-normal mode with diameter 60 nm for road and
domestic emissions, 150 nm for industrial emissions and 1500 nm for shipping emissions. This
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mode is then mapped to the model size bins. The flux is set to account for 2.5% of the SO2

emissions. Secondary organic aerosol (SOA) is produced from biogenic terpenes. The terpenes
react with OH, O3 and NO3 (90, 91) with rates equal to that of alpha-pinene. A fixed 13% of
all three reaction products form a first-stage oxidation product that condenses with zero vapor
pressure onto existing aerosol (92). This SOA is added to the hydrophilic aerosol distribution
and lumped with the OC component from primary sources. The OH also reacts with monoter-
penes (MT) to create BioOxOrg for organic nucleation. The concentration of BioOxOrg in the
model is given by (24)

[BioOxOrg] =
k[MT][OH]

CS
(3)

where k = 1.2 × 10−11 exp (444/T ) cm−3s−1 (63) and CS is the condensation sink in s−1

calculated from the number of particles in the model and their size, assuming that the condens-
ing vapor is organic. The yield of BioOxOrg is not measured directly, but is a multiplicative
component of the prefactor of the organic nucleation rate.

Ammonia emissions are taken from the EDGAR 2.0 inventory (51). The emissions are
categorized as originating from fossil fuel use, biofuel combustion, industry, synthetic fertiliz-
ers, crops, domestic animals, humans, wild animals, soils under natural vegetation and oceans.
All of the above categories are used in present-day simulations, but only the last three in pre-
industrial simulations. Gas phase ammonia concentrations are controlled partly by dissolution
into aerosol particles and partly by removal in precipitation. As the dissolution process is com-
putationally expensive to model, the gas phase ammonia concentration is determined in the
faster GLOMAP-mode aerosol model (93) and is then read into the sectional model as a 3-D
time-dependent field with daily time resolution. The dissolution solver, described in a discus-
sion paper (94) now in press in Geoscientific Model Development, models the partitioning of
NH3 and HNO3 into the aerosol liquid phase, including their chemical interaction with non-
volatile sea salt and sulfuric acid. The aerosols are size-resolved. A hybrid of dynamic and
equilibrium approaches is adopted, where the dynamic approach models the kinetic interaction
of the various acids and bases during the dissolution process, while the equilibrium approach is
driven only by the steady-state concentrations of these species. The dissolution solver accounts
for the ionic species HSO−4 , SO2−

4 , Cl−, NO−3 , Na+, NH+
4 , and H+ and the gas phase species

HNO3 and NH3. Parameterizations developed in Ref. (95) are used to obtain the liquid water
contents and activity coefficients.

The simulated atmospheric concentrations of H2SO4, NH3 and organic molecules that par-
ticipate in nucleation are shown in Figs. S10 and S11. The impact of uncertainties in sulfuric
acid and organic concentrations in the very similar GLOMAP-mode aerosol model are docu-
mented elsewhere (47). Atmospheric ammonia is difficult to measure due to the high variability
in ambient concentrations from order 0.01 pptv to 500 ppbv near sources (96). The low de-
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tection limits of order 1 pptv possible during CLOUD chamber measurements are difficult to
achieve in field observations (97). However, the IASI satellite (98) has measured global column
integrated ammonia concentrations. While no quantitative comparison has yet been performed,
our simulated ammonia mixing ratios appear to have similar spatial variation to the satellite
observations plotted in Refs. (99) and (100).

13 Ion concentrations for the parameterization of inorganic
nucleation rates

The ionization rate due to galactic cosmic rays (GCRs) is calculated in GLOMAP using the
lookup tables of Ref. (101), which include the effect of the sun’s magnetic field on the GCR
power spectrum (heliospheric modulation potential) for each month. The ionization rate is
shown in Fig. S12. The minimum momentum per unit charge required for a given GCR to
overcome the Earth’s magnetic field and penetrate to the Earth’s surface at a particular longitude
and latitude (geomagnetic cut-off rigidity) is calculated from the International Geomagnetic
Reference Field (IGRF11) coefficients using the method of Fraser-Smith (102). The probability
of GCRs interacting with the air and generating ions depends on the atmospheric depth, which
is a linear function of atmospheric pressure. Ionization due to radon is included based on a
look-up table from Ref. (103). At ground level over land, it is usually a larger source of ions
than GCRs, and it can still lead to ion pair production rates of 1 − 2 cm−3s−1 at 4 km altitude.
Perturbations to ion concentrations due to meteorology (see, for example, Refs. (104, 105)) are
not considered.

The modulation of the GCR flux over the solar cycle is simulated by scaling the heliospheric
modulation potential at solar minimum by a factor 3.56, which is equivalent to the ratio of the
2008 mean value to the value of the 20-year solar maximum (101). The reference simulations
take place during the solar minimum of 2008. Since the ion concentration is not used in the or-
ganic simulations (the representation of ion-induced organic nucleation is described in Sect. 15),
only the inorganic component of nucleation is perturbed by this modulation. However, the en-
hancement of ternary organic nucleation when the beam is on compared to the enhancement due
to ground-level GCRs was measured to be less important than for inorganic nucleation (24), and
the ion concentrations are lower at low altitudes where the organic nucleation is most important.
Therefore this omission is unlikely to introduce significant error.
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14 Modeled nucleation rates

Parameterized nucleation rates at 1.7 nm diameter from the inorganic and organic CLOUD re-
sults are included in the model throughout the atmosphere. The effective particle formation rate
at 3 nm diameter is then calculated using the approach of Kerminen and Kulmala (68) assuming
a growth rate that depends on the condensation of sulfuric acid and low volatility organic va-
pors. The condensation sink used assumes the diffusion characteristics of sulfuric acid. Sulfuric
acid and ion production rates are evaluated every 30 minutes and modified every 3 minutes to
account for losses to condensation, temperature data has a 30 minute time resolution, and [NH3]

values are daily means. The ion concentrations are calculated from ionization rates as described
in Sect. 8. The recombination and loss rates in the ion balance calculation are calculated under
local atmospheric conditions of temperature, pressure and aerosol surface area. The inorganic
fraction of nucleation is shown at two altitudes for the pre-industrial and present day in Fig. S13.
For comparison, simulations are also performed with the binary nucleation mechanism of Kul-
mala (106) together with organic nucleation according to Ref. (24), with all other aspects of
the model kept the same. This binary nucleation mechanism is based on classical nucleation
theory, and should not be confused with the binary neutral nucleation pathway we have de-
termined experimentally in the CLOUD chamber; the comparison with aircraft measurements
described later shows that the extrapolated theoretical binary rate from Ref. (106) produces far
more particles than the rate we determine in this study.

15 Organic ion-induced nucleation

For nucleation involving organic molecules, there is insufficient data to determine the nucleation
rate as a function of the ion concentration. However, some measurements of the enhancement of
the nucleation rates due to ions do exist (24), and these are used to provide an indication of the
ion-induced fraction of organic nucleation in the atmosphere. Based on Fig. 1D of Ref. (24),
we assume that nucleation is 60% ion-induced when the organic nucleation rate is less than
0.1 cm−3s−1, 44% ion induced if it is between 0.1 and 1 cm−3s−1, 28% ion-induced if it is
between 1 and 10 cm−3s−1, and zero otherwise. Overall, if the organic nucleation is indepen-
dent of temperature, approximately 25% of organically nucleated new particles are likely to be
formed via ion-induced nucleation. This ion-induced fraction may depend strongly on ambi-
ent sulfuric acid concentrations, the possible interaction of ammonia with organic molecules,
which was not studied, and on the characteristics of the nucleating organic molecules, which
were derived from pinanediol in Ref. (24) but which derive from terpenes in the atmosphere.
Our quantum chemistry simulations for the temperature dependence of Jorg assume that the ion-
induced fraction of the nucleation rate is only weakly temperature-dependent while the neutral
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fraction depends strongly on temperature, so within this model there is a significant yet uncer-
tain variation in these fractions with temperature. In the main text, we calculate that ion-induced
nucleation produces more particles than neutral nucleation in 67% of the troposphere. This is
based on monthly averages of the ion-induced fractions of formation rates.

16 Pre-industrial simulations, modeled CCN and radiative
forcing

Simulations of pre-industrial conditions are performed with anthropogenic sources of ammonia
and SO2 removed from the model, and present-day black carbon and primary organic matter
emissions from fossil and bio-fuel combustion replaced with estimates of pre-industrial emis-
sions (85). All other aspects of the model, including the 2008 meteorology, remain identical.
To determine the radiative effect of anthropogenic ammonia, the present-day simulation is re-
peated using only pre-industrial ammonia concentrations. As the ammonia concentrations are
read into the model from a modal model run (see Sect. 12), only the effects of ammonia on
nucleation are accounted for in this radiative calculation.

In both pre-industrial and present-day simulations, newly nucleated particles grow to CCN
size via irreversible condensation of sulfuric acid and organic compounds formed via the oxi-
dation of monoterpenes as described in Sect. 12. Uncertainties due to the poorly constrained
concentrations of condensable organic material are studied in Sect. 19. To determine the frac-
tion of CCN due to nucleation and compare it to that due to primary emissions, the concentra-
tion of CCN at 0.2% is calculated. This is to facilitate comparison with the dedicated study in
Ref. (4). Elsewhere in this study we quote concentrations of soluble particles of at least 70 nm
diameter, as this is the simplest proxy for CCN: no assumptions about critical supersaturation
or hygroscopicity are required. Here, the critical diameter for activation at 0.2% water vapor
supersaturation is determined following Refs. (107) and (108), assuming hygroscopicity param-
eters of 0.61 for sulfate (assuming ammonium sulfate), 1.28 for sea salt, 0 for black carbon and
0.1 for primary and secondary organic matter.

The fraction of 70 nm particles in the hygroscopic distribution at cloud level (460-1100m
altitude) from nucleation is calculated to be 46%, while the fraction of CCN at 0.2% from
nucleation is 43%. The difference is likely because some particles with high organic carbon
content are counted as hygroscopic but have low CCN activity. We note that in our simulations
all particles are assumed to be internally mixed during activation, even though we do also model
the ageing of insoluble particles as sulfuric acid and secondary organic material condense. On
land, at cloud level 32% of CCN at 0.2% come from nucleation while over the ocean 51%. The
fraction of all particles greater than 3nm in diameter from nucleation is 94% globally (below
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15 km altitude) and 73% at cloud level. These findings are broadly in agreement with Ref. (4).
The same hygroscopicities are used to calculate the cloud droplet number concentrations us-

ing the parameterization of Refs. (109–111), and hence estimate the radiative forcing over the
industrial period. The parameterization models the activation of the particle population within
an ascending adiabatic parcel, employing a ‘population splitting’ concept. Droplets are implic-
itly categorized as those which continue to grow rapidly following activation beyond their crit-
ical diameter, and those which do not. This classification is important to determine the correct
droplet size and hence the maximum supersaturation in the cloud and the number of particles
that will activate. The supersaturation reaches a maximum when its rate of increase due to par-
cel cooling becomes equal to its rate of decrease due to depletion of the water vapor by droplets.
The population splitting algorithm is applied repeatedly to solve an equation for the maximum
supersaturation via a bisection method. Updraft velocities are assumed to be 0.15ms−1 over
sea and 0.3ms−1 over land. The parameterization is validated against a numerical cloud parcel
model in Ref. (111).

The radiative forcing is determined from the cloud droplet number concentrations using the
Edwards and Slingo radiative transfer model (112) following methods described in Ref. (113).
In the control simulation, the model uses a monthly mean climatology based on ECMWF re-
analysis data, together with cloud and surface albedo fields from the ISCCP-D2 archive (114)
for the year 2000. Calculations of cloud albedo changes between control and perturbed simula-
tions are determined from the changes in cloud effective radius driven by the difference in cloud
droplet number concentrations as in Ref. (115). The first Aerosol Indirect Effect is calculated
by comparing all-sky net radiative fluxes at the top of the atmosphere across the six short-wave
and nine long-wave bands.

17 The role of amines

Amines are likely to be important to nucleation in some areas of the planetary boundary layer
over land. Amine concentrations are modelled in Refs. (116) and (40) and we follow a similar
strategy here to estimate their concentrations. We then use data from the CLOUD chamber
published in Ref. (23) to produce a first estimate of the contribution of amines to nucleation
rates. We use the faster GLOMAP-mode aerosol model for technical reasons.

We produced an amine emissions inventory by taking the EDGAR ammonia emissions cate-
gories (51) and using Ge et al. (117) to estimate a factor to scale down each source of ammonia
emissions to get realistic emissions of amines. We assume amine emissions are the sum of
0.66% of ammonia emissions from wild and domestic animals, 0.45% of ammonia emissions
from oceans, and 1% of ammonia emissions from biofuel combustion. Amine emissions from
the other ammonia categories of crops, fertilizers, fossil fuels, industry, soils under natural veg-
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etation and humans are not known so are assumed to be zero.
We then ran simulations with a tracer for a single amine, which reacts with OH with the rate

for dimethylamine and is lost to aerosol irreversibly with a sticking coefficient of 0.03, the upper
value used in Ref. (116). It is also removed via dry and wet deposition. The concentrations that
result are comparable to Ref. (116) close to the surface. We find amines do not live long enough
to be present in the free troposphere at significant concentrations, which is consistent with
literature.

We neglected the diurnal cycle of amine emissions, which is considered in detail in Ref. (40),
as its effect is likely to be small compared to the overall uncertainty on emissions and nucleation
rates. The resulting annual mean concentration of our amine, averaged between the surface and
500 m altitude, is shown in Fig. S14A.

We parameterize nucleation rates of dimethylamine (DMA) and sulfuric acid measured at
the CERN CLOUD chamber and presented in Ref. (23). Assuming all amines nucleate at the
same rate as DMA, we find three parameterizations would fit the chamber data in Ref. (23)
acceptably well. The median nucleation rate of the three is given by

J = k
[DMA]

2.5× 107
[H2SO4]

3.7 (4)

for [DMA] > 2× 108 cm−3, and

J = k

(
[DMA]

2.5× 107

)4.36

[H2SO4]
3.7 (5)

for [DMA] < 2× 108 cm−3.
The DMA and H2SO4 concentrations are in cm−3; the value of k is 2.08 × 10−25 above

[DMA] = 2 × 108 cm−3 and 1.93 × 10−28 below. Since we only use data from Ref. (23), the
sulfuric acid dependence we obtain is stronger than in Fig. 2 of Ref (40).

In this case, we find that nucleation involving amines accounts for around 6% of new par-
ticle formation within 500 m of the surface and negligible amounts above. The annual mean
nucleation rates due to the amine mechanism, averaged betweent he surface and 500 m altitude,
are shown in Fig. S14B. With this model, the nucleation in this altitude range is 84% organic,
6% amine and 10% inorganic (mostly ternary ion-induced). Using the same amine concentra-
tions but different parameterizations of the nucleation rate compatible with the data of Ref. (23)
we find this fraction could vary between 3% and 27%. When the amine nucleation fraction is
27%, the inorganic fraction is 7% and the organic fraction 66% within approximately 500 m of
the surface. We emphasise that this is an extreme scenario, likely to be a realistic upper limit,
since DMA is the most effective amine for nucleation so far discovered.

There is a large uncertainty on amine emissions that we did not attempt to investigate further,
since this is unlikely to affect the vertical distribution. The amine lifetime will be more strongly
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affected by the loss processes. When we adjusted the sticking probability to 0.001, we found
the fraction of amine nucleation in the first 500 m of altitude increased from 6% to 10%. As
expected the fraction of amine nucleation in the surface layer increases by a smaller amount,
from 14% to 17%, as the amines live longer and therefore get higher into the troposphere.

Given that we have probably overestimated nucleation involving amines, since DMA is a
more potent nucleating agent than other amines, it seems likely that organics are substantially
more important than amines for atmospheric nucleation when considered globally, although
amines may well be more important in India, some parts of the US, central Europe and eastern
China.

We find that adding amines does not make a large difference to the results for CCN con-
centrations: the enhancement of nucleation rates and ultrafine particle concentrations due to
nucleation involving amines is in areas where primary and secondary aerosol from pollution is
already high, and so most nanosized particles will be lost before they can grow to CCN size.
Including our baseline amine nucleation mechanism increases global average cloud-level con-
centrations of 70nm particles by less than 0.1%. Locally, surface-level CCN concentrations do
increase by up to 3% in northern India, 1% in Europe, and negligibly elsewhere, as shown in
Fig. S14C.

18 Comparison of the global aerosol model with ambient mea-
surements

GLOMAP has been extensively evaluated against observations, and reproduces the observed
particle number concentration well in both continental (118) and marine regions (119). The
size distribution over Europe is compared to observations in Refs. (120) and (121). We redo
some of these comparisons to check the model performance remains good when compared to
observations.

An extensive dataset of total particle number concentrations observed at 35 worldwide sites
is used to evaluate the present nucleation model and quantify the primary and secondary sources
of particle number (43) (Fig. S15). Zugspitze is omitted from the figure compared with Ref. (43)
to allow the sites to be plotted on a 7 × 5 grid. Measurements at these sites were made with
CPCs, SMPS’s, diffusion aerosol spectroscopes, or differential mobility particle sizers, mostly
between 1995 and 2008. Where datasets exist for multiple years, averages are calculated for
each month.

The model bias relative to observations when different components of nucleation are in-
cluded is detailed in Table S4. Overall, the model underestimates total particle number concen-
trations by 25%, for reasons discussed below. The cut-off sizes of the instruments measuring at
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each site, below which the particles were not counted, ranges from 3 to 14 nm and is also given
in the table.

Binary neutral nucleation of sulfuric acid and water alone clearly cannot explain the ob-
served particle concentrations. Most of the sites are in the Northern Hemisphere (NH), so
Fig. S15 shows that organic nucleation almost always dominates during the NH summer while
inorganic nucleation is particularly important in winter. The contribution from organic nucle-
ation is more important at low altitude sites such as Hyytiälä, Värriö and Utö while the high
mountain top sites such as Nepal or Pico Espejo have greater contributions from inorganic nu-
cleation. The model substantially underestimates observations in some polluted or coastal sites
such Po Valley, Point Barrow and Mace Head. This is likely to be due to contributions to nucle-
ation from anthropogenic organic molecules, amines or iodine. There is also a relatively large
uncertainty in the emissions of DMS in the model compared to anthropogenic SO2 emissions.
The overestimation of 3− 14 nm particle concentrations in summer that is most pronounced at
Trinidad Head appears to be due to the organic component of nucleation. This could be due to
an overestimation of the mass flux of organic molecules onto newly nucleated particles to grow
them to the cut-off size of the CPC. Alternatively, the organic nucleation rate could be overes-
timated at high summer temperatures, or the terpene emissions could be overestimated there.
Overall, Table S4 indicates that particle concentrations are most significantly underestimated
in the three Northern Hemisphere winter months, probably due to the omission of some non-
volatile anthropogenic vapors from the model, while they are also slightly underestimated in
the three summer months, probably for the same reasons. The underestimation of particle num-
bers in spring and autumn is less (see, for example, Bondville or Thompson Farm in Fig. S15),
leading to a smaller bias over the whole year.

The performance of the model at altitudes of up to 12 km above the surface is evaluated by
comparing its predictions for 3 nm particle concentrations with observations. The observations
were made during eight aircraft campaigns: ACE1 (October-December 1995), PEM Tropics
A (August-September 1996), INDOEX (February-March 1999), PEM Tropics B (March-April
1999), INTEX-A (July-August 2004), PASE (August-September 2007), ARCTAS (March-July
2008) and VOCALS (October-November 2008). Most of these sample ocean regions, the main
exception being INTEX-A, which was mostly over the USA. The locations of the measurements
are shown in Fig. S16. The particle concentrations were measured with CPCs aboard C-130
(ACE1, INDOEX, PASE, VOCALS), P3B (PEM) or NASA DC-8 or P3-B (PEM, INTEX-A,
ARCTAS) aircraft.

The objectives of the earlier campaigns included determining the conditions favourable for
nucleation in the marine free troposphere. In ACE1 (45) and PEM Tropics (46), particle pro-
duction was found to be particularly enhanced in cloud outflow regions of intermediate to high
relative humidity (RH) in the period shortly after midday, especially when condensation sinks
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were low due to cloud scavenging. Later campaigns placed more emphasis on the roles of
relative humidity (INDOEX (122)), tropospheric composition over land (INTEX (123)), sul-
fur processing (PASE (124)), Arctic atmospheric composition (ARCTAS (125)) and linking
aerosols, clouds and precipitation in the south-eastern Pacific (VOCALS (126)).

The one-minute-averaged CPC concentrations from each campaign are compared with model
output from dedicated simulations of the particle concentrations for the same days as the obser-
vations were recorded. The modeled particle concentrations are converted to values at standard
temperature and pressure (300 K, 1000 hPa). The daily mean particle concentrations predicted
by the model are determined for the latitude and longitude of each observation by interpolating
within model grid boxes in all three dimensions. As the simulations are performed over the time
period of each campaign, the meteorology data from ECMWF will match the weather systems
observed by the aircraft. However, the model time resolution of one day and spatial resolution
of 2.8◦ in latitude and longitude and a few hundred metres in altitude limits the precision of the
comparison.

The data points are compared in Fig. 3 of the main text. In all, there are 65,856, so many
overlap with others and cannot be seen. Therefore, the density of different concentrations as a
function of altitude is also plotted in Fig. S17. The median particle concentrations and 10%-90%
ranges are shown for each campaign and the normalized mean bias of the model is compared
with that of a model run with only binary neutral nucleation, and a model run with the nucle-
ation rate parameterization used in Ref. (24), re-implemented in the sectional aerosol model, in
Table S5.

As is also evident from the comparison of the model with observations at surface sites,
binary neutral nucleation cannot explain particle concentrations. The model with nucleation
from Ref. (24), which uses Ref. (106) to parameterize sulfuric acid nucleation in the free tropo-
sphere, tends to over-predict particle concentrations. The altitude dependence of the predictions
suggests that this is due to inorganic nucleation. Our model slightly under-predicts particle
concentrations on average, with relatively large variations in its agreement with data between
campaigns (Table S5) and with altitude (Fig. S17). The general trend for higher particle concen-
trations at higher altitude over the ocean, and for a more complex structure over land (INTEX)
is reproduced relatively well.

In ACE1, PEM-A, ARCTAS and VOCALS there is quite good agreement between model
and observations on average, though in PEM-A the variance in the model is greater than that
in the data at low altitude, perhaps due to there being insufficient resolution to fully capture
sub-grid subsidence processes. In PEM-B the model significantly over-predicts particle con-
centrations at high altitude, as does the parameterization of Ref. (106). The high-altitude data
were taken at latitudes in the range 25−40◦N, while the low-altitude observations are mostly in
the range 0 − 20◦N. This is consistent with the finding in Ref. (127) that Aitken mode particle
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concentrations are under-predicted in Southern Hemisphere mid-latitudes and over-predicted in
the Northern.

The particle concentrations observed in INDOEX come from fewer flights. They show a
structure at around 2 km altitude which is blurred in the model by the low resolution to the point
where it cannot be seen in the profiled density function (Fig. S17D), but direct comparison of
the modeled concentrations for this campaign (not shown) indicates it is still present to some
extent.

The particle concentration at very high altitude is underestimated in INTEX-A, and the al-
titude variation is not as pronounced as in the observations. The reasons for this are not clear.
Concentrations are also underestimated at all altitudes above the boundary layer when compared
to the PASE observations. Literature relating to this campaign indicates the possible explana-
tion that dry deposition velocities of SO2 measured via the eddy covariance technique could
be lower than those in our model (124). Speculatively, this could lead to the model underesti-
mating sulfate, but it may also lead to lower condensation sinks and thus the consequences for
nucleation are not clear.

Ref. (128) provides the numbers of nucleation events observed each month in 2008-2009 at
various field observation sites. We compare our model results with their data for April-July 2008
at 8 sites: Pallas, Hyytiälä, Mace Head, Melpitz, Hohenpeissenberg, Jungfraujoch, Vavihill and
Finokalia. We output modelled size distributions at these sites with hourly time resolution, and,
following Ref. (129), we count events in which the dN/d logDp value in the mean of three size
bins around 10 nm exceeds 3000 cm−3, and in which the size distribution shows a growing size
mode. We note that our size bins are not identical to those used in Ref. (129). These criteria
are designed to select those events that would probably be distinguishable from experimental
backgrounds in observation data, but are necessarily defined subjectively in that looser or tighter
thresholds could also be justified, depending on characteristics of aerosols at the site in question.

An example of a modeled size distribution (at Hyytiälä in April 2008) and the results of
the comparison of the frequencies of nucleation events are presented in Fig. S18. In total, 350
nucleation events are observed and 272 are counted in the model output. The model is in good
agreement with observations (within, or close to, a factor of two where statistically significant
numbers of events occur) except at Melpitz, where many more nucleation events are observed
than the model predicts. This is likely due to a failure to resolve strong local sources of vapors
at this site. In general more nucleation events are predicted at the Finnish boreal sites Hyytiälä
and Pallas than observations, and fewer in the more polluted European regions. The excess in
Finland is likely due to an overestimate of terpene emissions there while the reduced number of
events in polluted Europe could be due to nucleation events triggered by anthropogenic organic
compounds or amines which we do not include in our baseline model. The time of day of the
nucleation events is well captured (see Fig. S18A for Hyyälä). A comparison of a different
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model with the same observations is given in Ref. (130). Overall, our model performs in line
with expectations.

While limited resolution and large uncertainties in emissions continue to result in variable
levels of agreement between model and observations, we emphasise that no artificial tuning
of the particle concentrations or the growth or loss rates that influence them together with the
nucleation rate was used to adjust the model to agree with the observations. Overall, the model
results reproduce well both aircraft and surface site observations.

19 Assessment of uncertainties

The uncertainties in the analysis reported here can be split into those which apply to the pa-
rameterized nucleation rates and those which apply to the modeled particle concentrations and
radiative forcing. The first category contains components from the measured nucleation rates,
the gas concentrations, and biases in the fit of the parameterization to the data. The second has
many contributions which are studied in detail for a very similar aerosol model in Refs. (47)
and (52). In this category we consider only uncertainties in concentrations of secondary organic
molecules produced from terpenes due to terpene emissions and yields, growth rates of freshly
nucleated aerosol, and the temperature dependence of the organic nucleation rates. These un-
certainties are particularly pertinent to this study and are not studied in Ref. (47).

The uncertainties in the measured nucleation rates are associated with the characterization
of the particle counters, especially at low temperatures, and the extrapolation of the measured
particle formation rate at 3.2 nm down to the 1.7 nm diameter. The overall uncertainty in the
nucleation rate at 1.7 nm diameter is estimated to be a factor of 2.5. The effect of increasing
modeled inorganic nucleation rates by this factor is a +2.0% change in the global concentration
of 70 nm particles at cloud base level for March-June inclusive, while decreasing the inorganic
nucleation rates leads to a −2.1% change. The time period was selected to be relatively rep-
resentative of the year. Since the organic nucleation experiments were all conducted at 278K,
the nucleation rates could be determined from a deg-CPC with a lower cut-off size of 2 nm, and
therefore the uncertainty due to the correction down to 1.7 nm is smaller (estimated in Ref. (24)
as +58%/−45%). This is small compared with the uncertainty in the measured sulfuric acid
concentration, and was therefore not investigated further.

The uncertainty in sulfuric acid concentration for inorganic nucleation rates is +50%/−33%
(Sect. 5). It is larger for organic nucleation rates (+100%/−50%) because of possible reactions
between pinanediol and sulfuric acid. Therefore we perturb separately the concentrations of
sulfuric acid used in both inorganic and organic nucleation rate calculations by a factor 2. Test-
ing organic and inorganic nucleation separately allows us to compare how sensitive the model
results (nucleation rates and CCN) are to sulfuric acid in each case. The uncertainty in sulfuric
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acid concentrations leads to a change in CCN concentrations of +3.2%/−2.9% for inorganic
nucleation over March-June. The effect of sulfuric acid concentration uncertainty on organic nu-
cleation is estimated to be +4.1%/−3.7% over March-June, with larger regional effects shown
in Fig. S19. The uncertainty in the sulfuric acid concentration is slightly larger at low temper-
ature due to increased clustering. To determine an upper bound for the effect on the modeled
temperature dependence of nucleation and CCN of these uncertainties, the parameterization of
nucleation rates was repeated with the sulfuric acid concentration at 208K scaled up by a factor
2 and at 223K by a factor 1.5, and the resulting change in cloud-base level CCN for March-June
was only −0.2%.

The uncertainty in concentrations of ammonia measured in the CLOUD chamber depends
on the concentration, as discussed in Sect. 6. To investigate the sensitivity to these uncertainties,
the NH3 concentrations were set to the highest and lowest values allowed by the experimental
error range and the parameterization was re-fitted in the two cases. The result is a small re-
duction of CCN by 0.8% at low NH3 concentrations and an increase of 0.4% at high NH3

concentrations but larger changes to the fractions of nucleation from each pathway detailed in
Table S7.

The uncertainty in the functional form of the inorganic parameterization will mostly affect
the relative fractions of binary neutral, binary ion-induced, ternary neutral and ternary ion-
induced inorganic nucleation rates, and has only small effects on CCN.

The rate of binary neutral nucleation is poorly constrained from below: leaving binary neu-
tral nucleation out of the parameterization still gives good agreement with the nucleation rate
data. The parameterization function is chosen conservatively to produce the highest value of
binary neutral nucleation permitted by the data. However, this form, which constrains the ratio
of binary to ternary nucleation, is verified as correct for the ion-induced case, because ammonia
is confirmed to be absent from the nucleating charged clusters. Removing binary neutral nucle-
ation and refitting the parameterization leads to an annual average change in particle concentra-
tions at cloud base level of only -0.1%. As expected, the overall nucleation rates and CCN are
insensitive to the details of the parameterization, provided that it agrees well with the CLOUD
data. However, there is a more significant change to the contributions of the various nucleation
pathways below 15 km to 0.0% binary neutral, 9% binary ion-induced, 46% ternary neutral,
16% ternary ion-induced and 29% organic. For comparison, the baseline model predicts 2%
binary neutral, 10% binary ion-induced, 53% ternary inorganic neutral, 10% ternary inorganic
ion-induced and 26% ternary organic nucleation over March-June. The fact that the ternary
fractions change, beyond simply subsuming the binary neutral fraction, reflects the change to
the rest of the parameterization caused by constraining the binary neutral fraction to zero, and
is a further measure of the parameterization uncertainty. The variations to these fractions when
(for example) the parameterization is varied to account for the uncertainty in ammonia concen-
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trations, or the model is varied to change the quantity of sulfuric acid participating in a given
nucleation pathway, are given in Table S7.

When the empirical function used to represent the temperature dependence of each nucle-
ation pathway is replaced with a simpler function, the fractions of the different pathways over
March-June change to favour ion-induced nucleation over neutral nucleation: the binary ion-
induced fraction of nucleation below 15 km altitude increases from 9.7% to 15% over March-
June and the ternary ion-induced fraction increases from 9.6% to 37.5%. This reflects the
uncertainty in the ion-induced contribution to the nucleation rate at low temperatures. With
this parameterization, the overall nucleation rate increases compared to the baseline case, and
therefore the relative fraction of organic nucleation decreases.

The uncertainties in the organic parameterization are more difficult to quantify. In particular,
the use of a proxy, pinanediol, for monoterpenes in Ref. (24) leads to an uncertainty in how
well the proxy represents the monoterpenes when the results are used in our aerosol model.
To attempt to quantify the uncertainties associated with the organic nucleation rates in general
terms, we test the effect on CN and CCN of using a completely unrelated parameterization
of organic nucleation, derived by Paasonen et al from EUCAARI field observation data (131)
instead of the CLOUD chamber data in Ref. (24). In Ref. (131), eight possible parameterizations
are obtained from the field data. The best agreement with observations is obtained using

J = KSA1[H2SO4]
2 +KSA2[H2SO4][org] (6)

where [org] is the concentration of vapors required to explain the observed growth rates from
2− 4 nm. In GLOMAP, we have different growth rates between 2 and 3 nm and between 3 and
4 nm. These growth rates correspond to different vapor concentrations. Since the parameter-
ization was derived from data taken at Hyytiala, Melpitz and Hohenpeissenberg, we compare
the particle numbers predicted by our implementation of the parameterization using the two
alternative growth rates with observations at these sites to determine which growth rate should
be used. We find that using the growth rate between 3 and 4 nm gives better agreement, so we
use the concentration of the vapors that correspond to this growth rate in the Paasonen nucle-
ation parameterization, Equation 6. We note that this is not the same organic as the BioOxOrg
used in our standard organic nucleation mechanism, but rather the organic that condenses onto
all particles larger than 3 nm in diameter (see Sect. 12). In our model, this new parameteriza-
tion replaces only the organic nucleation rate. Therefore, we introduce only the second term
in Equation 6 to the model instead of the mechanism of Ref. (24). Since this term is linear in
sulfuric acid, this is relatively similar to an activation-type parameterization for nucleation in
the boundary layer. The first term in Equation 6 is not used because we still represent inorganic
nucleation with the parameterization described in Sect. 8. Making this replacement leads to
a global annual mean concentration of particles of at least 3 nm in diameter 3.5% higher than
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the simulations using the CLOUD organic parameterization. The global mean change in cloud
base-level CCN (annually averaged), as represented by particles greater than 70 nm in diameter,
is +2.6%. Most of the change is concentrated in forested regions. This variation is around half
the variation due to possible temperature dependence of the organic nucleation rate.

The changes in CN and CCN when the parameterization from Ref. (131) is used are ac-
companied by a change in the relative importance of organic nucleation compared to inorganic
nucleation. Over a full year, the fraction of particles formed via organic nucleation decreases
within 15 km of the surface decrease from 21% to 16% (Table S7). The changes are due to the
linear rather than quadratic dependence of the organic nucleation rate on sulfuric acid concen-
trations. The decrease is mostly at high altitude, since organic concentrations at high altitudes
are relatively low and sulfuric acid high. Conversely, nucleation rates increase compared to the
baseline model in regions like the Amazon where sulfuric acid concentrations are low. This
increase at low altitude causes the slight increase in cloud-level particle concentrations despite
the overall tropospheric decrease in the importance of the organic nucleation pathway.

The uncertainty in modeled biogenic terpene emissions in the atmosphere is studied by
perturbing terpene concentrations by−50%/+100%. This leads to a change of−6.9/+8.9% in
global 70 nm particle concentrations at cloud base level over March-June, with slightly larger
local changes than those seen in Fig. S19. This period of the year is likely to be the most
sensitive to organic emissions. The uncertainty in the growth rates of aerosol from 1.7 nm to
3 nm due to the condensation of volatile organic compounds is also studied by changing the
growth rates by−50%/+50%. This leads to a change of−1.2/+0.6% in cloud base level CCN
over March-June.

The uncertainty in modeled [NH3] is likely dominated by loss processes during long-range
transport, especially wet removal and scavenging by existing acidic aerosol. For H2SO4, the
main uncertainty above the planetary boundary layer (PBL) is likely to be vertical transport and
removal of the precursor gas SO2. Concentrations of SO2 in GLOMAP are typically simulated
within a factor 2-3 of observations above the PBL (13). Accounting for additional uncertainty
in oxidants and loss of H2SO4 to existing aerosol, we estimate the total uncertainty in [H2SO4]

to be less than a factor 10.

20 Model sensitivity to the temperature dependence of or-
ganic nucleation

The lack of experimental data on the temperature dependence of ternary organic nucleation in-
troduces additional uncertainty on the overall fractions of organic and inorganic nucleation in
the atmosphere. Introducing a temperature dependence based on quantum chemistry simula-
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tions of MBTCA to the model leads to an overall increase in the fraction of organic nucleation
below 15 km altitude from 21% to 69%, resulting from an increase in organic nucleation at high
altitude. The fraction of particles formed by organic ion-induced nucleation decreases from 25%
to 2.5% since the temperature dependence is applied only to neutral nucleation: ion-induced
nucleation is assumed to be independent of temperature. Therefore the maximum decrease in
total nucleation rate at high temperatures is limited because the ion-induced nucleation rate is
unaffected.

However, as mentioned in the main text and Sect. 10, this temperature dependence is almost
certainly too strong, as organic reactions that produce low-volatility compounds slow down at
low temperatures. Therefore we tried a weaker dependence, which has no physical basis but
lies roughly between the baseline case (no temperature dependence) and the MBTCA case. This
leads to a fraction of organic nucleation of 43%.

We note that over the range of altitudes in which aerosols have the strongest effect on clouds,
between the surface and around 1100m, the relative roles of the different nucleation pathways
are different to the roles in the whole troposphere. In this interval, 74% of particles originate
from organic nucleation in our standard parameterization. Introducing even the extreme tem-
perature dependence from MBTCA only changes this to 82% on average.

Annually averaged, a reduction in 70 nm particle concentrations at cloud base level of 0.1%
in the Northern Hemisphere and of 1.1% in the Southern Hemisphere is predicted when the tem-
perature dependence for MBTCA neutral nucleation is introduced for organic nucleation. The
global average reduction is -0.4%. Local changes, however, are higher. The effect on nucleated
particles above 3 nm diameter at the surface and at high altitude is substantially larger, as shown
in Fig. S20. The figure shows that the increase in nucleation at high altitude leads to a large
increase in particle concentrations. This translates to a small reduction in CCN concentrations
due to increased competition for condensable vapor to grow the particles to CCN size. At the
surface, the warmer temperatures in the tropics lead to a reduction in particle numbers while the
colder temperatures at extreme latitudes result in increased nucleation.

We also studied the effect of a projected mean temperature increase of 2.2K over the next
100 years. The effect on CCN at cloud base level is shown in Fig. S21 for two cases: when
organic nucleation does not depend on temperature, and when it depends on temperature as es-
timated for MBTCA. Only a small effect is seen. This is expected since 2.2K is small compared
with the variation in temperature across the troposphere that drives the changes in Fig. S20. We
conclude that only a weak positive feedback on climate is expected due to the suppression of
CCN formation from nucleation as temperatures increase.
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Figure S1: Mass defect plots from the APi-TOF for nucleation experiments at 278K, with (A)
4.4× 108 cm−3 (17 pptv) sulfuric acid and no added ammonia and (B) 7.5× 107 cm−3 (3 pptv)
sulfuric acid and approximately 35 pptv ammonia. Red dots represent pure charged sulfuric
acid clusters while blue dots represent clusters containing sulfuric acid and ammonia. Each
point corresponds to a distinct molecular composition of sulfuric acid and ammonia, with the
area proportional to counting rate. The background ammonia mixing ratio in the left plot is
estimated to be 2 pptv (34).
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Figure S2: Comparison of the nucleation rates J calculated with the linear growth approxima-
tion and those calculated with the multi-step approach of Kürten et al (70). Almost all data
points are within a factor of four of the 1:1 line shown in grey, and 73% are within the factor
of 2.5 used as the uncertainty on J (red lines). The nucleation rates are categorized as neutral
when the clearing field is switched on to remove ions from the chamber, GCR when the clearing
field is off and π when the pion beam from the CERN Proton Synchrotron is on. Uncertainties
in individual nucleation rates are determined by combining the uncertainties in particle concen-
trations, growth rates and loss processes.
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Figure S3: Nucleation rates: parametrized values plotted against fitted values, for the evaluation
of the quality of the optimization.
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(A) Experimental/Parametrized J vs [NH3] ; [H2SO4] = [3 × 107, 7 × 107] cm−3
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(E) Ternary Ion-induced
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Figure S4: Dependence of f([NH3], [H2SO4]) on [NH3]. (A): Nucleation rates in a narrow range of
[H2SO4] as a function of [NH3]. The shaded regions show the range of J values predicted by the
parameterization corresponding to the highest and lowest allowed H2SO4 concentrations. (B) and (C):
Measurements of J made in neutral conditions compared with the binary and ternary neutral components
of the parameterization. The green and orange data points are not explained by binary nucleation, but
are primarily ternary. The plot shows this as the green and orange bands for binary neutral nucleation
in (B) lie below the x axis and do not describe the green and orange data, while the same data points
plotted in (C) are explained by the bands for ternary neutral nucleation, which are shown in (C) but not
in (B). The pink data points have significant binary and ternary contributions. The change of slope of
the parameterization at 0.5-5 pptv corresponds to the assumption based on APi-TOF measurements that
ammonia readily evaporates from the smallest clusters and therefore has a saturation-like behaviour (see
text). (D) and (E): Ion-induced contributions to the nucleation. The data points contain contributions
from both neutral and ion-induced nucleation. Dark colours indicate data taken with the beam on (high
ion production rates) and lighter colours indicate GCR conditions. The ion-induced components of the
parameterization for GCR and beam conditions are shown. The green, orange and red data are explained
by ternary ion-induced nucleation, while the single pink data point is binary ion-induced and cannot be
explained by ternary ion-induced nucleation as the [NH3] is too low. When read with subfigures (A)
and (B) it can be inferred that the green data points are mostly explained by a sum of ternary neutral
and ternary ion-induced nucleation, the dark pink data points by binary ion-induced nucleation, and the
orange and red data points are almost entirely the result of ternary ion-induced nucleation.
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Figure S5: Nucleation rate parameterization dependence on ammonia and sulfuric acid concen-
trations, shown with the CLOUD measurements (green and blue data points) and the distribution
of atmospheric concentrations for context. The parameterization is represented by colored lines,
calculated assuming the ground-level GCR ionization level of 1.8 ion pairs per cm−3 at 298 K.
The color scale of the data points indicates nucleation rate and is given by that of the parame-
terization lines. The parameterization and CLOUD data are superposed on a density function of
the daily mean sulfuric acid and ammonia concentrations in global model grid boxes during a
period in 2008 between 10 March and 13 July (the dates of the ARCTAS campaign). The grid-
box mean sulfuric acid concentrations are multiplied by two to approximate the fact that they
are zero at night. The density function samples from grid boxes at all altitudes of the model, but
only at temperatures within approximately ±10K of the temperature shown in each plot.
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Figure S6: Dependence of the nucleation rate on relative humidity at (A) 208 and 223 K and (B)
298 K. The parameterization (y-axis) is independent of RH (color scale) while the experimental
data (x-axis) have a relatively strong dependence at 298 K as described in the text. The 1:1 line
is shown in grey and red lines indicate a factor three change in J .

37



Figure S7: Annual mean modelled concentrations of 3 nm particles at cloud base level and
changes to these concentrations when a test function approximately describing the dependence
of the inorganic nucleation rate on RH is included, (B) for inorganic nucleation only and (C)
for all nucleation.

38



Figure S8: Annual mean modelled concentrations of soluble 70 nm particles at cloud base level
and changes to these concentrations when a test function approximately describing the depen-
dence of the inorganic nucleation rate on RH is included, (B) for inorganic nucleation only and
(C) for all nucleation. To exclude numerical effects, changes are not plotted when concentra-
tions are below 5 cm−3.
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Figure S9: Proxy nucleation rates for organic nucleation of MBTCA with sulfuric acid calcu-
lated from the ACDC model coupled to a quantum chemistry simulation of Gibbs free energies.
The temperature dependence of the nucleation rate is shown for four different values of [H2SO4]
with 1 pptv of MBTCA.
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Figure S10: Vertical profiles of nucleating inorganic trace gases. Concentration of (A),[H2SO4]
modeled using GLOMAP-bin; (B), gas-phase [NH3] obtained from a GLOMAP-mode simu-
lation using the EDGAR Emissions Inventory (51) and the particulate ammonium dissolution
solver of Ref. (94). Both figures are annual mean values for 2008 and concentrations are shown
as zonal means.
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Figure S11: Horizontal maps of nucleating trace gases and resulting nucleation rates at 3 nm
at mean altitudes of 600 m and 6.7 km. All figures are annual mean values for 2008. Con-
centrations of (A, B) [H2SO4] (C, D), gas-phase [NH3], and (E, F) BioOxOrg (labelled as SO,
‘secondary organic’ for brevity) molecules participating in nucleation (the oxidation products
of alpha-pinene with the hydroxyl radical, OH). As the BioOxOrg yield is not measured in
Ref. (24), but is included in the nucleation rate constant, a yield of 100% is assumed in plots (E)
and (F). Plots (G, H) show the formation rates of 3 nm particles. The annual average rate shown
here is more indicative of the frequency of nucleation events than the nucleation rate during any
given event.
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Figure S12: Annual mean ion-pair production rate q for the solar minimum of 2008 (A), and
percentage change over the solar cycle (B). The rate is calculated from the look-up tables of
Ref. (101). Ionization rates reach a maximum over the poles, where the Earth’s magnetic field
is weakest, and at altitudes of 10-15 km. At these altitudes, the high density of air compared
to higher in the stratosphere increases the probability of interaction of a cosmic ray. At lower
altitudes, essentially all of the primary GCRs have already interacted and only penetrating sec-
ondary particles survive. Radon is included from Ref. (103).
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Figure S13: Fraction of total nucleation rate due to inorganic nucleation at two altitudes and for
two months for pre-industrial and present-day conditions. The organic nucleation is assumed to
be temperature-independent.
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Figure S14: Results of preliminary investigation of amine-driven nucleation. Concentrations
of amines in pptv (A), nucleation rates for the amine-driven mechanism in cm−3s−1 (B), and
changes to CCN concentrations (in %) when nucleation involving amines is included in our
global model (C). All three subfigures are annual averages over grid boxes within approximately
500 m altitude of the surface.
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Figure S15: Comparison of modeled aerosol concentrations with measurements made at surface
sites and mountain tops (43). Black line: measurements. Red line: current model. Blue line:
neutral and ion-induced inorganic nucleation and primary particles only. Orange line: primary
particles and binary neutral nucleation only. Green line: primary particles only.



Figure S16: The locations of aircraft measurements used to compare the model with observa-
tions in Figure S17.
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Figure S17: Comparison of modeled and observed vertical profiles of particle concentrations in
the atmosphere. Solid lines indicate the median, with dashed lines showing the 10% and 90%
deciles. Modeled distributions are shown by red lines when all processes are included, and by
orange lines when only primary particles and binary neutral nucleation are included (deciles not
shown in the latter case, for clarity). A previous version of the model with nucleation according
to Refs. (106) and (24) is shown by the green lines. Atmospheric observations are shown by
black lines. The greyscale background shows the distribution of atmospheric observations. The
normalised mean differences between the modeled and observed distributions are summarised
in Table S5.
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Figure S18: Modelled size distributions in April 2008 at Hyytiälä, Finland (A), and comparison
of modeled and observed frequencies of nucleation events across April and May (B) and June
and July (C). In subfigure (A), midnight local time is marked with solid lines and midday with
dashed lines. Thirteen days (nucleation ‘bananas’ at approximately hours 200, 225, 302, 325,
398, 422, 446, 470, 494, 518, 542, 566, and 590) meet our criteria to be nucleation event days.
While other pseudo-nucleation events are visible on this plot, they do not meet the criteria
defined in Ref. (129) (see discussion in text). The observations in subfigures (B) and (C) were
extracted from Ref. (128), Appendix A, which provides the fractions of event, non-event and
undefined days out of all analyzed days in a given month. We multiply the fraction of event
days by the length of each month and assume undefined days are non-events (or would not meet
the criteria applied to the modeled events).
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Figure S19: Effect of sulfuric acid uncertainties for organic nucleation. (A) Nominal soluble
particle concentrations above a 70 nm threshold diameter (N70), averaged for March-June in-
clusive. (B) Change of N70 (%) when H2SO4 concentrations are reduced by 50%. (C) Change
of N70 (%) when H2SO4 concentrations are increased by 100%. To exclude numerical effects,
changes are not plotted when concentrations are below 5 cm−3.

50



Figure S20: Sensitivity of soluble particle concentrations to the temperature dependence of the
organic nucleation rate. (A),(C) Concentrations of soluble particles of at least 3 nm diameter
at the surface and at 6.7 km altitude with temperature-independent organic nucleation rates.
(B),(D) Percentage changes in those concentrations when a temperature dependence from a
quantum chemistry simulation (Sect. 10) is introduced into the aerosol model.
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Figure S21: Total particle number concentrations above 70 nm diameter (N70) at cloud base
level in the soluble distribution (A) and the perturbations to these concentrations resulting from
a change to nucleation when the temperature is increased by 2.2 K under the assumptions that
(B) the organic nucleation rates are independent of temperature and (C) that they depend on
temperature according to quantum chemistry simulations described in Sect. 10. To exclude
numerical effects, changes are not plotted when concentrations are below 5 cm−3.
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Table S1: Parameters in the fit to inorganic nucleation rates (Sect. 8) as a function of sulfuric
acid, ammonia, ion production rate and temperature. The fit is performed with sulfuric acid and
ammonia concentrations in units of 106 cm−3. The subscripts b and t refer to binary and ternary
inorganic nucleation while n and i refer to neutral and ion-induced nucleation.

Parameter Value Parameter Value
pb,n 3.95 pb,i 3.37
ub,n 9.70 ub,i -11.5
vb,n 12.6 vb,i 25.5
wb,n -0.00707 wb,i 0.181
pt,n 2.89 pt,i 3.14
ut,n 182 ut,i -23.8
vt,n 1.20 vt,i 37.0
wt,n -4.19 wt,i 0.227
pA,n 8.00 pA,i 3.07
an 1.6× 10−6 ai 0.00485
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Table S2: Parameters in the cross-checking fit to nucleation rates as a function of sulfuric
acid, ammonia, ion production rate and temperature, with a simpler temperature dependence
(Sect. 8). The fit is performed with sulfuric acid and ammonia concentrations in units of
106 cm−3. The subscripts b and t refer to binary and ternary inorganic nucleation while n and i
refer to neutral and ion-induced nucleation.

Parameter Value Parameter Value
pb,n 3.62 pb,i 2.73
ub,n 46.3 ub,i 24.1
vb,n 245 vb,i 166
pt,n 2.82 pt,i 2.86
ut,n 41.2 ut,i 18.3
vt,n 252 vt,i 208
pA,n 6.76 pA,i 5.0
an 1.3× 10−4 ai 5.0× 10−7
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Table S3: Emissions of primary aerosols and precursor gases for nucleation and growth pro-
cesses. Sulfur gas species are in TgSyr−1, carbonaceous species are TgCyr−1, sea salt is
TgNaClyr−1, and ammonia is TgNyr−1.

Emission Budget Diameter Reference
Tgyr−1 nm

Sea salt 1300 Parametrized Martensson et al. (2003) (86, 87)
Black Carbon (fires) 3.0 150 van der Werf et al. (2003),

Stier et al. (2005) (132, 133)
Black Carbon (fossil fuels) 3.0 60 Bond et al. (2004), Stier et al. (2005) (133, 134)
Black Carbon (bio-fuels) 1.6 150 Bond et al. (2004), Stier et al. (2005) (133, 134)

Organic carbon (fires) 24.8 150 van der Werf et al. (2003),
Stier et al. (2005) (132, 133)

Organic carbon (fossil fuels) 2.4 80 Bond et al. (2004), Stier et al. (2005) (133, 134)
Organic carbon (bio-fuels) 6.5 150 Bond et al. (2004), Stier et al. (2005) (133, 134)

Primary sulfate 1.67 60,150,1500 Dentener et al. (2006) (85)
DMS 18.7 - Kettle & Andreae (2000) (81)

Monoterpenes 127.0 - Guenther et al. (1995) (84)
SO2 (Anthropogenic) 54.3 - Cofala et al. (2007),

Dentener et al. (2006) (83, 85)
SO2 (Volcanic) 12.6 - Andres & Kasgnoc (1998) (135)
SO2 (Biomass) 4.1 - Dentener et al. (2006),

van der Werf et al. (2003) (85, 132)
Ammonia 54 - Bouwman et al. (1997) (51)
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Table S4: Normalized mean model bias at surface sites listed in Fig. S15 (43), in percent.
The ‘cut-off’ column refers to the cut-off of the condensation particle counter at the site. The
‘Primary’ column gives the model bias when nucleation is switched off altogether. The ‘binary
neut.’ column gives the model bias when only primary particle emissions and binary neutral
nucleation are included. The ‘inorganic’ column gives the model bias when primary particles,
neutral and ion-induced binary and ternary inorganic nucleation (with ammonia) are included
in the model. The ‘overall’ column gives the bias of the full model.

Site Cut-off (nm) Primary Bin. neut. Inorganic Overall
Jungfraujoch 10 -96 -71 -16 2

Hyytiala 3 -79 -77 -59 12
Pallas 10 -86 -82 -64 9

Finokalia 10 -65 -57 -26 -12
Mace Head 10 -86 -84 -78 -66

Hohenpeissenberg 3 -65 -61 -18 8
Puy de Dome 10 -84 -80 -56 -34

Nepal 3 -90 -80 23 28
Melpitz 3 -66 -64 -48 -25

Bondville 14 -79 -76 -49 -36
Southern Great Plains 10 -85 -82 -53 -34

Trinidad Head 14 -72 -59 -43 17
Cape Grim 3 -86 -83 -79 -63

Sable Island 10 -77 -67 -18 23
Tomsk 3 -86 -82 -54 -12

Listvyanka 3 -93 -89 -65 -5
Harwell 10 -42 -39 -26 2

Weybourne 10 -57 -55 -41 -11
Botsalano 10 -68 -62 -50 1

India Himalaya 10 -53 -47 -8 9
Aspvreten 3 -79 -77 -60 -12

Uto 7 -85 -83 -70 -39
Varrio 8 -87 -84 -67 0

Pico Espejo 10 -95 -72 -46 -31
Thompson Farm 7 -79 -77 -59 -41

Mount Washington 10 -91 -81 -25 -2
Castle Springs 7 -67 -64 -31 1
Taunus Obs. 10 -64 -61 -32 -11

Po Valley 3 -89 -88 -79 -73
Mount Waliguan 13 -91 -79 -51 -46

Mauna Loa 14 -62 -15 60 82
Neumayer 14 -89 -83 -76 -75
South Pole 14 -91 -46 -18 -16

Point Barrow 14 -96 -90 -80 -68
Samoa 14 -82 -55 -39 -35

Zugspitze 12 -86 -76 -21 3
All -78 -74 -50 -25

All June-Aug -78 -75 -64 -29
All Dec-Feb -75 -69 -35 -29



Table S5: Normalized mean bias (NMB) in particle concentrations at 3 nm diameter of model
simulations relative to aircraft observations. Only including binary neutral nucleation calculated
according to the CLOUD experimental parameterization (first column) leads to a strong under-
prediction of particle number concentrations (see Figure 3). Previous versions of GLOMAP,
including organic nucleation (24) and sulfuric acid binary nucleation according to Ref. (106),
over-predict particle concentrations by 16% on average (second column). In the current model
(last column), on average, particle concentrations are under-predicted by 39%. This suggests
nucleation or growth rates at high altitude may be underestimated, possibly due to our neglecting
the temperature dependence of organic nucleation rates.

Campaign Binary only (%) Organic (%) This model (%)
ACE1 -82 30 -31

PEM Tropics A -67 -16 -30
PEM Tropics B -55 82 5.8

INDOEX -66 -32 -44
INTEX-A -86 -16 -58

PASE -66 -42 -42
ARCTAS -82 39 -19
VOCALS -50 2.9 -46

All campaign data -78 16 -39
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Table S6: Summary of changes to soluble 70 nm particle concentrations (N70) in the model as a
result of perturbations to model inputs specified. Changes are either averages over simulations
of an entire year or of the March-June period, as specified in the ’Period’ column. Part a) details
uncertainties related to the parameterization of CLOUD formation rates, part b) uncertainties in
the aerosol model inputs. Only two of these are presented here as dedicated studies are docu-
mented elsewhere (47). In some cases (e.g. relative humidity, RH) only a single perturbation
was performed to estimate the uncertainty: in these cases only one number features in the last
colum.

Model parameter Variation Period Change to N70 (%)
a) CLOUD measurements and parameterization

Nucleation rate ±Factor 2.5 Mar-Jun +2.0/−2.1
RH dependence of J (Sect. 9) Parameterize Annual +6.0
RH dep. of binary J (Sect. 9) Parameterize Annual +0.7

Effect of T on org. J (Sect. 20) Introduce from MBTCA Annual −0.4
Inorg. J parameterization Remove binary neutral Mar-Jun −0.1

Organic J param. Use EUCAARI Annual +2.6
H2SO4 +100%/−50% (in inorg. J) Mar-Jun +3.2/−2.9
H2SO4 +100%/−50% (in org. J) Mar-Jun +4.1/−3.7
H2SO4 Temperature effects: factor 2 Mar-Jun −0.2
NH3 CLOUD lower/upper limits Mar-Jun −0.8/+0.4

b) GLOMAP model uncertainties
Terpene emissions +100%/−50% Mar-Jun +8.9/−6.9

1.7− 3 nm growth rates +50%/−50% Mar-Jun +0.5/−0.5
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Table S7: Summary of fractions of nucleation via the five pathways that we can resolve most
accurately (binary neutral, binary ion-induced, ternary inorganic neutral, ternary inorganic ion-
induced and ternary organic) in different sensitivity tests. The ‘realistic T-depend’ row refers to
the results when the organic nucleation rates are multiplied by exp(−(T − 278)/10), which we
consider to represent the most likely temperature dependence for the organic nucleation rate.
The ‘RH. dep. bin.’ row refers to the results when the smooth function parametrising the RH
dependence of the nucleation rate (Sect. 9) is applied to binary nucleation only. The first five
rows above the horizontal line are based on annually averaged results, the second are estimates
derived from runs performed for March-June only (to save CPU) and scaled to represent the
annual average. All results are for averages over the troposphere within 15 km of the surface.

Bin. neut. Bin. IIN Tern. neut. Tern. IIN Organic
Baseline run 0.026 0.116 0.538 0.113 0.207

Baseline January 0.056 0.087 0.551 0.159 0.147
Baseline July 0.022 0.103 0.567 0.074 0.234

MBTCA T-depend. 0.010 0.044 0.219 0.042 0.686
Realistic T-depend. 0.017 0.080 0.386 0.083 0.433

RH depend. 0.019 0.087 0.435 0.090 0.369
RH. dep. bin. 0.033 0.163 0.505 0.105 0.193

EUCAARI organic nuc. 0.028 0.126 0.557 0.126 0.163
Baseline Mar-Jun 0.018 0.097 0.529 0.096 0.260

16-parameter version 0.012 0.146 0.279 0.375 0.189
Low H2SO4 inorg. 0.0044 0.038 0.329 0.056 0.573
High H2SO4 inorg. 0.0491 0.192 0.538 0.118 0.102
Low H2SO4 org. 0.0204 0.116 0.606 0.123 0.135

High H2SO4 inorg. 0.0131 0.072 0.397 0.068 0.450
Low NH3 param. 0.0202 0.092 0.533 0.118 0.236
High NH3 param. 0.0286 0.058 0.489 0.113 0.311
No binary neutral 0.0000 0.090 0.455 0.161 0.293

High terpene emissions 0.0161 0.092 0.491 0.088 0.314
Low terpene emissions 0.0184 0.103 0.551 0.109 0.220

High 1− 3 nm growth rates 0.0171 0.095 0.511 0.096 0.280
Low 1− 3 nm growth rates 0.0175 0.098 0.524 0.099 0.262
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Additional Data Table S1 (separate file): A table in comma-separated-value format containing
the nucleation rates we use in our parameterization of inorganic nucleation is provided. It
contains nucleation rate (in cm−3s−1), and the corresponding values of temperature, in Kelvin,
sulfuric acid concentration in units of 106 cm−3, ammonia concentration in parts per trillion,
ionization rate (cm−3s−1), and relative humidity (in %).
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