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Abstract Organic nucleation has been identified as an important way to form secondary organic
aerosol (SOA) and change the number concentration of aerosol and thus its climate effect. A global
atmospheric chemistry model is developed to include a comprehensive organic nucleation scheme that
includes heteromolecular nucleation of sulfuric acid and organics, neutral pure organic nucleation, and
ion‐induced pure organic nucleation. Our model simulation shows reasonable agreement with the
seasonal as well as spatial pattern of organic carbon concentration in America, while it fails to predict the
seasonal pattern of organic carbon in Europe due to the lack of sharp increases in primary organic aerosol
emissions in the winter. Including organic nucleation decreases the bias of the annual average particle
number concentration at 54% of the available observation sites and increases the temporal correlation
coefficients at 58% of the sites. Ion‐induced pure organic nucleation contributes the most to the total
organic nucleation rate, which peaks around 400 hPa in the tropics. Heteromolecular nucleation of
sulfuric acid and organics dominates the total organic nucleation rate in the summer and mostly occurs in
the lower troposphere. The number concentration of particles formed from organic nucleation (newSOA)
in the nucleation and Aitken modes is highest in the tropics, while accumulation mode newSOA is
highest in the Northern Hemisphere due to growth as a result of the condensation of sulfate. Three
sensitivity experiments suggest that more studies are needed to investigate the formation mechanism of
newSOA, so that a more accurate simulation of the spatial and size distribution of newSOA can
be developed.

1. Introduction

Secondary organic aerosol (SOA) is a dominant constituent of submicrometer atmospheric particles and the
largest component of global organic aerosol (OA; Jimenez et al., 2009). SOA forms from both biogenic and
anthropogenic precursors, comprising a large number of structurally different organic oxygenates (Zhang
et al., 2015). SOA is ubiquitous in various atmospheric environments and on average accounts for 60–90%
of the total OA (Jimenez et al., 2009; Zhang et al., 2007). SOAmakes a considerable contribution to air pollu-
tion as well as to climate both directly by absorbing and scattering radiation and indirectly by altering the
albedo of clouds (Hallquist et al., 2009; Shrivastava et al., 2017; Zhang et al., 2011). Many of these effects
depend on the particle size distribution, which is partly governed by the formation mechanism of new par-
ticles (Zhu et al., 2019).

Nucleation of atmospheric vapors contribute most to the atmospheric aerosol number concentration
(Kulmala et al., 2004) and is thought to be responsible for up to half of the global cloud condensation nuclei
(CCN; Wang & Penner, 2009). Nucleation has a major influence on the microphysical properties of clouds
and the radiative balance of the global climate system (Gordon et al., 2016; Wang & Penner, 2009).
Observations in the planetary boundary layer (PBL) revealed a consistent correlation between sulfuric acid
and the concentration of newly formed particles at many sites (Kuang et al., 2008; Sihto et al., 2006; Weber
et al., 1997), so sulfuric acid was thought to be essential to initiate most particle formation in the atmosphere
(Kulmala et al., 2013). Many models only use a particle formation rate based on the concentration of sulfuric
acid (Makkonen et al., 2012; Mann et al., 2014). In sulfur‐rich environments, nucleation can be explained by
a simplified acid‐base model through the formation of dimers and trimers involving the sulfate molecular
and amines (Chen et al., 2012). Although sulfuric acid is almost always involved in the initial cluster forma-
tion, its concentration cannot account for the observed early rapid growth and seasonal variations of atmo-
spheric nanoparticles, especially in the forested areas with minimal influence from anthropogenic pollution
(Boy et al., 2008; Paasonen et al., 2010). The nucleation rate is underestimated, and the sensitivity of the
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nucleation rate to the sulfuric acid concentration is overestimated in most models with only classical nuclea-
tion theories of sulfuric acid (Mann et al., 2014; Scott et al., 2014).

Recently, highly oxygenated molecules (HOMs) with extremely low volatility were detected both in labora-
tory studies and in the ambient atmosphere (Ehn et al., 2012). HOMs probably provide an initial organic
medium to form molecular clusters (Ehn et al., 2014). Multiple field studies have shown that biogenic
SOA formation and growth from the oxidation of biogenic volatile organic compounds (BVOCs) emitted
by terrestrial ecosystems play an important role in atmospheric CCN production (Jokinen et al., 2015;
Kulmala et al., 2013; Paasonen et al., 2013). Comprehensive measurements performed as part of the
CLOUD (Cosmics Leaving Outdoor Droplets) project detected the ternary nucleation of sulfuric acid with
water and oxidized organics, and a model using this mechanismwas able to reproduce the observed seasonal
cycle of particle number concentrations (Riccobono et al., 2014). The latest CLOUD experiments observed
high rates of new particle formation (NPF) from HOMs even in the absence of sulfuric acid when ions were
present (Kirkby et al., 2016). This pure organic nucleation scheme might be able to explain the high concen-
tration of nucleation mode particles and NPF observed in the upper troposphere over the Amazon where
SO2 levels are extremely low (Zhu et al., 2019). This new scheme is also important for estimating the histor-
ical radiative forcing since it provides a way to form new particles in the pristine preindustrial atmosphere,
which may change the baseline CCN concentrations, depending on the formation mechanism for the nucle-
ating organics that is used (Gordon et al., 2016; Zhu et al., 2019).

New organic particle formation and growth has been considered as an important contributor to global aero-
sol number concentrations and climate (Gordon et al., 2016; Jokinen et al., 2015), but models of SOA forma-
tion remain highly uncertain because of the chemical complexity associated with volatile organic
compounds (VOCs) and their oxidation (Chen et al., 2017; Pierce & Adams, 2009). HOMs with low volatility
are regarded as necessary for organic nucleation (Kirkby et al., 2016), and the oxidation of α‐pinene by ozone
has become a canonical way to formHOMs (Claeys et al., 2009; Kristensen et al., 2014; Yasmeen et al., 2010).
However, the molecular structures and formation pathways of HOMs remain unclear (Hall & Johnston,
2011; Zhang et al., 2015). As a result, most model studies assume empirical or semiempirical fixed HOM
yields after the first oxidation step of α‐pinene to activate organic nucleation (Gordon et al., 2016; Jokinen
et al., 2015; Scott et al., 2018), which affects the time scales for SOA formation as well as the spatial distribu-
tion of newly formed SOA (Zhu et al., 2019). In addition to α‐pinene, cyclohexene, limonene, and β‐pinene
may also form HOMs (Ehn et al., 2014; Shrivastava et al., 2008; Shrivastava et al., 2013; Shrivastava et al.,
2015), but their role in organic nucleation has not been studied as much as that of α‐pinene. Previous studies
have shown that the growth of the OA in the nucleation mode is largely via partitioning of semivolatile
organic vapor, but the growth of organic particles from nucleation mode to CCN sizes requires additional
unidentified compounds and reactions in the particle phase. (Apsokardu & Johnston, 2018; Burkart et al.,
2017; Bzdek & Johnston, 2010).

NPF (i.e., the production of clusters which then grow to >3‐nm diameter) has been observed over forests
with large sources of BVOC (Held et al., 2004; Pierce et al., 2014; Yu et al., 2014). Isoprene makes up to
nearly half of the total global BVOC budget (Guenther et al., 2012). However, the role of isoprene in NPF
is controversial (Kiendler‐Scharr et al., 2012). Isoprene expoxydiols (IEPOX) comprise a substantial frac-
tion (6–36%) of total OA mass (Hu et al., 2015), which is important for SOA formation (Jokinen et al.,
2015; Lin et al., 2012). However, some field measurements credit isoprene with the suppression of NPF
events, even though there are sufficient concentrations of monoterpenes to lead to NPF events
(Kanawade et al., 2011; Kiendler‐Scharr et al., 2009; Kiendler‐Scharr et al., 2012; Lee et al., 2016). A plant
chamber study indicated that such suppression effects are dependent on the concentration ratio of iso-
prene carbon to the monoterpene carbon (Kiendler‐Scharr et al., 2009). Isoprene and its oxidation pro-
ducts may change the chemical reactions of monoterpene ozonolysis, but a detailed chemical
mechanism leading to the absence of NPF in isoprene‐rich forests is still not available (Lee et al.,
2016). Moreover, a recent study detected that NOx strongly suppresses not only NPF but also SOA mass
yields, revealing the importance of interactions of SOA formation with anthropogenic emissions (Zhao
et al., 2018). However, NOx may also increase SOA formation by increasing oxidants like ozone and
OH radicals, which then increase the amount of VOC reacted (Shrivastava et al., 2019). The specific che-
mical mechanism leading to the suppression of NPF is also not known.

10.1029/2019JD030414Journal of Geophysical Research: Atmospheres

ZHU AND PENNER 8261



In this study, we simulate SOA formation using a global model with a comprehensive nucleation scheme.
The spatial and temporal distribution of SOA from this model is evaluated by comparison with observations
of organic carbon (OC) and condensation nuclei (CN) concentrations over the world. The contribution of
multiple nucleation schemes and the size distribution of SOA are analyzed using the model results. Three
sensitivity experiments with different SOA formation mechanisms are designed to investigate uncertainties
and the possible influence of missing mechanisms in the model on the number concentration and size dis-
tribution of newSOA.

2. Methods
2.1. Model Description

We used the Community Earth System Model (CESM) version 1.2.2.1 coupled with the University of
Michigan Integrated Massively Parallel Atmospheric Chemical Transport (IMPACT) aerosol model for this
study. The IMPACT aerosol module gets the necessary meteorology field from the CESMmodel at each time
step, while changes to the aerosols in IMPACT do not provide feedback to the CESM. The aerosol scheme in
the model is partially modal (newSOA and sulfate) and partially sectional (dust and sea salt). In addition to
SOA, 15 other aerosol species in five types were simulated in the model, including (1) sulfate in three modes
(i.e., nucleation [0‐ to 5‐nm radius], Aitken [5‐ to 50‐nm radius], and accumulation [50‐ to 630‐nm radius]),
(2) soot from open biomass burning (i.e., primary OA and black carbon from biomass burning), (3) soot from
fossil fuel and biofuel burning (i.e., primary OC and black carbon), and (4) dust and (5) sea salt, the latter two
of which were each carried in four separate bins with varying radii. All the nonsulfate aerosols are internally
mixed with sulfate (and organics, see below) through condensation and coagulation processes or through
sulfate formation in cloud droplets. The IPCC emission data set for 2000 is applied for the source of precur-
sors of aerosol as well as BC and OC (Hoesly et al., 2018). The emission of precursors for biogenic SOA (i.e.,
isoprene, α‐pinene, and limonene) are estimated by the MEGAN model (Guenther et al., 2012) coupled to
our model. The basic model description and setup can be found in Zhou and Penner (2014).

For the SOA simulation, four species of gaseous precursors were included: isoprene, α‐pinene, limonene,
and aromatics. An explicit gas phase chemical mechanism was applied to predict the formation of semivo-
latile organic compounds (SVOCs), which mainly consist of organic nitrates and peroxides from the oxida-
tion of precursors by ozone and the hydroxyl radical (Ito et al., 2007; Lin et al., 2012). Lower‐volatility
compounds like oligomers form as a result of a simple e‐folding time scale of 24 hr when semivolatile organ-
ics are incorporated into the aerosol phase (smaller than the low end of the range quoted for SOA from the
reactions of O3 with β‐pinene or OH with dimethylsiloxane from Apsokardu & Johnston, 2018). The explicit
aqueous phase reactions of glyoxal and methyglyoxal and heterogeneous reactions of IEPOX are also
included to form SOA (Lin et al., 2014). IEPOX, glyoxal, and methylglyoxal form low‐volatility products
on immediate kinetic uptake by aerosols that are formed from the nucleation of sulfate with a rate that is
proportional to the available surface area of these aerosols, which will be further discussed in section 2.2.
Thermodynamic formation from partitioning of semivolatile species followed by oligomer formation within
aerosols contributes SOA to all preexisting aerosols based on the amount of organics that are present within
the preexisting aerosols. The formation of SOA via aqueous phase formation within drops is distributed to
the particles that act as CCN based on the number of CCN. All of the SOA that forms (other than HOMs that
nucleate new particles) is internally mixed with sulfate, soot from open biomass burning, soot from fossil
fuel and biofuel burning, dust, and sea salt based on the mechanism of formation (Zhu et al., 2017). The
HOMs that nucleate new particles also become mixed with sulfate (Zhu et al., 2019).

Low‐volatility HOMs from α‐pinene oxidation were used to drive organic nucleation in the model. The
HOMs are formed by the oxidation of α‐pinene through explicit gaseous and particle phase reactions based
on the experimental results of X. Zhang et al. (2015) and the Master Chemical Mechanism (Jenkin et al.,
2003; Jenkin et al., 2015; Saunders et al., 2003). New particles form from both binary sulfuric acid‐water
nucleation and organic nucleation. The organic nucleation mechanisms used in this model include hetero-
molecular nucleation of sulfuric acid and organics (HET), neutral organic nucleation (NON), and ion‐
induced organic nucleation (ION). The rate of HET was parameterized following equation 2 in Riccobono
et al. (2014):
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J ¼ km H2SO4½ �2 HOMs½ �;

where km is the multicomponent prefactor, which is set to 3.27 × 10−21 cm6/s.

The rate of NON (Jn) and ION (Jiin) were parameterized following equation 4 in Kirkby et al. (2016):

Jn ¼ a1 HOMs½ �a2þa5= HOMs½ �;

J iin ¼ 2 n±½ �a3 HOMs½ �a4þa5= HOMs½ �;

where (n±) is the ion concentration. The parameters an are determined from fits to experimental data and
have the values a1 = 0.04001, a2 = 1.848, a3 = 0.001366, a4 = 1.566, and a5 = 0.1863.

The ionization rate in the model was estimated based on the lookup table in Yu et al. (2008). In the lookup
table, the global ionization rate due to cosmic rays is calculated based on the schemes given in Usoskin and
Kovaltsov (2006), and the contribution of radioactive materials from soil to ionization rates is parameterized
based on the profiles given in Reiter (1992). The ions do not condense on preexisting particles in this model,
which may lead to an overestimation of the ion concentrations used to calculate the rate of ION due to the
lack of these sinks. The organic nucleation rates were adjusted from the temperature of the CLOUD experi-
ments (278 K) to other temperatures by multiplying by exp(‐(T‐278)/10) as suggested in (Dunne et al., 2016).
The new particles formed from organic nucleation (newSOA) can grow to Aitken and accumulationmode by
coagulation with each other and by the condensation of sulfuric acid and semivolatile organics based on
thermodynamic principles. The newSOA includes three modes with the same size range as that used for
new sulfate particles. Gas phase HOMs and other low‐volatility organics that do not nucleate new particles
can also lead to the growth of newSOA particles as well as other aerosols by thermal partitioning. NewSOA is
removed by coagulation with other species of preexisting aerosols as well as by dry and wet deposition. The
total CN concentration includes the number concentration of all new particles formed from both sulfuric
acid and organic nucleation. SOA and sulfate can become internally mixed in the model as a result of con-
densation or coagulation, but we separately follow the method of nucleation in order to distinguish which
process dominates for NPF in the model. The detailed chemical reactions that form HOMs and the organic
nucleation mechanisms appear in the supporting information in Zhu et al. (2019).

2.2. Simulation Setup

The BASE case and three sensitivity cases were designed to investigate the characteristics of SOA formed
from organic nucleation in the present day and its uncertainty. Each simulation was performed for 5 years
after a 1‐year spin‐up using present‐day climate conditions and anthropogenic emissions. The sea surface
temperature is fixed to observations, and the model is run in a climate mode. The BASE case was set up
as described in section 2.1.

The first sensitivity case (EX1) was designed to examine the effects of uncertainties in the growth of
newSOA. IEPOX is usually taken up by acidic aerosols (Gaston et al., 2014). Sulfate is strongly correlated
with the acidity of an aerosol, which is important for the chemistry of IEPOX (Surratt et al., 2007).
Glyoxal and methylglyoxal can dissolve in the aqueous phase and be further oxidized by OH and NO3 radi-
cals to form products with lower volatility (e.g., dicarboxylic acids and oligomers; Ervens et al., 2011; Lim
et al., 2010). Sulfate always provides a wet surface to take up glyoxal and methylglyoxal because of its high
hygroscopicity. As a result, the low‐volatility products formed from IEPOX, glyoxal, and methylglyoxal are
only taken up by sulfate in the BASE case. However, sulfuric acid takes part in HET organic nucleation and
is thereby part of the initial composition in newSOA. It also makes a large contribution to the growth of
newSOA by condensation. Therefore, the sulfuric acid involved in newSOA may generate an acidic and
wet surface to take up IEPOX, glyoxal, and methylglyoxal similar to that which occurs on new sulfate par-
ticles. In EX1, we assumed that the low‐volatility products formed from IEPOX, glyoxal, and methylglyoxal
reacting with newSOA and sulfate become internally mixed with both newSOA and new sulfate particles,
while these low‐volatility products are only internally mixed with new sulfate in the BASE case. There were
no other differences from the BASE case.

The second sensitivity case (EX2) was designed to examine the uncertainty of organic nucleation under an
isoprene‐rich environment. Some field measurements indicated that isoprene suppresses organic nucleation
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(Kiendler‐Scharr et al., 2009; Kiendler‐Scharr et al., 2012; Lee et al., 2016). It is clear that NPF rarely takes
place when emissions of isoprene are high, although the chemical and physical mechanism of suppression
is not clear. A plant chamber study indicated that such suppression effects are dependent on the concentra-
tion ratio of isoprene carbon to monoterpene carbon (Kiendler‐Scharr et al., 2009). We assumed that organic
nucleation is shut off when the concentration ratio of isoprene carbon to α‐pinene carbon is higher than 1 in
EX2. The specific test follows that applied in Lee et al. (2016), who state that it is not intended to represent
the mechanism of NPF suppression but rather to fit observations.

The third sensitive case (EX3) was designed to examine uncertainties in HOM formation from species other
than α‐pinene and their influence on organic nucleation. Laboratory experiments have shown that cyclohex-
ene, limonene, and β‐pinene are able to produce HOMs with extremely low volatility similar to α‐pinene,
which may also drive organic nucleation and the growth of newSOA (Ehn et al., 2014). Based on the experi-
ments conducted in Ehn et al. (2014), the HOM yield of cyclohexene is slightly lower than that found for α‐
pinene because of the more complex structure of α‐pinene. The annual emission of cyclohexene over the
world is less than that of α‐pinene. The HOM yield of β‐pinene is about 2 orders of magnitude less than that
of α‐pinene, which is attributed to the exocylic double bond in β‐pinene instead of the endocyclic double
bond in α‐pinene. By contrast, the HOM yield of limonene is roughly twice that of α‐pinene because of
the two double bonds in limonene, which can thus react twice with ozone. As the result, in EX3 we assumed
limonene also generates HOMs but ignore the contribution from cyclohexene and β‐pinene due to their
lower yields of HOMs. However, the chemical pathway to form HOMs from limonene is still unclear. We
used the same pathway for limonene as the HOMs generated form α‐pinene, which can be found in support-
ing information in Zhu et al. (2019), but with twice the yield.

3. Results and Discussion
3.1. Comparison With Measurements

Themodel's ability to simulate the formation of SOA has previously been evaluated by comparison with both
surface and vertical measurements (Lin et al., 2012; Lin et al., 2014; Lin et al., 2016). Moreover, the model
results for number concentration in the Amazon have been evaluated by comparing with aircraft measure-
ments taken by Andreae et al. (2018) as detailed in our previous publication (Zhu et al., 2019). Those studies
examined the annual average OC concentration, SOA concentration, OA composition, and O/C ratio in
comparison to observations that were available at that time. In total, the bias of the model was within the
range of the model‐observation comparisons shown in Tsigaridis et al. (2014) for the AeroCOM OA model
intercomparison project. However, previous studies did not evaluate the temporal variation of OA, which
we show here. The inclusion of organic nucleation in this study does not change the burden or the surface
concentration of OA by very much. As indicated in Zhu et al. (2019), inclusion of organic nucleation only
changes the global SOA burden by 7.3%. However, it does change the CN concentrations significantly. We
only compare the OC mass concentrations for the BASE case here, since the OC mass concentrations in
the sensitivity cases are very similar to that in the BASE case. However, the CN concentrations are very dif-
ferent in BASE case and sensitivity cases. Therefore, we compare the simulated CN concentration with
observations over the world for all cases to evaluate the ability of the model to predict CN concentrations
after including organic nucleation. Section 3.4 discusses the evaluation of CN concentrations for
sensitivity cases.
3.1.1. Surface OC Concentration
The monthly averaged surface OC concentration in 48 regions as determined from 196 sites of Interagency
Monitoring of Protected Visual Environments (IMPROVE) network in United States during 2005–2008
(Hand et al., 2011) are used here to evaluate the model. The high local levels of OC in urban regions are
not expected to be predicted in the model due to its coarse resolution (1.9° by 2.5°). Therefore, all the mea-
surements sites in the IMPROVE network that are urban in the IMPROVE report (Hand et al., 2011) were
not included in the 196 sites and thus have been left out in our comparison. The IMPROVEmonitor collects
24‐hr samples every third day with the version II sampler. The detailed sampling and technical information
can been found in Hand et al. (2011). The original data are given as OC in micrograms of carbon per cubic
meter, while our model predicts the mass of OAs. To convert OA to OC, a factor of 1.4 for primary OA (POA)
and 1.8 for SOA are used as suggested in Turpin and Lim (2001). Table S1 in the supporting information
shows a comparison between the annual average concentration of OC, the monthly average normalized
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mean bias, and the temporal correlation coefficient between the simula-
tion and measurements. The BASE case model (as well as the other sensi-
tivity experiments) always underestimates surface OC concentrations but
is generally within a factor of 2 of the observed concentration within most
of the IMPROVE regions. Themean predicted OC concentration across all
IMPROVE regions used in the comparison is 28% lower than observations
(Table 1). Figure S1 shows the monthly variation of simulated and
observed regional average OC concentrations with the simulated concen-
trations of POC and SOC. Including SOA formation improves the model
enabling it to reproduce the temporal pattern and OC levels significantly,
especially in the summer. However, the model still underestimates the
peak OC concentration in the summer in most regions, while it predicts
OC levels that are similar to observations in winter. Thus, there are possi-

bly missingmechanisms for the formation of SOA in themodel leading to lower peak concentrations in sum-
mer than in observations. The model underestimates the OC concentration in the winter by 71% at the
Columbia River Gorge, Hells Canyon, Northern Great Plains, and Northern Rockies, which probably indi-
cates an underestimated source of POC in the northwestern United States. In contrast, the model overesti-
mates the OC concentration by 41% in the summer in the Appalachia, Northeast, Ohio River Valley, and
Ontario regions, while the simulated OC concentration is close to observations in the winter there. It is pos-
sible that the source of BVOC is overestimated in the region around the Great Lakes. The temporal correla-
tion coefficients between the simulated and observed OC concentrations are higher than 0.7 in 74% of the
IMPROVE regions with an average of 0.73 across all regions (Figure 1a and Table 1). The model is able to
predict the temporal variation of OC concentrations in most regions across the United States except for
South Arizona, which has low temporal correlation coefficients. There could be an underestimate of sources
or SOA formation processes in the model for this region. The model also captures the spatial pattern of OC
concentration in the United States with a spatial correlation coefficient of 0.70 (Table 1).

In comparison with the IMPROVE network, the model shows a poorer ability to reproduce OC concentra-
tions at the European Monitoring and Evaluation Program (EMEP) network sites. The particles were
sampled daily at the EMEP network sites, and the OC concentration was analyzed using a thermal deso-
rption method. The detailed technical information can be found in the EMEPmanual for sampling and ana-
lysis (https://projects.nilu.no/ccc/manual/index.html). The simulated OC concentration is 67% lower than
that observed on average (Tables 1 and S2). However, the average concentrations observed at EMEP sites
are higher by a factor of ~3 than those at IMPROVE sites (Table 1). One reason is that 70% of EMEP sites
collected PM10, while all IMPROVE sites collected PM2.5. The large particles observed in EMEP sites are
not captured in the model because we assumed that all organics are only present as submicron particles
(Lin et al., 2012). However, the mass concentration is expected to decrease substantially with aerosol size.
The emissions of OA with diameter <1 μm are expected to explain most of the mass concentration of all
OAs (Bond et al., 2004). This assumption might cause some underestimation of total OC concentration
but could not be the dominate reason to explain the disagreement with EMEPmeasurements since the mass
concentration normally decreases substantially with aerosol size. In addition, the measurements at most of
the EMEP sites have a peak concentration of OC in winter (Figure S2), which probably comes from biomass
burning primary emissions (Gelencser et al., 2007). Domestic combustion in winter is not fully represented
in our emission database, and the emission of POC in the model does not have any significant seasonal var-
iation due to the lack of data to support estimates of the temporal variation. As a result, the large discrepancy
between observed and simulated OC concentrations in winter in Europe was also found in other model com-
parisons (Gilardoni et al., 2011; Szidat et al., 2007). Our model underestimates the mean OC concentration
by 83% in winter due to the lack of increased emissions of POC in winter. The difference in the OC concen-
trations between the simulation and observations in the summer is reduced to 46% due to the effect of SOA
formation and increased POC emissions from wildfires, so there may still be some missing mechanism of
SOA formation or missing POC emissions. The model is not able to represent the temporal variation at most
EMEP sites and, on average, has a negative correlation coefficient because of the observed large increase in
the OC concentration in winter (Figure 1b). Reasonable temporal variations are reproduced by the model
with correlation coefficients of >0.5 at sites such as Rigi, Campisabalos, and Birkennes, where, perhaps,

Table 1
The NMB As Well As Temporal and Spatial Correlation Coefficient of OC
Concentration Between Simulation and Observation in IMPROVE and
EMEP Network

Network
Observation
(μg C/m3)

Simulation
(μg C/m3) NMB

Temporal
R

Spatial
R

IMPROVE 0.96 0.69 −29% 0.726 0.698
EMEP 2.80 0.92 −67% −0.050 0.432

Note. EMEP = European Monitoring and Evaluation Program;
IMPROVE = Interagency Monitoring of Protected Visual
Environments; NMB = normalized mean bias; OC = organic carbon; R
= correlation coefficient of the OC concentration between the simulation
and observation.
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since they are either mountainous or coastal locations, the emissions of POC are not as large in winter
(Figure S2). The model captures the spatial pattern of OC concentration relatively well at the EMEP sites
with a spatial correlation coefficient of 0.43 (Table 1).
3.1.2. Particle Number Concentration
Organic nucleation makes a large contribution to the CN concentration. Here we evaluate the model ability
to represent CN concentrations by comparison with observations at 27 sites over the world for observations
performed during 2000–2010 (data from EMEP data set online at http://ebas.nilu.no). The observations of
CN were conducted using condensation particle counters with nominal cut‐off diameters of 3 or 10 nm.
We used the number concentration of all aerosol species in the Aitken and accumulation modes (diameter
> 5 nm) calculated in the model to compare with the observations. The model overestimates the CN concen-
tration by 19% on average compared to the observations with a normalized mean error of less than 50% at
most of sites (Tables 2 and S3). The spatial pattern of CN concentration is reproduced well by the model with
a spatial correlation coefficient of 0.85 (Table 2). Close agreement in the CN concentrations between the
simulation and observations is not expected due to the low model resolution and uncertainties associated

Figure 1. The temporal correlation coefficients between simulated and observed organic carbon concentrations in the
Interagency Monitoring of Protected Visual Environments (IMPROVE) (a) and European Monitoring and Evaluation
Program (EMEP) networks (c), as well as the particle number concentrations (e). Simulated versus observed monthly
mean OC concentration in the IMPROVE (b) and EMEP (d) networks as well as the particle number concentrations (f).
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with the nucleation parameterizations, but the model that includes
organic nucleation exhibits an improvement in the simulation of CN con-
centrations compared to a simulation that does not include organic
nucleation. We have shown a summary of the comparison of aerosol bur-
den and column number between with and without organic nucleation in
a previous publication (Zhu et al., 2019). After including organic nuclea-
tion, the bias in the annual average CN concentration between the simu-
lation and observations is decreased at 54% of the sites and the temporal
correlation coefficients were increased at 58% of the sites (Table S3). In
a previous model study that excluded organic nucleation, the simulated
CN concentrations in the continental boundary layer were underesti-
mated by 74% with a spatial correlation coefficient of 0.68 (Spracklen
et al., 2010). Gordon et al. (2016) improved the model bias in the CN con-

centration to −41% after including pure organic nucleation. As noted above, our model has a bias of 19%.

The model is unable to explain the observed monthly variation for all sites in the EMEP data base
(Figure S3). The average temporal correlation coefficient is only 0.13 and has a significant spatial difference
(Figure 1c). Thirty one percent of the sites have a negative temporal correlation between the simulation and
observations, while the correlation coefficient is >0.6 at a few sites in remote areas (Neumayer, Mace Head,
Zeppelin Mountain, and South Pole). The monthly variation in the CN concentration is determined by the
number concentration of sulfate at most of the sites (Figure S3). However, there is no monthly variation of
SO2 (the precursor of sulfate) emissions considered in the model, which might influence the correlation
between simulation and observation. We note that there is a larger average correlation coefficient (0.277)
between the simulated number concentration of newSOA and the observed CN concentrations than that
for the total number concentration (0.134, see Table 2). This indicates that the monthly variation of the
CN concentration at some sites may be dominated by newSOA rather than by the new sulfate particles, as
in the model. For example, the simulated CN concentration in two sites in Finland (i.e., Varrio and
Hyytiälä) exhibits a poor correlation with the observations (Figure S3). However, the correlation coefficient
between the simulated number concentration of newSOA and the observed CN concentration are all higher
than 0.6 at these sites. Because the simulated number concentrations of new sulfate particles are much
higher than those of newSOA at these sites, the newSOA contributes little to the simulated temporal varia-
tion of total CN. Since the measurements of aerosol composition in Hyytiälä, Finland showed a smaller mass
concentration of sulfate (0.57 μg/m3) than the model result (0.99 μg/m3) as well as a larger mass concentra-
tion of organics (1.47 μg/m3) compared to the model result (1.05 μg/m3; Häkkinen et al., 2012), the relative
importance of sulfate in forming new particles may be overestimated. Speculatively, the underestimation of
newSOAmay be due to the uncertainties in the nucleation scheme and emissions of precursors. In addition,
the overestimation of sulfate in Finland in themodel may be caused by the poor grid resolution of the model,
which would include anthropogenic emissions of SO2 from sources near the Hyytiälä observation site. These
issues might explain the negative correlation between the simulation and observations here.

3.2. Organic Nucleation Rate

Figure 2 shows the vertically integrated distribution of the total organic nucleation rate (the sum of the HET,
NON, and ION rates) in the troposphere in boreal spring (March to May), summer (June to August), fall
(September to November), and winter (December to February). Peak organic nucleation rates are found
in the Amazon year round because of the high emissions of α‐pinene and the high production of HOMs from
α‐pinene. The emission of α‐pinene in the Amazon is highest in the fall, which is the reason for the highest
nucleation rate occurring in the fall (Figure 2e). By comparison, the organic nucleation rate in the middle
latitudes of the Northern Hemisphere (NH; 30–50°N) such as over the United States and China makes a sig-
nificant contribution to the high global average organic nucleation rate in the summer (Figure 2c). The glo-
bal average organic nucleation rate is lowest in boreal winter (Figure 2g) owing to the low organic nucleation
rate in the NH in winter. The global organic nucleation rate in the winter is 25% smaller than that in the fall.

Figure 2 also shows the vertical structure of the zonal average organic nucleation rate in each season. The
organic nucleation rate always peaks around 400 hPa in the tropics. Organic nucleation mainly occurs
throughout the middle and upper troposphere from 600 to 150 hPa with much smaller rates occurring in

Table 2
The NMB As Well As the Average Temporal and Spatial Correlation
Coefficient of Particle Number Concentration Between Simulation and
Observation in Different Schemes

Scheme NMB Temporal R Spatial R

W/o organic nucleation –4% 0.124 0.842
BASE 19% 0.134 0.846
EX1 48% 0.349 0.819
EX2 –0.1% 0.112 0.852
EX3 19% 0.163 0.843

Note. NMB = normalized mean bias; R = correlation coefficient of the
aerosol number concentration between the simulation and observation.

10.1029/2019JD030414Journal of Geophysical Research: Atmospheres

ZHU AND PENNER 8267



Figure 2. The vertically integrated organic nucleation rate (a, c, e, g) and zonal average organic nucleation rate (b, d, f, h)
in boreal spring (a, b), summer (c, d), fall (e, f), and winter (g, h) for the BASE case.
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the lower troposphere and near surface in the tropics for all seasons except in summer. The highest organic
nucleation rate in the upper troposphere takes place in the fall. Observations in the Amazon also indicated
that there was a high number concentration of small organic particles in the upper troposphere in the fall
with little nucleation within the PBL (Andreae et al., 2015; Martin et al., 2010). The small particles that
are present in the boundary layer are sustained by vertical transport from the free troposphere (Wang
et al., 2016). Andreae et al. (2018) found that due to the frequency of deep convection, large amounts of
BVOC can be brought up to upper troposphere. This is not the case in the lower troposphere in the middle
latitudes of the NH in the summer where organic nucleation occurs frequently (Figure 2d). The nucleation
in the PBL at this location offsets a decrease of the nucleation rate in the upper troposphere compared to that
in the tropics. Apparently, convection is not as strong in the midlatitudes of the NH as that in the tropics,
which can be inferred from the much lower convective precipitation rate in the midlatitudes than that in
the tropics (Figure S5), explaining both the increased PBL nucleation rates and reduced upper tropospheric
nucleation rates.

Although organic nucleation contributes significantly to NPF, the total organic nucleation rate is small com-
pared to total the sulfuric nucleation rate (Figure S4). The global annual average vertically integrated sulfu-
ric nucleation rate is higher by a factor of 18.5 than the organic nucleation rate. As a result, sulfuric acid
nucleation still dominates NPF in the atmosphere. However, the annual and vertically averaged sulfuric acid
nucleation rate is only 41% of the organic nucleation rate in the Amazon, which is the reason for the much
higher number concentration of newSOA than new sulfate in the Amazon. Importantly, the sulfuric acid
nucleation rate in the Amazon in the fall, the season with highest organic nucleation rate, is 79% lower than
the organic nucleation rate. Thus, organic nucleation is the most important source for NPF in the Amazon.

The simulated concentration of OA in the Amazon (1.699 μg/m3 in the wet season and 4.685 μg/m3 in the
dry season) is much higher than the concentration of sulfate (0.236 μg/m3 in the wet season and 0.280
μg/m3 in the dry season). The simulation is close to the wet season observation found during the Green
Ocean Amazon (GoAmazon 2014/5) field campaign (sulfate: 0.268 ± 0.136 μg/m3 and OA: 1.671 ± 0.579
μg/m3; Glasius et al., 2018). However, the simulation is lower than the observation in the dry season (sulfate:
1.600 ± 0.917 μg/m3 and OA: 8.783 ± 2.642 μg/m3), probably because of the influence of nearby emissions
from biomass burning and the plume from a nearby city during the field campaign in the dry season, which
are not captured in our model with its 1.9° × 2.5° horizontal resolution (Glasius et al., 2018).

The horizontal and vertical spatial distributions as well as seasonal variations of organic nucleation rates are
determined by the different organic nucleation mechanisms. The model synthesizes the HET, NON, and
ION mechanisms to estimate the total organic nucleation rate as described in section 2. The vertically inte-
grated annual average organic nucleation rates in the troposphere for the three nucleation mechanisms
along with their longitudinally averaged vertical distributions are shown in Figure 3. Ions are known to
enhance nucleation as a result of charge effects on cluster stability (Kirkby et al., 2016; Yu, 2010). As a result,
ION is the largest contributor (60%) to the global annual average organic nucleation rate (Figure 3e). The
ION rate is much higher in the middle and upper troposphere than in the lower troposphere because of
the high ionization rates and low temperatures there (Figure 3f). HET contributes only 39% of the global
average organic nucleation rate, but it dominates the organic nucleation rate over most continental regions
outside of the tropics (Figure 3a). The HET rate is highest at latitudes between 20°N and 50°N, which is also
the region with the highest industrial emissions of sulfur. The HET rate peaks in the lower troposphere of
the middle latitudes of the NH, which differs from the vertical distribution of the ION rate (compare
Figures 3b and 3f). This is because of the high concentration of gaseous sulfuric acid in the NHmidlatitudes,
which is formed from anthropogenic surface emissions of its precursor SO2. There are also high nucleation
rates associated with HET in the tropical upper troposphere around 150 hPa. This location has both high
concentrations of gaseous sulfuric acid from transport and high concentrations of HOMs. NON is mainly
found in the middle and lower troposphere in the tropics and has a rate that is 1 or 2 orders of magnitude
lower than the other two organic nucleation mechanisms (Figures 3c and 3d). NON is responsible for only
1% of the total global organic nucleation because the initial neutral cluster has weak bonds as indicated by
experiments in the laboratory (Kirkby et al., 2016).

The variation of HET and ION rates also determines the seasonal pattern of total organic nucleation. HET
contributes the most (56%) to organic nucleation in the summer because of the high emissions of α‐
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pinene in the NH (Table 3) and the high formation rate of gaseous H2SO4. The HET nucleation rate in the
summer is larger by a factor of 2 than that in the winter, which explains the importance of organic
nucleation in the NH summer. The high ION rate in the fall determines the highest global average
organic nucleation rate and is responsible for 68% of newSOA formation in the fall. However, ION
contributes the most to nucleation in the boreal winter (70%) due to the lowest HET rate in this season,
resulting in a large contribution to newSOA formation in the Southern Hemisphere (SH; Figure 2g).

NPF in the PBL is important for climate and air quality. Figure 4 shows the integrated annual average
organic nucleation within the PBL. Unlike the vertically averaged organic nucleation in the troposphere,
the organic nucleation within PBL is dominated by HET. HET is responsible for 85% of newSOA formation
in the PBL, while ION only contributes 14% to the global annual average (Table 3). This is because 19% of the
vertically averaged HET occurs within the PBL, while only 2% of ION takes place in the PBL. Organic

Figure 3. The annual average vertically integrated organic nucleation rate in the troposphere (a, c, e) and the zonal aver-
age organic nucleation rate (b, d, f) for heteromolecular nucleation of sulfuric acid and organics (a, b), neutral organic
nucleation (c, d), and ion‐induced organic nucleation (e, f) for the BASE case.
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nucleation in the PBL mainly occurs in the middle latitudes of the NH, while there is some organic
nucleation in the PBL of the Amazon from ION and NON (not shown). Owing to the high HET rate in
summer, the organic nucleation within the PBL contributes more to newSOA formation in the summer
than that in the other seasons (Figure 4). Because of the large contribution to the global organic
nucleation from ION in the free troposphere, organic nucleation within the PBL is only 9% of that in the
whole troposphere with the largest contribution (15%) in the summer and the smallest (5%) in the winter
(Table 3).

3.3. SOA Formed From Nucleation

The organic nucleation rate is one of the most important factors contributing to the number of newSOA, but
the concentration of newSOA does not spatially follow that of the nucleation rate. The number concentra-
tion of newSOA in the nucleation mode is highest in the Amazon in all seasons (Figures 5a and 6) due to
the high emission rates of α‐pinene and resulting high nucleation rates there. However, the high organic

Table 3
The Vertically Integrated Seasonal and Annual Global Average Organic Nucleation Rate Within the Troposphere and PBL
(Unit: 106 m−2·s−1)

Region Scheme Spring Summer Fall Winter Annual

Within the whole Troposphere HET 36.12 47.14 31.53 22.61 34.35
NON 0.72 1.17 1.22 0.71 0.96
ION 49.98 35.90 71.00 54.60 52.87
Total 86.82 84.21 103.75 77.92 88.18

Within the PBL HET 7.79 10.19 4.59 3.37 6.48
NON 0.06 0.16 0.11 0.05 0.10
ION 0.80 1.88 0.91 0.70 1.07
Total 8.65 12.23 5.61 4.12 7.65

Note. HET = heteromolecular nucleation of sulfuric acid and organics; ION = ion‐induced organic nucleation; NON =
neutral organic nucleation; PBL = planetary boundary layer.

Figure 4. The organic nucleation rate integrated within the planetary boundary layer in spring (a), summer (b), fall (c),
and winter (d) for the BASE case.
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nucleation rate in middle latitudes of the NH does not result in a high column number concentration of
newSOA in the nucleation mode at these latitudes even in the summer (Figure 6c). This is because organic
nucleation mostly occurs within lower troposphere in the NH, where there is high concentration of preex-
isting aerosol. Most of newSOA are coagulated with other particles immediately after formation and intern-
ally mixed with them, which is an important sink to remove newSOA in the nucleation mode. The number
concentration of newSOA in the nucleationmode always peaks around 200 hPa in the extratropics, while the
peak is around 400 hPa in the tropics (Figure 5b). This is because the nucleation rate is highest at 400 hPa in
the tropics due to the peak in the concentration of HOMs, but the nucleation rate is higher at 200–300 hPa
than at 400 hPa in the extratropics in part because the concentration of HOMs are nearly constant between
500 and 200 hPa so that the low temperature and high ion concentration at 200–300 hPa determine the peak
nucleation rate. There are very few (<1%) newSOA in the nucleation mode found within the PBL. Although
organic nucleation occurs within the PBL, most of the newSOA in the nucleation mode within the PBL will

Figure 5. The annual average column number concentration (a, c, e) and zonal average number concentration (b, d, f) of
newSOA in the nucleation mode (a, b), Aitken mode (b, d) and accumulation mode (e, f) for the BASE case. Note that the
color bars limits vary for each mode.
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Figure 6. The column number concentration (a, c, e, g) and zonal average number concentration (b, d, f, h) of newSOA in
the nucleation mode for the BASE case in boreal spring (a, b), summer (c, d), fall (e, f), and winter (g, h).
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be removed by coagulation due to the high background aerosol number concentration. Observational
studies have difficulty in distinguishing whether organic particles are formed from organic nucleation or
condensation on other particles or by primary emissions. As a result, it is hard to evaluate the mass and
number concentration of newSOA from the model with observations.

The newSOA in the nucleation mode grows to the Aitken and accumulation modes primarily as a result of
the condensation of SVOC and sulfuric acid. The column number concentration of newSOA in the Aitken
mode is highest in the tropics (Figure 5c). Many newSOAs are not able to grow to the accumulation mode
due to the very high number concentration of newSOA without sufficient condensable gases. Although
the concentration of SVOC is high in the Amazon, there is little sulfuric acid in the lower troposphere there.
Moreover, the large amount of isoprene that is emitted in the Amazon is oxidized to IEPOX, which is taken
up only by new sulfate particles in the BASE version of the model and does not contribute to the growth of
newSOA. In contrast, there is enough condensable SVOC and sulfuric acid to grow a limited number of
newSOA particles to the accumulation mode in most ocean areas of middle latitudes (Figure 5e). The
newSOA in the Aitkenmode peaks in the upper troposphere above 200 hPa in the extratropics at similar alti-
tudes as the peak in the nucleation mode, whereas the Aitken mode peaks above that level in the tropics,
while the nucleation mode peaks near 400 hPa (Figure 5d). In the lower troposphere of the middle latitudes,
especially in the NH, sulfuric acid forms from anthropogenic emissions near the surface and the SVOC
causes newSOA to grow to the accumulation mode, resulting in the high number concentration of
newSOA in the accumulation mode in the NH, while the Aitken mode is depleted at these altitudes
(Figure 5f). The SVOC formed from the oxidation of BVOC can be vertically transported to the upper tropo-
sphere in the tropics. As a result, the number concentration of newSOA in the accumulation mode is high
from the surface up to around 100 hPa in tropics (Figure 5f).

The global average column number concentration shows a large seasonal variation (Table 4). The organic
nucleation rates in the Amazon and SH are lowest in the boreal summer, resulting in the lowest global aver-
age column number concentration of newSOA in the nucleation mode in the boreal summer (Figure 6c). In
contrast, newSOA in the boreal winter is mostly generated in the SH, where the atmosphere is clean and
without a high number concentration of preexisting particles. More newSOA survives in the boreal winter
than in other seasons, resulting in the highest column number concentration of newSOA in the nucleation
mode (Figure 6g), which is 67% higher than that in the boreal summer (Table 4). The column number con-
centration of newSOA in the Aitken mode is lowest in the summer (Figure 7c), while the column number
concentration of newSOA in the accumulation mode is largest in the summer (Figure 8c). Thus, newSOA
is more able to grow to the larger particles in the summer in the NH. Vertical convection and in situ growth
in the summer in the NH leads to high number concentrations of newSOA in the accumulation mode in the
upper troposphere (Figure 8d). The column number concentration of newSOA in the Aitken and accumula-
tion modes is high in the boreal winter. There are a larger number of newSOA particles in the nucleation
mode surviving removal by coagulation in the SH in the boreal winter. These newSOA grow to the Aitken
and accumulation modes in the SH, resulting in the high concentration of newSOA in these modes there
(Figures 7h and 8h). The high concentration of newSOA in the accumulation mode in the SH in the

Table 4
Summary of the Boreal Seasonal and Annual Global Average SOA Number and Burden in the BASE case

Parameter Spring Summer Fall Winter Annual

Aerosol number (1010 m−2) NewSOA (nucleation) 22,133 13,190 20,395 22,032 19,438
NewSOA (Aitken) 4,868 3,985 4,921 5,488 4,815
NewSOA (accumulation) 26.4 29.4 26.6 26.7 27.3

Aerosol burden(mg/m2) NewSOA (nucleation) 0.018 0.007 0.014 0.019 0.014
NewSOA (Aitken) 0.213 0.090 0.130 0.208 0.160
NewSOA (accumulation) 0.205 0.095 0.110 0.190 0.150
MixSOA with sulfate 0.966 1.172 1.072 0.826 1.009
MixSOA with soot (fossil/biofuel) 0.268 0.339 0.315 0.218 0.289
MixSOA with soot (biomass burning) 0.161 0.334 0.415 0.181 0.273
MixSOA with sea salt and dust 0.007 0.004 0.003 0.004 0.005
Total SOA 1.84 2.04 2.06 1.65 1.90

Note. Total SOA = newSOA and SOA internally mixed with other preexisting aerosols; SOA = secondary organic aerosol.
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boreal winter offsets the very low concentration in the NH in the winter. The peak of the number
concentration of newSOA in the accumulation mode changes between the NH and SH depending on the
season (Figure 8).

Figure 7. The column number concentration (a, c, e, g) and zonal average number concentration (b, d, f, h) of newSOA in
the Aitken mode in boreal spring (a, b), summer (c, d), fall (e, f), and winter (g, h) for the BASE case.
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Figure 8. The column number concentration (a, c, e, g) and zonal average number concentration (b, d, f, h) of newSOA in
the accumulation mode in boreal spring (a, b), summer (c, d), fall (e, f), and winter (g, h) for the BASE case.
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NewSOA and new sulfate particles are the only two species formed from nucleation in the model, but they
have very different size and seasonal and spatial distributions. The column number concentration of
newSOA in the nucleation mode is much smaller than that of new sulfate particles in the nucleation mode
(Figures 9a and 9b) because of the lower global average organic nucleation rates than the sulfuric acid par-
ticle nucleation rates. The column number concentration of new sulfate is high in industrial regions such as
East Asia, Southeast Asia, Europe, and North America, while it is very low in the Amazon, which is opposite
to the spatial distribution of newSOA in the nucleation mode. The column number concentration of
newSOA in the Aitken mode is higher than that of new sulfate (Figures 9c and 9d), while the column num-
ber concentration of newSOA in the accumulation mode is much lower than that of new sulfate in the accu-
mulation mode (Figures 9e and 9f). Thus, new sulfate contributes more to the number concentration of
accumulation mode aerosol, while newSOA dominates the number concentration of the Aitken
mode aerosol.

In comparison, the distribution of the mass burden of newSOA does not totally correspond with the distri-
bution of the column number. Themass of newSOA is defined as themass of HOMs that form newSOA com-
bined with the organics that condense on newSOA. The horizontal distribution of the burden of newSOA in
nucleation mode as well as vertical distribution of the mass concentration are similar to the distribution of
number concentration of newSOA in the nucleation mode, which is highest in the upper troposphere of the
Amazon (Figures 10a and 10b). This is determined by the high organic nucleation rate and small sink to
remove new particles. However, the distribution of the burden of newSOA in the Aitken and

Figure 9. The annual average column number concentration of new sulfate (a, c, e) and newSOA (b, d, f) in the nucleation
mode (a, b), Aitkenmode (c, d), and accumulationmode (e, f) for the BASE case. Note that the color bar limits are different
for sulfate and newSOA.
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accumulation modes are different from those of the column number concentration. The mass burden of
newSOA in the Aitken and accumulation modes are both highest in the Amazon and the mass
concentration peaks in the upper troposphere around 200 hPa (Figure 10), which is similar to the mass
and number distribution of newSOA in nucleation mode, but differs from the number distribution of
newSOA in the Aitken and accumulation modes. The mass concentrations peak in the Amazon because
the largest source of BVOC is in the Amazon. BVOC is oxidized to form SVOC there, which condenses on
the newSOA particles and causes them to grow.

The spatial distribution patterns of the mass burden of newSOA in all three modes do not have any signifi-
cant seasonal variation (Figure S6), while the mass burdens in the three modes have significant seasonal var-
iation (Table 4). The mass burden of newSOA is lowest in the boreal summer for all modes. The total mass
burden of newSOA in the sum of the three modes in the summer is 55% lower than that in the spring

Figure 10. The annual average burden (a, c, e) and zonal averagemass concentration (b, d, f) of newSOA in the nucleation
mode (a, b), Aitken mode (b, d), and accumulation mode (e, f) for the BASE case.

10.1029/2019JD030414Journal of Geophysical Research: Atmospheres

ZHU AND PENNER 8278



(Table 4). There are many newSOA formed in industrial areas with their high concentration of POC and
sulfate during the summer. A lot of SVOC formed in the lower troposphere of the NH would mix
internally with the POC and sulfate instead of with newSOA because of the small particle mass and
surface area of the newSOA, leading to the 31% larger burden of SOA mixed with other aerosol (mixSOA)
in the boreal summer than in spring (Table 4). Although the burden of newSOA is low in the summer
and fall, the burden of total SOA (newSOA + mixSOA) is much higher in the summer and fall than that
in the other two seasons due to the higher emission rates of BVOC (e.g., isoprene, α‐pinene, and
limonene in the model). The burden of mixSOA dominates the burden of total SOA, which explains 90%
of total SOA in the boreal summer.

3.4. Sensitivity Experiments
3.4.1. Sensitivity to the Inclusion of IEPOX, Glyoxal, and Methylglyoxal to Condensed Organics
As described in the section on methods, we assumed IEPOX, glyoxal, and methylglyoxal are able to be taken
up by newSOA in EX1 because sulfuric acid is an important constituent of newSOA, which would provide an
acidic and wet environment. Therefore, the low‐volatility products formed from IEPOX, glyoxal, and
methylglyoxal could take part in the growth of newSOA, so that newSOA would quickly grow after its initial
formation. In addition, the resulting increased organic mass in newSOA promotes increased partitioning of
SVOC to newSOA and further increases the size of newSOA. As a result, the column number concentration
of newSOA is decreased by 30% in the nucleation mode, while increased by 47% and 259% in the Aitken and
accumulation modes, respectively (Table 5). Figure 11 shows the difference in the column number concen-
tration and the profile of the number concentration of newSOA between EX1 and the BASE case in each
mode. In addition, the burden of organics condensed on sulfate and soot decreases by 77% and 21%, respec-
tively, while the burden of newSOA increases by 277%, although the total burden of SOA changes very little
(Table 5). Because there are more newSOA with a large concentration of organics that act to absorb HOMs,
especially in the lower troposphere, the concentration of HOMs decreases significantly. The HET rate is lim-
ited by the concentration of HOMs in the NH where the concentration of sulfuric acid is high. The annual
global average HET rate decreases by 36% with the most significant decrease in the boreal summer in the
NH. The ION and NON new particle production rates are only changed by a small amount due to the forma-
tion of sufficient HOMs in the tropics where the ION and NON rates are highest. Overall, the total annual
global average organic nucleation rate decreases by 16% with the largest influence in the NH. This explains
the significant decrease of newSOA in the nucleation mode in the NH (Figure 11a). The concentration of
low‐volatility products formed from IEPOX, glyoxal, and methylglyoxal are always high in the lower tropo-
sphere of the tropics, so that the number concentrations of newSOA in the Aitken and accumulation modes
increase significantly there. As a result, the surface number concentration of aerosol is significantly changed

Table 5
The Annual Global Average Organic Nucleation Rate, Column Number Concentration, and Burden of SOA in Different Schemes

Parameter BASE EX1 EX2 EX3

Organic nucleation rate (106 m−2·s−1) HET 34.35 22.07 11.53 33.70
NON 0.96 0.94 0.41 1.02
ION 52.87 50.80 17.49 55.52
Total 88.18 73.81 29.43 90.24

Aerosol number (1010 m−2) NewSOA (nucleation) 19,438 13,593 7,994 19,352
NewSOA (Aitken) 4,816 7,074 1,990 5,068
NewSOA (accumulation) 27.3 98.1 20.7 28.1

Aerosol burden (mg/m2) NewSOA (nucleation) 0.014 0.032 0.009 0.014
NewSOA (Aitken) 0.16 0.87 0.06 0.17
NewSOA (accumulation) 0.15 0.32 0.23 0.14
SOA mixed with sulfate 1.01 0.23 1.10 1.01
SOA mixed with soot (fossil fuel) 0.29 0.22 0.29 0.29
SOA mixed with soot (biomass burning) 0.27 0.22 0.27 0.27
SOA mixed with sea salt and dust 0.005 0.005 0.004 0.005
Total SOA 1.90 1.90 1.96 1.90

Note. Total SOA = newSOA and SOA internally mixed with other preexisting aerosols; HET = heteromolecular nucleation of sulfuric acid and organics; ION =
ion‐induced organic nucleation; NON = neutral organic nucleation; SOA = secondary organic aerosol.
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in EX1. The average temporal correlation coefficient between simulated and observed number
concentration of aerosol increases from 0.134 in the BASE case to 0.349 in EX1 (Table 2) with
improvements seen at 73% of observation sites (Table S4). This is basically because of the larger
contribution of SOA to the total aerosol number concentration. However, the mean number
concentration is overestimated by 29% more in EX1 compared to the BASE case due to the increased
number of newSOA in the Aitken and accumulation modes.
3.4.2. Sensitivity to the Suppression of Organic Nucleation by Isoprene
We examined the sensitivity of the formation of newSOA to the inclusion of the suppression by isoprene in
EX2 as described in section 2 based on field measurements that indicated that NPF rarely takes place when
the concentration of isoprene is high (Kiendler‐Scharr et al., 2012; Lee et al., 2016). The assumption of iso-
prene suppression in the model causes organic nucleation to shut off in many places, so that the annual

Figure 11. The annual average percentage difference in column number concentration (a, c, e) and zonal average number
concentration (b, d, f) of newSOA in the nucleationmode (a, b), Aitken mode (b, d) and accumulation mode (e, f) between
EX1 and the BASE case.
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global average organic nucleation rate is decreased by 67% (Table 5). The inclusion of isoprene suppression
has a large influence on all the mechanisms of organic nucleation. The annual global average ION rate is
influenced the most because of the high emission rate of isoprene in the tropics where the ION nucleation
rate is most important. As the result, isoprene suppression makes the largest contribution to the decrease of
the number concentration of newSOA in the tropics. However, the column number concentration of
newSOA decreases over the entire world. The global average column number concentration of newSOA
in the nucleation and Aitken modes is decreased by 59%, while it decreased by 24% in the accumulation
mode (Table 5). Isoprene suppression also changes the burden of newSOA though not as significantly as
the number concentration. The global average burden of total newSOA is decreased by 8%. Owing to the
decrease in the total number concentration of newSOA, more SVOC is distributed to the newSOA in the
accumulation mode so that in this mode, the burden of newSOA is 53% larger in EX2 than in the BASE case,
even though the column number concentration of newSOA in the accumulation mode is 24% lower in EX2.
The bias in the number concentration of aerosol between the simulation and observations decreases from
19% to −0.1% because of the reduction in the number concentration of newSOA (Table 2). However, the
average temporal correlation coefficient is decreased from 0.134 to 0.112 (Table S4). In general, isoprene sup-
pression does not change the seasonal pattern of the aerosol number concentration significantly at most of
sites used here (Figure S7).
3.4.3. Sensitivity of NewSOA to the Inclusion of HOMs From the Oxidation of Limonene
In EX3, we added HOMs formed from the oxidation of limonene to those from α‐pinene to examine the
uncertainty associated with additional sources of HOMs. The yield of HOMs from limonene is double of that
from α‐pinene, but the annual emissions of limonene are only 18% of the emissions of α‐pinene. Limonene is
primarily emitted in the tropics. Moreover, since the lifetime of limonene is much shorter than that of α‐
pinene, the additional HOMs are mainly in the lower troposphere of the tropics. The high concentration
of preexisting aerosol within the lower troposphere is a large sink for HOMs. Including the formation of
HOMs from limonene increases annual global average HOM concentration by 13%. The annual global aver-
age organic nucleation rate is increased by 2.3% in EX3, which is mostly explained by a 5.0% increase in the
ION rate in the tropics (Table 5). The NON rate is increased by 6.3% because NONmostly occurs in the lower
troposphere of the Amazon, while the HET rate does not change significantly. As a result, the newSOA in
the Aitken mode is increased by 5.2% and the newSOA in the accumulation mode is increased by 2.9%
(Table 5). In addition, there is more sulfuric acid condensed on newSOA in EX3 than in the BASE case
due to the higher number concentration of newSOA, resulting in a decrease in the number concentration
of new sulfate. The change of total aerosol number concentration is determined by the increased newSOA
number and the decreased new sulfate number. The average CN concentration in EX3 is overestimated by
19% compared with the observation at the 27 sites compared here, which is very similar to the result for
the BASE case (Table 2). Including HOMs from limonene increases the average temporal correlation coeffi-
cient of the aerosol number concentration between the simulation and observations at 65% of sites but pri-
marily only improves the temporal correlation coefficient at sites with a correlation coefficient of <0.1
(Table S4 and Figure S7). In total, the average temporal correlation coefficient is increased from 0.134 to
0.163 after including HOMs from limonene in EX3. The additional formation of HOMs from the oxidation
of limonene does not change the evaluation of the model by very much.

4. Conclusions

In this study, the number concentration and burden of SOA is simulated using the latest CESM/IMPACT
model including three organic nucleation mechanisms: HET, NON, and ION. NewSOA is formed from
HOMs that are the product of the ozone and OH oxidation of α‐pinene through explicit chemical reactions.
After the inclusion of organic nucleation, the aerosol number concentration and the size distribution of SOA
are changed. The simulated monthly average OC and CN concentration were evaluated by comparing with
observations from the IMPROVE and EMEP networks as well as with several other sites around the world.
The BASE version of the model underestimates the average surface OC concentration by 29% in the
IMPROVE network (United States) and 67% in the EMEP (Europe) network. The comparison of the sensi-
tivity tests with these data is similar to that of the base model. This large underestimation is possibly caused
by the coarse resolution of the model and the underestimation of POC emissions. Themodel was able to cap-
ture the temporal variation of the OC concentration in most regions in United States with an average
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correlation coefficient of 0.73 but failed to predict the seasonal and temporal pattern at EMEP sites because
of the high OC concentration observed in the winter in Europe. The lack of any significant seasonal variation
in the POC emission rates explains much of the negative correlation coefficients in Europe. The model pre-
dicted the spatial pattern of OC concentration well in both the United States and Europe. Organic nucleation
contributes more to the aerosol number concentration than to the OC concentration. The average CN con-
centrations are close to the observations and the temporal correlation coefficients are increased at most of
sites after including organic nucleation in the model. The temporal correlations of the CN concentrations
between the simulation and observations are poor at the sites where the predicted CN concentration is domi-
nated by sulfate. Thus, the simulated number concentration of newSOA shows a better correlation with the
observed CN concentration than does the simulated total CN concentration.

The model indicates that the ION mechanism generates 60% of the total newSOA and is thus the most
important organic nucleation mechanism. ION always occurs in the middle and upper troposphere of the
tropics so that the upper troposphere in the Amazon is the largest source of newSOA. The organic nucleation
rate is highest in the boreal fall, which is determined by the high ION rate in the fall in the Amazon. HET is
the most widely present organic nucleation mechanism and is high in the middle latitudes of the NH. HET
dominates the global organic nucleation rate in the boreal summer. The HET nucleation rate also explains
most of the organic nucleation rate within the PBL, while ION explains most of the organic nucleation rate
in the middle and upper troposphere. Due to the high concentration of preexisting aerosol in the lower tro-
posphere of the NH, the high HET nucleation rate does not lead to a high number concentration of newSOA
in the nucleation mode there. In comparison, ION contributes to the large concentration of newSOA in the
nucleationmode in the upper troposphere of the Amazon. The column number concentration of newSOA in
the Aitken mode is highest in the tropics because of high concentration of nucleated newSOA. However, the
large number of nucleated newSOA are hard to grow to the accumulation mode in the tropics because of
insufficient condensable sulfuric acid and SVOC. The column number concentration of newSOA in the
accumulation mode is highest in the middle latitudes even though the number concentration of newSOA
in the nucleation mode is not very high due to the high concentrations of sulfuric acid and SVOC in the
lower troposphere. However, the distribution of the mass burden of newSOA in the Aitken and accumula-
tionmodes differs from that of the number concentration and is highest in themiddle and upper troposphere
of Amazon because of the much higher concentrations of SVOC that are able to condense on the newSOA
formed in the Amazon.

Three sensitivity experiments were conducted to investigate uncertainties in the nucleation and growth
mechanisms in the model. When the low‐volatility products formed from IEPOX, glyoxal, and methyl-
glyoxal take part in the growth of newSOA, a larger number of newSOA grow from the nucleation mode
to the Aitken and accumulation modes, while the burden of SOA associated with sulfate and soot decrease
significantly. The temporal correlation coefficient of the number concentration of surface aerosol between
the simulation and observations is increased significantly, but the overestimation of the average number
concentration is larger. When the model includes the suppression of organic nucleation by isoprene, the
annual global average organic nucleation rate is decreased by 67%, resulting in a sharp decrease in the num-
ber concentration of newSOA in all modes. Isoprene suppression narrows the gap between the observations
and the simulation of the average number concentration of aerosols significantly, but the temporal correla-
tion becomes somewhat worse. When we added the HOMs formed from the oxidation of limonene, the
annual average organic nucleation rate is increased by 2.3%, which is primarily determined by the increased
ION rate in the tropics. The additional HOMs from limonene only have a small influence on the evaluation
of the number concentration and temporal correlation coefficient.

Since the knowledge of organic nucleation is still very limited, large uncertainties in the simulation of
newSOA remain. Future work is needed to investigate the mechanisms that form HOMs and newSOA as
well as the properties of newSOA. The chemical mechanism to form HOMs used in our model is one of
the most detailed process models published to date. However, there likely are many other chemical mechan-
isms and different precursors that form HOMs which nucleate with different reaction times that need to be
investigated in the laboratory. The mechanism of HOM formation could have an influence on the number of
newSOA and its spatial distribution. We only included four HOM species in the model that are formed from
α‐pinene and have been shown to contribute to nucleation in previous publications (Kulmala et al., 2013;
Ortega et al., 2016; Schobesberger et al., 2013; Zhang et al., 2015; Ziemann, 2002). Semivolatile organics
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only help to grow preexisting aerosol, although some may have very low volatility at low temperatures and
high altitudes. This treatment may cause an underestimation of the organic nucleation rate. Further studies
to determine whether more organics lead to nucleation and should be carried out. Organic nucleation was
described by a set of parameterizations based on experimental data, but these parameterizations may not
fit all situations. A detailed dynamic mechanism of organic nucleation is needed to reduce the uncertainty
of predicting the organic nucleation rate. Also, more studies are needed to determine the acidity and viscos-
ity of newSOA in different modes. The growth mechanism of newSOA depends on the acidity and viscosity,
which could change the predicted size distribution of newSOA. An accurate size distribution is needed to
accurately estimate the radiative effects of aerosol. Moreover, work is needed to improve our understanding
of the sources and sinks of BVOC as well as the seasonal variation of POC emissions. The correct description
of emissions in the model is important to improve the prediction of the burden of aerosol and its
seasonal pattern.
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