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Abstract

The magnitude of aerosol radiative forcing caused by anthropogenic
emissions depends on the baseline state of the atmosphere under pris-
tine preindustrial conditions. Measurements in the CERN CLOUD
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chamber show that particle formation in atmospheric conditions can
occur solely from biogenic vapours. Here we evaluate the potential
effect of this new source of particles on pre-industrial cloud conden-
sation nucleus (CCN) concentrations and on aerosol-cloud radiative
forcing over the industrial period. Model simulations show that the
pure biogenic particle formation mechanism has a much larger relative
effect on CCN concentrations in the pre-industrial atmosphere than
in the present atmosphere because of the lower aerosol concentrations.
Consequently, pre-industrial cloud albedo is increased more than un-
der present-day conditions, so the cooling forcing of anthropogenic
aerosols is reduced. The new mechanism increases CCN concentra-
tions by 20-100% over a large fraction of the pre-industrial lower at-
mosphere and the magnitude of annual global mean radiative forcing
caused by changes of cloud albedo since 1750 is reduced by 0.22 Wm ™2
(27%) to —0.60 Wm~—2. Model uncertainties, relatively slow formation
rates and limited available ambient measurements make it difficult to
establish the significance of a mechanism that has its dominant effect
under pre-industrial conditions. Our simulations predict more particle
formation in the Amazon than is observed. On the other hand, the
first observation of pure organic nucleation has now been reported for
the free troposphere. Given the potentially significant effect on an-
thropogenic forcing, effort should be made to better understand such
naturally-driven aerosol processes.

1 Significance Text

A new mechanism for the formation of atmospheric aerosols via the gas-to-
particle conversion of highly oxidised organic molecules is found to be the
dominant aerosol formation process in the pre-industrial boundary layer over
land. The inclusion of this process in a global aerosol model raises baseline
pre-industrial aerosol concentrations, and could lead to a reduction of 27%
in estimates of anthropogenic aerosol radiative forcing.

2 Article

Measurements in the CERN CLOUD chamber under atmospheric conditions
show that new particles can form purely from the oxidation products of a-
pinene, a compound emitted by the biosphere [1]. Nucleation of new aerosol
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particles via gas-to-particle conversion has been studied for fifty years [2] and
is responsible for around half of global cloud condensation nuclei (CCN) [3],
which affect Earth’s radiation balance via aerosol-cloud interactions. The
involvement of oxidised organic molecules in the process, alongside sulphuric
acid, was proposed in early studies, and has been well-established for some
time [4, 5]. The new mechanism for organic particle formation without sul-
phuric acid presented in Ref. [1] could be important for Earth’s climate be-
cause it provides a way to form particles in the pristine pre-industrial atmo-
sphere, when the concentrations of sulphuric acid and ammonia were much
lower. The pre-industrial environment forms the baseline for calculations in
global models of the radiative forcing caused by anthropogenic emissions [6],
and uncertainties in this baseline are the largest component of the overall
uncertainty on aerosol radiative forcing [7]. This is because an incremental
increase in particle concentrations when they are low has a much stronger
radiative effect than when they are high. Previous model uncertainty anal-
yses suggested that the sensitivity of radiative forcing to particle formation
rates is low compared to many other factors [7]. However, these studies var-
ied the nucleation rate assuming that sulphuric acid is required for particle
production. Here we show that the inclusion of a new nucleation mechanism
that does not require sulphuric acid could have a more significant effect on
radiative forcing than previously thought [8, 7].

Our modelling study is inspired by and based on measurements in which
a-pinene, a volatile organic compound (VOC) emitted into the atmosphere
by vegetation, was oxidised by ozone and hydroxyl radicals in the CLOUD
chamber under ultra-clean conditions without sulphuric acid [1]. The mass
spectra of the highly oxidised multifunctional organic molecules (HOMs) pro-
duced from the VOCs closely resemble those observed in the atmosphere [9].
Therefore, while the concentrations of some reactive gases in the chamber
do not perfectly match those in the troposphere, we have confidence in our
assumption that the chamber results can be generalised to the atmosphere.
Particle counters show that typical atmospheric concentrations of the HOMs
produce particles at significant rates, even when sulphuric acid is absent from
nucleating clusters. We describe this process as pure biogenic nucleation.

In this paper, we examine the implications of pure biogenic nucleation
for atmospheric aerosol and Earth’s radiation balance using the GLOMAP
global model of aerosol microphysics [10]. A parametrisation of the pure
biogenic nucleation rate that depends on the HOM concentration and the
concentration of ions is provided in supplementary materials of Ref. [1]. We

3
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assume for this study that this can be added linearly to parametrisations
of the nucleation rate involving sulphuric acid only [11] and sulphuric acid
with organics similar to HOMs [5]. Ref. [1] also provided the yields of HOMs
from the oxidation of a-pinene by ozone (2.9%) and by the hydroxyl radical
(1.2%). The yield of HOM from endocyclic monoterpenes such as a-pinene is
higher than that from exocylic monoterpenes, so we separate these classes in
our model and use the yields from S-pinene in Ref. [12] to produce HOM from
exocylic monoterpenes. The rate of formation of 1.7 nm diameter aerosols by
gas-to-particle conversion is therefore described by the sum of the following
parametrisations:

1. Binary homogeneous nucleation of sulphuric acid and water [11].
2. Nucleation of organics with sulphuric acid [5], also used in Ref. [13]:
Jsa—org = Ksa—org [H2S0,4)?[BioOxOrg] (1)

where BioOxOrg refers to the oxidation products of monoterpenes with
OH and kgy—org = 3.27 X 107 cm®~! (see Methods).

3. Pure biogenic nucleation, a sum of neutral (J,,) and ion-induced (J;;,)
components [1]:

Jorg = Jn + Jun (2>
Jn = [HOM] a2+a5/[HOM} (3)
Jin = 2[nilas [HOM]M-’-%/[HOM} )

where HOMs are produced as described above but given here for con-
venience in units of 107 molecules per cubic centimetre, n. is the ion
concentration and a are free parameters. Ions in the model are pro-
duced from radon and galactic cosmic rays (see SI Appendix).

Ammonia and amines can also contribute to nucleation by stabilising sul-
phuric acid clusters, but the binary homogeneous mechanism has been shown
to be a reasonable representation of free tropospheric nucleation [14], and nu-
cleation at low altitudes involving amines or ammonia is important only in
polluted regions where the changes in radiative forcing calculated here are
very insensitive to nucleation rates.

In our model, aerosols formed in this way, and those emitted directly from
Earth’s surface, grow by condensation and coagulation, are transported in

4
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Figure 1: Nucleation rates at 3nm diameter (J5, cm™s™!) within approxi-
mately 500m of the surface averaged over June without pure biogenic nu-
cleation in (A) pre-industrial and (B) present-day conditions, and with pure
biogenic nucleation in (C) pre-industrial and (D) present-day conditions.

the atmosphere, and are ultimately removed by dry or wet deposition. We
consider the radiative forcing between 1750 and 2008 via the effect of these
aerosols on cloud albedo, which is evaluated at the top of the atmosphere
(0.03 Pa atmospheric pressure). To determine the effects of pure biogenic nu-
cleation, particle formation rates, aerosol concentrations and radiative forcing
from model runs with and without mechanism 3 are compared.

3 Biogenic nucleation rates and observational
evidence

Fig. 1 shows the effect of pure biogenic nucleation on the pre-industrial and
present-day atmospheres. When sulphuric acid is required for nucleation
to proceed, substantially less nucleation is expected for pre-industrial times
(Fig. 1A) compared with the present (Fig. 1B). However, when pure bio-
genic nucleation is included, the nucleation rates in pre-industrial (C) and
present-day times (D) become more similar. While pure biogenic nucleation
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Figure 2: Percentage of particles produced via pure biogenic (PB) nucleation
within approximately 500 m of the surface, averaged over June in (A) pre-
industrial and (B) present-day conditions. We note that our model predicts
large changes to particle formation at the surface and very little change above
the boundary layer.

is much less important today (compare the change from B to D with that
from A to C), it is still expected to be significant in some continental regions
remote from pollution, for example boreal regions, Australia and, according
to our simulations (discussed later), the Amazon. Within around 500 m of
the surface pure biogenic nucleation increases total production of particles of
at least 3nm in diameter via nucleation by 2.1% globally in the present-day
atmosphere, but by 90% in pre-industrial conditions.

Fig. 2 shows that pure biogenic nucleation is predicted to be the domi-
nant mechanism for particle formation over large parts of the land surface
above 50°N in summer even in the present-day. However, both pure biogenic
and sulphuric acid particle formation rates are often insufficient to produce
detectable nucleation events (see SI Appendix, Fig. S4). Pure biogenic nucle-
ation has more effect in June than in January because terpene emissions are
higher in June. The diurnal cycles of nucleation rates at Hyytiala and Pal-
las in Finland, shown in SI Appendix Fig. S4, indicate that nucleation rates
in these areas are occasionally higher than around 0.1 cm™3s~!. Experience
from these boreal forest sites [15] suggests that nucleation rates above this
value will result in detectable nucleation events. This is confirmed by the
modelled size distributions shown in SI Appendix Fig. S6. As is observed,
simulated nucleation rates are substantially higher during the day than at
night.

To our knowledge, Hyytiala and Jungfraujoch are the only locations with
published measurements from the APi-TOF and CI-APi-TOF mass spec-
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trometers needed to unambiguously detect pure biogenic nucleation [15]. There
is strong evidence in Ref. [16] that pure organic nucleation proceeds alongside
sulphuric acid-driven nucleation at Jungfraujoch. For example, their Fig. 2
shows that, on the Nucleation Day 3, most organic clusters of masses of up
to 400 amu contain no sulphuric acid, there is no inorganic nucleation, and
the nucleation rate exceeds 10 cm3s~! when sulphuric acid concentrations
are less than 5 x 10°cm 3.

There are no measurements of pure biogenic nucleation so far from Hyytiala
since almost all the nucleation rates measured in Ref. [15] are at [HyoSO4] >
1 x 105cm™2. Observations at Hyytiild were, however, used alongside those
from Melpitz and Hohenpeissenberg to derive parameterizations of particle
formation rates in Ref. [17]. The authors found that nucleation could be
described well by

J2 = ]{71 [HQSO4]2 + ]{72 [HQSO4] [Ol"g] + ]Cg [org]2, (5)

for constant k;_3, suggesting that pure biogenic nucleation is a statistically
detectable component of nucleation in these environments.

In addition to the Jungfraujoch observations, there is extensive circum-
stantial evidence for pure biogenic nucleation. The Amazon, where the lowest
SO, concentrations over land are found, is an obvious place to look. While
some nucleation mode particles are seen in pristine regions of the Amazon [18§]
(on 19% of days sampled in the study referenced), no clear nucleation events
or conclusive evidence for biogenic nucleation have yet been published, and
growth of nucleation mode particles to CCN size is rarely observed there.
Our model does not produce Hyytidla-like nucleation events (see SI Ap-
pendix Figs. S5-S7) but it does predict non-zero particle formation rates.
It slightly overestimates CCN concentrations compared to Ref. [19] in the
Amazon even without pure biogenic nucleation, and pure biogenic nucle-
ation further increases the discrepancy, by around a factor two. This may
point to a chemical suppression of HOM yields by isoprene [20] or NO, [21],
but could also be due to other sources of model error, for example, under-
estimation of particle size and therefore condensation sink. Overprediction
of particle concentrations over the Amazon seems to be a common feature
among models [22]. Comparing models with observations in this region is
challenging due to large uncertainties in emissions of biogenic VOCs and a
complex wet scavenging environment.

Pure biogenic nucleation is also predicted to be the dominant source of
secondary particles in the cleanest high latitude boreal regions. Low SO,

7
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concentrations, often below 100 ppt, and nocturnal nucleation were reported
in a study at Varrio, Finland (67°N) at similar temperatures to the CLOUD
chamber [23]. Similar observations of nocturnal nucleation were made at
Abisko, Sweden [24] and Tumbarumba, Australia [25], although SO, concen-
trations were not reported. At Pallas, Finland, H,SO, concentrations are
reported below 3 x 10°%cm™ in a large number of new particle formation
events [26]. The air masses in Pallas are usually of marine origin, which
leads to low condensation sinks favourable to nucleation, but may also allow
halogens of marine origin to locally influence nucleation. Three instances of
new particle formation with [HySO4] < 3 x 10° cm™ shown in Ref. [26] Fig.
6 are unambiguously continental. This should also allow the contribution
of halogens to be excluded, making it highly likely the nucleation was pure
biogenic.

With only sparse or indirect observational evidence for pure biogenic nu-
cleation, an alternative strategy is to compare modelled particle concentra-
tions against observations. However, this is also inconclusive because there
are many compensating causes of model error [7], making attribution of bi-
ases ambiguous. Substantial changes in total particle number concentration
are caused by pure biogenic nucleation (SI Appendix Fig. S2). However,
when we compare the monthly mean model predictions to particle number
concentrations at 37 surface sites [27, 28], and the daily mean concentrations
to those measured during the ARCTAS aircraft campaign [29] in 2008 (ST Ap-
pendix Figs. S8 and S9), we find that the effect of pure biogenic mechanism,
increasing summertime particle concentrations by up to a factor 2, is also
comparable to, or smaller than, existing discrepancies between observations
and the model.

4 Impact on CCN and radiative forcing

Fig. 3 shows the effect of pure biogenic nucleation on present-day and pre-
industrial CCN concentrations, calculated at 0.2% supersaturation. When
pure biogenic nucleation is included, global annual average concentrations of
these particles at cloud base level (approximately 600 m altitude) increase by
4% in the present-day and 12% in the pre-industrial atmospheres. Although
nucleation rates are affected mostly close to sources of biogenic gases, CCN
are affected over much wider areas due to the slower removal rate of larger
aerosol particles. This spread is important because it carries the particles to
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cloudy marine regions where most of the anthropogenic aerosol-cloud radia-
tive forcing occurs [30]. The change in CCN production across the pristine
pre-industrial atmosphere is particularly important for global climate be-
cause cloud droplet concentrations and albedo are both more sensitive to
CCN changes in pristine environments.

The change in aerosol radiative forcing from 1750 to 2008 attributable
to pure biogenic nucleation was calculated by comparing simulations with
and without pure biogenic nucleation. We only consider changes in the cloud
albedo effect. The aerosol direct forcing is unlikely to be substantially in-
fluenced by the new nucleation mechanism as it is not strongly affected by
the aerosol size distribution [31]. The change in radiative forcing when pure
biogenic nucleation is included is presented in Fig. 4. We estimate that the
global annual mean cloud albedo forcing since 1750, after including pure bio-
genic nucleation, is —0.60 Wm~2. The change in calculated aerosol radiative
forcing due to pure biogenic nucleation is +0.22 Wm~2, corresponding to a
27% reduction in the negative forcing. This change is a result of the non-
linear dependence of the forcing on the baseline CCN concentration [7]. We
note that our simulations may underestimate the net effect since they do not
account for possible increases in cloud fraction and thickness, which, in pris-
tine regions (CCN below 100 cm™~3), may be highly sensitive to small changes
of CCN [32]. We also do not account for the possibility of pure biogenic nu-
cleation involving sesquiterpenes. However, we also emphasise that including
pure biogenic nucleation in our model leads to an over-prediction of CCN in
the Amazon region, which may indicate that it is chemically suppressed. In-
hibition of nucleation, if it happens, may be local to the tropical rainforest
environment or more widespread. If we artifically set pure biogenic nucle-
ation rates to zero within 10° latitude of the Equator, the effect on aerosol
forcing when pure biogenic nucleation is included changes only slightly, to
+0.20 Wm—2.

The largest changes in radiative forcing occur over the NH, especially over
oceans with high annual cloud cover (Fig. 4b) where CCN concentrations are
most strongly perturbed by anthropogenic emissions. The NH is also where
pure biogenic nucleation causes the largest reduction in contrast between
pre-industrial and present day CCN concentrations driven by the large con-
tinental source of biogenic gases. However, the relative change in forcing in
the SH is greater than the NH: pure biogenic nucleation reduces the annual
southern hemispheric mean from —0.25 Wm™2 to —0.14 Wm~?2 (compared to
a change in the NH of —1.39 Wm™2 to —1.06 Wm™2). In some tropical and

9
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southern regions, there are higher CCN in pre-industrial times than today,
and a positive radiative forcing. In these regions and nearby, pre-industrial
OH- and HOMs were higher than today and particle condensation sinks were
lower, while SO levels (largely marine) were comparable.

We consider the principal uncertainties in our analysis to be associated
with a) VOC, SO, and primary particle emissions as in Ref. [7], b) how
representative a-pinene and the pinanediol used in Ref. [5] are of VOCs in
the atmosphere, c) yields of HOM from a-pinene oxidation in the presence of
other vapours such as NO,, and d) temperature dependence of the nucleation
rates.

To investigate the effect of a plausible temperature dependence we re-
ran the model multiplying all boundary-layer nucleation rates by exp(— (7 —
278)/10). The charged nucleation rate remained limited by the ion produc-
tion rate and the overall rate by the kinetic limit. We find annually averaged
changes to cloud albedo radiative forcing over the industrial period from pure
biogenic nucleation are reduced to +0.14 Wm™2 from +0.22 Wm™2.

The yields of HOM have an experimental uncertainty around a factor
two (and were reported to be about a factor two higher in an earlier cham-
ber study [33]). These uncertainties are comparable to uncertainties in the
VOC emissions themselves [34]. The yields could be affected by nitrogen ox-
ides [21], and were found to differ substantially between monoterpenes [12].
To test the sensitivity to the uncertainty in yields, which is a proxy for the
overall intrinsic uncertainty on the experimental measurements, we repeated
our analysis with the yield of the HOMs that participate in pure biogenic
nucleation perturbed by a factor 3. This gives an uncertainty range for the
increase in CCN due to the pure biogenic mechanism of 4—19% in the pre-
industrial and 1—6% in the present-day, as shown in Table S2. The lower
limit still leads to a significant change to cloud albedo forcing of 0.10 Wm 2
when the corresponding parametrisation is added to the model.

We have also investigated the sensitivity of our radiative forcing estimate
to other sources of uncertainty. We perturb the pre-industrial volcanic SO,
emissions and find this does not strongly affect our reported CCN changes.
When we perturb the biomass burning and sea spray emissions (see SI Ap-
pendix for details) we find larger changes both to CCN and forcing, especially
when emissions are reduced. The model becomes slightly more sensitive to
pure biogenic nucleation when different baseline nucleation mechanism from
Ref. [17] instead of Ref. [5] is used. The percentage changes to CCN from
including pure biogenic nucleation under these scenarios are given in SI Ap-

10
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Figure 3: Concentrations of cloud condensation nuclei calculated at 0.2%
supersaturation, in cm™, annually averaged at cloud base level in (A) pre-
industrial and (B) present-day conditions, and (C, D) percentage changes to
these concentrations when pure biogenic nucleation is introduced. In this
Figure we assume HOM formation and pure biogenic nucleation proceed at
the rates measured at the CLOUD chamber.

pendix Table S2; and the changes to forcing in Table S3.

5 Discussion and conclusions

Our global aerosol simulations indicate that pure biogenic nucleation [1] dom-
inates particle formation in the pre-industrial boundary layer, producing 59%
of new particles below approximately 500 m altitude and 36% below around
1.5km. For the organic system, laboratory measurements are currently the
only route to a comprehensive understanding of the processes leading to
particle formation. This is particularly the case for a mechanism that is
difficult to decouple from sulphuric acid-driven nucleation pathways in the
polluted present-day atmosphere. This mechanistic understanding is required
to perform accurate extrapolations from present-day conditions back to the
pre-industrial. Improving such extrapolations is of critical importance as un-
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certainties in pre-industrial aerosol are a large component of the uncertainty
in IPCC estimates of radiative forcing. While nucleation in tropical environ-
ments is relatively unimportant for global mean cloud albedo radiative forc-
ing in our model, discrepancies between modelled and observed nucleation
in these regions suggest further investigation of Amazon aerosol chemistry
could significantly improve our understanding of pristine aerosol processes.

Based on the nucleation rates reported by CLOUD [1], we show here
that pure biogenic nucleation may reduce the magnitude of pre-industrial
to present-day aerosol cloud albedo forcing by as much as 0.22 Wm™2, or
27%. This change in forcing is greater than the combined one standard
deviation uncertainty of twenty-eight parameters related to emissions and
aerosol processes in this model [7], which is 19%. Other forcing mechanisms
or uncertainties in the results quoted here could still lead to stronger effects.
Although the calculated change in forcing is comparable to the model para-
metric uncertainty, it shifts the entire probability distribution of forcing,
and therefore represents a significant downward revision in the likelihood
of high negative aerosol-cloud forcings in this model. Similar revisions are
likely to occur in other models [35] due to the same chain of processes: 1)
proportionally greater increases in aerosol concentrations in the cleaner pre-
industrial atmosphere than in the present day; 2) high sensitivity of cloud
albedo and adjustments on the pre-industrial aerosol concentrations; 3) re-
duction in the magnitude of anthropogenic aerosol radiative forcing by raising
the pre-industrial baseline aerosol concentration. To remain consistent with
the observed temperature rise over the industrial period, reduced aerosol
forcing implies reduced climate sensitivity [30, 36].

6 Materials

The modal version of the global aerosol model GLOMAP [10] is used to de-
termine the impact of the biogenic nucleation mechanism reported in Ref.
[1]. The model resolution is 2.8° x 2.8° horizontally, and there are 31 vertical
levels from ground level to 10 hPa. GLOMAP is embedded within a chemical
transport model, TOMCAT [37], and simulates the formation or emission,
growth, coagulation, advection, cloud processing and deposition of aerosol in
seven log-normal size modes. Four modes (nucleation, Aitken, accumulation
and coarse) are hydrophyllic, and there are also hydrophobic Aitken, accu-
mulation and coarse modes. The composition of each mode is determined

13
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by the relative fractions of the sulfate, sea-salt, black carbon, and organic
carbon compounds. Dust is not included, as it was not found to contribute
significantly to CCN [38]. Meteorology is forced by fields from the Euro-
pean Centre for Medium-range Weather Forecasting. Total monoterpene
emissions are taken from Ref. [34] and the ratio of endocyclic to exocyclic
monoterpenes was calculated from a run of the MEGAN model with the set-
tings prescribed to follow Ref. [39]. Ref. [40] suggests that terpene emissions
are (within uncertainties) unchanged through the industrial period.

While sulphuric acid, ammonia, amines, halogens and HOMs can all par-
ticipate directly in nucleation, here we consider only sulphuric acid and
HOMs. The HOMs are formed via the oxidation of monoterpenes (MT)
by ozone (O3) and hydroxyl radicals (OH-). The concentrations of these ox-
idants are read in every six hours from a dedicated TOMCAT simulation.
Instead of modelling the full reaction mechanism, we represent the HOM
concentrations by

[HOM] = (Yap.0skap.0s[AP][O3] + Ygp.osksp.0s [BP][O3]+
Yap.on-kap.on [AP][OH:| 4+ Ygp on.kpp.on. [BP|[OH:]) /CS

where Yap.o, = 2.9% and Yapon. = 1.2% are the yields of HOM from a-
pinene (AP) oxidation with ozone and hydroxyl radicals in the CLOUD cham-
ber, described below, Ygp.o, = 0.12% and Ygp.on. = 0.58% are taken from
Ref. [12] and CS is the condensation sink (s7!), determined assuming the dif-
fusion characteristics of a typical a-pinene oxidation product (see Appendix
A1 of Ref. [10]). The temperature-dependent reaction rate constants k for
oxidation of v and S-pinene by ozone and hydroxyl radicals are taken from
TUPAC [41].

The ozonolysis yield is determined with chemical ionisation time-of-flight
mass spectrometers in the presence of a hydroxyl scavenger (0.1% Ha), repli-
cating the effect of atmospheric OH- sinks such as methane and carbon
monoxide. The HOM yield from reaction with hydroxyl radicals is deter-
mined from measurements in the absence of ozone, and where photolysed
HONO provides the OH- source.

BioOxOrg in nucleation mechanism 2 and HOM in mechanism 3 play
equivalent roles but the former refers to the parametrised oxidation products
derived from pinanediol, a first-generation oxidation product of a-pinene. Its
concentration, as described in Ref. [5], is
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where CS is the condensation sink. The BioOxOrg concentration was not
measured directly in a mass spectrometer, but calculated from the pinanediol
concentration assuming a yield of 100%. The nucleation rate in mechanism 2
is measured as a function of this BioOxOrg, so the yield is incorporated into
the rate constant for nucleation. In Ref. [5] monoterpenes are assumed to
be equivalent to a-pinene, and so we assume only endocyclic monoterpenes
participate in this nucleation mechanism.

Particles are formed according to the mechanisms described in the main
text at a critical diameter usually around 1.7nm. Ion concentrations are
determined by balancing production from radon and galactic cosmic rays
with losses to pre-existing particles and to ion-ion recombination (see SI
Appendix). The formation rates are then adjusted to account for losses
during the initial growth with the Kerminen-Kulmala equation [42] using
growth rates taken from the parametrisation of Ref. [43].

Particles subsequently grow by kinetic condensation of organic molecules
produced from oxidation of terpenes or isoprene by nitrate or hydroxyl rad-
icals, or ozone, with a 13% assumed yield for terpenes [10] and a 3% yield
for isoprene [44]. They also coagulate, and hence the overall particle number
is determined by solving the coagulation-nucleation equation [10]. Finally,
particles may be lost by dry or wet deposition.

Present-day simulations are run for 2008 and pre-industrial simulations
are run with 2008 meteorology and 1750 emissions. For the 1750 simulation,
anthropogenic sources of SO, and HySO4 were removed from the model,
OH, NOj3 and ozone concentrations were adjusted to pre-industrial levels
determined from a dedicated TOMCAT simulation, and black and organic
carbon primary emissions were adjusted to a representation of pre-industrial
levels.

Cloud condensation nuclei (CCN) and cloud droplet number concentra-
tions (CDNC) are calculated for each simulation from the particle size dis-
tributions using the parametrisation of Ref. [45], assuming for the CDNCs
constant updraft velocities of 0.15ms™! over sea and 0.30ms™! over land.
The hygroscopicity parameters assigned to each chemical component follow
Ref. [44]: sulphate (0.61, assuming ammonium sulphate), sea salt (1.28),
black carbon (0.0), and organics (0.1). The change in cloud droplet effective
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radii corresponding to the CDNC change is calculated in accordance with
Ref. [31], while the cloud albedo is estimated using the radiative transfer
model of Ref. [46].
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8 Supplementary: Ion concentrations in the
GLOMAP aerosol model

We consider two sources of ions in the atmosphere: radon and galactic cosmic
rays. Radon is dominant at the land surface, where most biogenic nucleation
is likely to happen. Ion production rates from radon are read in from look-
up tables [1]. Above the surface and over the ocean, cosmic ray ionisation is
more important. The ionization rates from cosmic rays are calculated from
lookup tables [2] which are provided for several solar cycles, so the effect
of the Sun’s magnetic field can be incorporated via the heliospheric modu-
lation potential. The technique of Fraser-Smith [3] is used to calculate the
geomagnetic cut-off rigidity from the International Geomagnetic Reference
Field coefficients. These are available with five-yearly time resolution so are
interpolated within the five-year periods, then the atmospheric depth (which
determines the interaction probability of a cosmic ray) and the heliospheric
modulation potential are spatially interpolated across the model grid-boxes.

The small-ion concentration of either sign, [ny] = [ny] = [n_], is calcu-
lated from the steady state solution of the ion balance equation [4]

d[ni]/dt = ¢ — a[n]® — kin.] (6)

where ¢ is the ion pair production rate from GCRs and « is the ion-ion recom-
bination coefficient (cm3s™'). The factor 2 in Eq.4 accounts for nucleation
from both positive and negative ions. The ion loss rate, k;, is due to the con-
densation sink, C'S, and ion-induced nucleation, so that k; = C'S+ Jy, /2 [n+]
where J;;,/2 [n4] is given by Eq. 4 and the steady state concentration of small
ions is [ny] = [(k? +4aq)* — k;] /2. From Eq. 6, J;;, saturates at 2¢ at high
nucleation rates (see Ref. [5] Fig. 2).

9 Supplementary: Simulating the pre-industrial

atmosphere

The concentrations of key precursor gases for particle formation are compared
between present-day and pre-industrial in Fig. S1. The percentage changes
between pre-industrial and present-day are compared in Table S1 for sum-
mer and winter in the two hemispheres. The sulphuric acid concentration
is substantially higher in the present day atmosphere due to much higher
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emissions, while the organic concentrations are higher in the pre-industrial
atmosphere due to lower sinks.
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Figure S1: Concentrations of key gases: ozone, hydroxyl radicals, sulphuric
acid and HOMs in pre-industrial (top row) and present-day atmospheres
(bottom row) at cloud base level, annually averaged.

10 Supplementary: modelled changes in par-
ticle concentrations and further discussion
of particle numbers in the Amazon region

In Fig. S2 we present the seasonal cycle in surface 3nm particle concentra-
tions with and without pure biogenic nucleation, and the change when pure
biogenic nucleation is included. This figure shows that the strongest effects
are in the present-day in summertime in boreal regions, Australia, southern
Africa and the Amazon region. Fig. S3 shows the effect of pure biogenic
nucleation on cloud-level CCN concentrations in months chosen to reflect
the Amazon wet and dry seasons (February and August). In Sect. 12, we
further show that the present-day concentrations are in good agreement with
observations at a diverse range of surface sites.

As discussed in the main text, on average our model predicts greater
numbers of particles in the Amazon than observations suggest. According
to the review by Martin et al [6], the mean number concentration in the
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Table S1: Relative changes between present-day and pre-industrial atmo-
sphere at cloud level, averaged over the month for January and July, and
averaged over the entire year in the “Annual” column. The value quoted
is the percentage increase in the mean in the present-day compared to the
pre-industrial atmosphere. Pure biogenic nucleation is included.

Quantity Change w.r.t. pre-industrial (%)
Jan. NH | Jul. NH | Jan. SH | Jul. SH | Annual
O3 76.9 70.2 32.5 37.9 59.1
OH 41.7 21.3 -0.9 -0.1 14.6
H>S0, 361.4 84.4 0.8 42.3 79.3
HOM -69.4 -36.1 -21.6 -26.4 -39.8
total J 1255.0 445.3 23.0 341.5 491.6
Jr 1264.5 164.3 24.5 343.2 484.0
Jorg -90.3 -47.5 -33.6 -65.3 -57.8
N3 136.4 36.8 3.0 10.6 42.9
Nro 117.0 36.9 6.0 7.5 41.8
CCN 1% 122.2 42.2 4.6 7.3 44 .4
CCN 0.2% 99.3 72.0 7.5 9.5 54.2

Aitken mode is 239 cm™® and that in the accumulation mode is 177 cm ™3,
so the total concentration of particles of at least 70nm in diameter (N70, a
reasonable proxy for CCN, usually equivalent to a supersaturation between
0.4% and 1%) is ~ 300cm™ in the wet season. Our model predicts N70 of
~ 500 — 800 cm ™ in the wet season (higher near Manaus, lower near the
coast, see Fig. S3) so it is still high, but within a factor 2 or 3, which may
be larger than the measurement uncertainty but is certainly within our best
estimate of the model parametric uncertainty [7]. In February in Manaus, we
predict CCN concentrations at 0.2% supersaturation to be 127 cm =2 with-
out pure biogenic nucleation, and pure biogenic nucleation increases this to
299 cm 3. Observations in the wet season in the pristine forest near Man-
aus are considerably lower, at 30 — 80 cm 3. However, our model averages
over both the pristine forest and the Manaus pollution plume in this area
so would be expected to yield higher concentrations than the pristine ob-
servations. There is the additional challenge that Manaus is so close to the
Equator that it is close to the boundary between the wet season and the
dry season. The observed transition season concentrations of 200 — 300 cm ™3
may be more appropriate, which would agree with our model. In the dry
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season, our model is in reasonably good agreement with observations, with
on average 400 — 800 cm ™ CCN 0.2% (Fig. S3, Ref. [6]).

Overprediction of nucleation rates in the Amazon region suggests that
pure biogenic nucleation may be suppressed there. The implications of the
CLOUD results for the global atmosphere thus depend on whether a mecha-
nism that suppresses pure biogenic nucleation exists, and if it does, whether
or not it has a seasonal dependence, or is localised to regions with similar
characteristics to the Amazon. For example, it could be associated with high
humidity which increases the effective condensation sink [8, 9], high isoprene
concentrations [10], high temperatures, or high levels of peroxy radicals, or
it could be present globally all year round.

We note that overprediction of CCN (even without pure biogenic nucle-
ation) is a feature of many global aerosol models. The Aerocom assessment
of 15 global aerosol models [12] shows annual mean N100 concentrations in
the Amazon of over 500 cm 3 and N30 concentrations of closer to 1000 cm 3.
This suggests that there are general model weaknesses in the Amazon which
makes it difficult to say anything with confidence about the effects an addi-
tional aerosol source would have on this region.

In Ref. [6], it is observed that particles in the nucleation and Aitken modes
in the wet season rarely grow to larger sizes (although it is certainly the case
that some condensational growth does occur). This is a priori surprising
since the terpene and condensable organic concentrations are very high in this
area. The most likely explanation must be very high losses: high precipitation
frequency in the wet season and high condensation sink in the dry season,
or very strong vertical mixing that prevents particle growth being observed
adequately from a single surface location. Any losses are also likely to be
inhomogenously distributed, and therefore their non-linear effects could be
easily underestimated in a low-resolution model like ours.
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Pre-industrial Jan. Pre-industrial June Present-day Jan. Present-day June

Figure S2: Monthly average surface level concentrations of particles larger
than 3nm in diameter, along each row pre-industrial January, pre-industrial
June, present-day January and present-day June. Top: without pure biogenic
nucleation. Middle: with pure biogenic nucleation. Bottom: percentage
changes when pure biogenic nucleation is added.
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Pre-industrial Present-day Pre-industrial Present-day

Figure S3: Concentrations of cloud condensation nuclei calculated at 0.2%
supersaturation, in cm™?, in February (left four panels) and August (right
four panels). On either side of the line, average CCN concentrations at cloud
base level over the month in (A) pre-industrial and (B) present-day conditions
are shown, and, below these in subfigures (C, D), the percentage changes to
these concentrations when pure biogenic nucleation is introduced.
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11 Supplementary: diurnal cycles of particle
formation rates

In Fig. S4, we show model predictions of the diurnal cycle of particle for-
mation in July at Pallas and at the most studied field site, Hyytiala, also in
Finland. We predict that pure biogenic nucleation contributes significantly
to the nucleation rate at both sites in July. One would expect APi-TOF data
at Hyytiald in July to show clusters of HOMs both with and without sul-
phuric acid. However, identifying the absence of sulphuric acid from clusters
large enough to be equivalent to nucleated particles in mass spectra from
field measurements at Hyytidla has not been possible [13]. Furthermore, nu-
cleation measurements at Hyytiala are usually made in spring, when pure
biogenic nucleation is predicted to make a much smaller contribution (see
also Fig. S8, below). At Pallas, on the other hand, nucleation events will be
rarer and signals are likely to be smaller, but the background particle con-
centrations responsible for the condensation sink are lower. Therefore, the
peaks in nucleation at 200 and 520 hours into the month in Fig. S4 might
well lead to observable ‘banana’-type events, and our model suggests that
all nucleation at this site should be dominated by pure biogenic processes.
We note that while the pure biogenic nucleation mechanism can in principle
operate both day and night, the model does not predict any nucleation at
night, principally because terpene emissions are higher during daytime.

We also show the diurnal cycle in February (wet season) and August (dry
season) at the most studied observation site in the Amazon, Manacapuru,
in Fig.S5. Manacapuru is in the same model gridbox as the Amazon Tall
Tower Observatory and as Manaus. At the surface level, approximately 0 to
30m above ground level, we predict quite a substantial amount of nucleation,
but rarely, perhaps never, enough to produce observable banana-type events,
especially in the dry season.

Further, we show the evolution of the size distributions at the surface
level at Hyytiala and Pallas in August in Fig. S6, and in Manacapuru for
February and August in Fig. S7. Clear nucleation events are seen at both
Finnish sites which are similar to the observations detailed in, for example,
Refs. [14] or [15] for Hyytiala and [16] or [17] for Pallas. The size distributions
also show that in the dry season in the Amazon essentially no nucleation is
predicted, while in the wet season very weak additions to the Aitken mode are
predicted. We speculate that these signals would rarely, if ever, be observable
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Figure S4: Modelled diurnal cycles of nucleation rates and particle concentra-
tions at present-day (A) Hyytiéla (61.85°N, 24.28°E) and (B) Pallas (68.00°N,
24.23°E) in the first four weeks of July 2008. July is the month where the
pure biogenic nucleation rate at Hyytiala is strongest. Intervals between
sunset and sunrise are marked in grey. The wind changes direction around
90 hours into the month. Observable nucleation events are likely when the
nucleation rate is above around 0.1cm™3s™!, indicated by the dotted line.
At Pallas, Aitken mode particles are transported from nucleation happening
elsewhere, which explains the daytime peaks in particle number concentra-
tion even when nucleation rates at Pallas are very low.

712 as nucleation events due to the complicated and inhomogenous meteorology.
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Figure S5: Modelled diurnal cycles of nucleation rates at present-day Man-
acapuru (3.30°S, 60.62°W) in (A) the wet season (February) and (B) the dry
season (August), in 2008. The particle number concentration shows small
spikes during nucleation events, often increasing from around 1000 cm=3 to
around 2000 cm ™ due to nucleation. However, in these figures, our spa-
tial model resolution smears out much larger, more local fluctuations in the
particle concentrations (which can easily be a factor 10), and so in reality
such small spikes would be difficult, and probably impossible, to discern in
atmospheric observations.
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Figure S6: Modelled diurnal cycles of particle size distribution dN/dlog D,
at present-day (A) Hyytiala and (B) Pallas, in the first twelve days of August
(UTC time). The vertical lines mark midnight Finnish local time (UTC+3).
In this figure dlog D, = 0.02.
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Figure S7: Modelled diurnal cycles of particle size distribution at present-
day Manacapuru in (A) the wet season (the first twelve days of February,
UTC time) and (B) the dry season (the first twelve days of August). Like
the fluctuations in particle number concentration shown in Fig. S5, the small
spikes in the nucleation mode would be difficult to see in observation data.
The vertical lines mark midnight local time (UTC-4). In this figure dlog D, =

0.02.
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12 Supplementary: Model evaluation against
measurements

The model was evaluated by comparing the particle number concentrations
it predicts to those measured at 37 surface sites (Fig. S8). The first thirty-
six are those used in Ref. [18]. We also added previously unpublished data
recorded in 2010, 2011 and 2013 from a condensation particle counter with
a 4nm cut-off diameter at the East Trout Lake Global Atmosphere Watch
station (54.35° N 104.98° W) because our model predicts a significant contri-
bution from pure biogenic nucleation in central Canada. When measurements
from multiple years are available, the data from the months in each year were
averaged. Averaging over all sites and over the whole year, we find including
pure biogenic nucleation leads to a modest improvement in the model bias
from -42% to -41%. In summer the bias changes from -36% to -34% when
pure biogenic nucleation is included and in winter it is unchanged at -53%.
The overall low bias, particularly in winter, is likely to be because we do not
include the effects of ammonia or anthropogenic organic molecules on nu-
cleation in our model. Fig. S8 shows that pure biogenic nucleation strongly
affects particle concentrations only at East Trout Lake, Listvyanka and Point
Barrow.

We also compared the daily mean particle number concentrations from the
model to observations made during the ARCTAS campaign [19] in spring and
summer 2008 (Fig. S9). We interpolate these modelled particle concentra-
tions within model grid boxes to match the locations of one-minute-averaged
condensation particle counter measurements from a NASA P3-B aircraft.
We note that the campaign during summer, when pure biogenic nucleation
has most effect, was designed to investigate the influence of boreal forest
fires. Our low model resolution and averaged fire emissions inventory mean
that close agreement between the model and the measurements is not ex-
pected. However, we attempt the comparison anyway as the measurements
are, unusually, in a particularly relevant region where pure biogenic nucle-
ation is predicted to have a strong effect. Averaged over all altitudes, the
model without pure biogenic nucleation is biased low (—57.9%); including
pure biogenic nucleation leads to a smaller bias of —37.4%. Most of the pure
biogenic contribution is in a band of latitudes from 51 to 62°N, corresponding
to flights starting from Cold Lake between 26 June and 14 July 2008. While
the relatively large underprediction of particle number without pure biogenic
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nucleation suggests a particle formation pathway for pristine regions like ours
may be needed, large local deviations of the model and measurements evi-
dent in Fig. S9 preclude any firm conclusion being drawn. These deviations
could be attributed to the fire emissions or low model resolution discussed
earlier, temperature or chemistry effects on new particle formation that we
did not account for, or uncertainties in the observation data.
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Figure S8: Particle concentrations at selected measurement sites [18, 20], in
black, measured by counters with cut off sizes varying from 3nm to 14 nm,
compared to model predictions. The red curve shows the particle concen-
trations predicted by the baseline nucleation mechanisms, numbered 1-3 in
the main text and including pure biogenic nucleation. The blue dotted curve
shows the particle concentrations predicted without pure biogenic nucleation.
A grey band is drawn between these two curves. The orange dotted curve
shows particle concentrations predict%l by the parametrisation of Paasonen
et al [21], including a component of pure biogenic nucleation proportional to
the square of the organic concentration. The dark green curve shows particles

JFMAMJJASOND JFMAMJ JASOND

from primary emissions only.



755

756

757

758

759

760

761

762

763

764

766

767

768

769

770

771

Observations Model without PB Model with PB
T T T T T T T T T T T T T T T 10000
gl(A) . — 8/(B) 8(C) : 1 6000
1 TN 4000
< 6l < 6l . ik < 6l 2400
£° g : £ 1600
(O] % (O] - (]
S o4l TS 4l : 138 4l 1000
£ i E E 600
= 2 < < 400
2t 2r Dpam 2t
jz: RS P ;'l : ) . r\‘ IRy ;-: 200
ol LY Lt i '*ﬁ:"'ft.—-.i." YT o Akl P 100
30 40 50 60 70 80 30 40 50 60 70 80 30 40 50 60 70 80
Latitude Latitude Latitude

Figure S9: Vertical profiles of particle number concentrations calculated at
S.T.P. (all particles of at least 3nm in diameter), (A) measured during the
ARCTAS campaign [19] in 2008, (B) modelled without pure biogenic nucle-
ation (PB) and (C) modelled including pure biogenic nucleation.

13 Supplementary: further discussion of un-
certainties and summary tables of sensi-
tivity studies

Table S2 gives the changes to CCN concentrations due to pure biogenic
nucleation in different scenarios (e.g. if organic nucleation is temperature-
dependent, or if primary emissions are higher in our simulation than in re-
ality). Following Ref. [7], the high primary emissions scenario corresponds
to a doubling of biomass burning primary particulate emissions, a reduction
in the mode diameter of biomass burning primary emissions from 150 nm to
100 nm, and a factor 2.5 increase in the sea spray flux. The low emissions
scenario corresponds to a halving of biomass burning emissions, an increase
in the mode diameter to 175nm and a reduction in the sea spray flux by
60%. Table S3 gives the corresponding changes to radiative forcing.

In the main text, we discussed various sources of uncertainty, such as
uncertainties in the CLOUD experimental measurements or HOM yields,
in the possible temperature dependence of pure biogenic nucleation, and in
primary emissions. The experiment in which we determine the sensitivity to
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Table S2: Annual average global mean changes to the concentrations of par-
ticles larger than 70 nm in diameter, a proxy for CCN, when pure biogenic
nucleation is introduced. The differences between the contents of the first
row and the subsequent rows give an indication of the sensitivity of the anal-
ysis to different perturbations. The temperature dependence is added for
both the baseline organic and the pure biogenic nucleation mechanisms, so
changes both the control and perturbed simulations.

Variation

Change to

CCN 0.2% (P1) (%)

Change to

CCN 0.2% (PD) (%)

Add pure biogenic nucleation (PBN) 12 4
Add PBN with trebled yield 19 6
Add PBN with one-third yield 4 1
Add T dependence 7 2

Double pre-industrial volcanic SO2 11 -
Halve pre-industrial volcanic SO2 13 -
High primary emissions 7 2

Low primary emissions 14 5)

Use baseline J from Ref. [21] 14 5

Table S3: Annual average global mean radiative forcings (including pure
biogenic nucleation) and absolute changes to forcing when pure biogenic nu-

cleation is introduced.
Variation

Forcing (PD-PI)

Change to forcing with

Wm ™2 pure biogenic nucleation (Wm™2)
Add pure biogenic nucleation (PBN) -0.60 +0.22
Add PBN with trebled yield -0.52 +0.30
Add PBN with one-third yield -0.72 +0.10
Add T dependence -0.64 +0.14
High primary emissions -0.63 +0.17
Low primary emissions -0.54 +0.33
Use baseline J from Ref. [21] -0.63 +0.24
Exclude area close to Equator -0.62 +0.20
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primary emissions also tests our sensitivity to uncertainty in the condensation
sink.

In the particularly interesting Amazon region, this uncertainty will be
strongly influenced by the quantity and mode diameter of biomass burning
emissions [7]. The 150 nm diameter used, following Ref. [22], is already larger
than that of fresh smoke particles (averaged over all vegetation types) of
117nm [23], and in theory condensation of secondary organic vapours in our
model should increase this diameter to the aged diameter of 235 nm in a few
days. However, the aged diameter in reality depends on cloud processing of
organics as well as condensation, and this is not included in our model. To
compensate for this, the larger fresh diameter of 150 nm is used by default in
GLOMAP, but it has a large uncertainty [7]. We increase it to 175 nm in our
sensitivity study with high primary emissions, which is still well within the
uncertainty and the ranges for different phases of typical Amazon burning
found in Ref. [24].

Another possible source of uncertainty in the Amazon region, which we
are not able to quantify directly, is the condensation sink during periods of
high humidity [8, 9] or aerosol-cloud interaction [25]. Clouds in the Amazon
region are likely to be strongly affected by both of these. For the latter,
impaction scavenging in GLOMAP is due to raindrops but the only loss
mechanism to cloud droplets is nucleation scavenging. In a cloud, the coag-
ulation sink should surely dramatically increase. This is not modelled. The
effective condensation sink in a monodisperse cloud with 100 droplets cm™3
of diameter 15.6 um (corresponds to LWC 0.2 gm™?) is 0.16s™*. We investi-
gated this further by including a crude treatment of this effect in our model.
The perturbation to the model results in this test was small, mostly because
clouds rarely cover more than half a model gridbox in areas where pure bio-
genic nucleation is important, and therefore the average effect is smeared out.
With higher model resolution, however, the effect would likely be stronger
due to the nonlinear nature of nucleation and survival probability.
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