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Akey challenge in aerosol pollution studies and climate change assessment is to
understand how atmospheric aerosol particles are initially formed"2. Although new
particle formation (NPF) mechanisms have been described at specific sites®, in most
regions, such mechanisms remain uncertain to a large extent because of the limited
ability of atmospheric models to simulate critical NPF processes'’. Here we synthesize
molecular-level experiments to develop comprehensive representations of 11 NPF
mechanisms and the complex chemical transformation of precursor gases in a fully
coupled global climate model. Combined simulations and observations show that
the dominant NPF mechanisms are distinct worldwide and vary with region and
altitude. Previously neglected or underrepresented mechanisms involving organics,
amines, iodine oxoacids and HNO, probably dominate NPF in most regions with high
concentrations of aerosols or large aerosol radiative forcing; such regions include
oceanic and human-polluted continental boundary layers, as well as the upper
troposphere over rainforests and Asian monsoon regions. These underrepresented
mechanisms also play notable rolesin other areas, such as the upper troposphere of the
Pacificand Atlantic oceans. Accordingly, NPF accounts for different fractions (10-80%)
ofthe nuclei on which cloud forms at 0.5% supersaturation over various regionsin the

lower troposphere. The comprehensive simulation of global NPF mechanisms can
help improve estimation and source attribution of the climate effects of aerosols.

Atmospheric aerosol particles cause more than three million premature
deaths worldwide every year® and act as a key modulator of Earth'’s
climate. NPF from condensable gas molecules is the fundamental
source of most atmospheric particles. The subsequent growth of
these particlesis thought to contribute approximately half of the global
number of cloud condensation nuclei (CCN)*'°, substantially affecting
cloud properties and Earth’s radiative balance. Understanding the
mechanisms of regional and global NPF is necessary for accurate esti-
mation of aerosols’ climatic effects and for attribution of such effects
to controllable sources of primary particles and gases.

Despite its atmospheric importance, NPF has long been among
the least understood components of atmospheric chemistry. Recent
observational studies have revealed NPF mechanisms at specific sites
through direct detection of molecular clusters (intermediates for par-
ticle formation)*¢. However, NPF mechanisms in most regions and
at most altitudes remain a mystery. This is largely because current

atmospheric models—tools indispensable for understanding the
mechanisms and impacts of NPF on global and regional scales—lack
the ability to represent many critically important processes. Most
widely used global models are built on traditional binary and ternary
particle nucleation processes involving sulfuric acid (H,SO,), ammo-
nia (NH,) and ions"'°, which underpredict both the NPF rate and the
particle numbers in most atmospheric environments, often by one
order of magnitude or more*>”*", Some recent experimental and/
or observational studies suggested that ‘modern’ NPF mechanisms,
including amine-H,SO, nucleation®***, synergistic HNO,-H,SO,-NH,
nucleation®andiodine oxoacids nucleation®'*, are important at cer-
tain locations® "7, but such mechanisms have seldom, if ever, been
incorporatedinatmospheric models™'*', Another complicated mecha-
nism is organic-mediated nucleation, which is driven by ultralow and
extremely low volatility organic compounds (ULVOCs and ELVOCs,
respectively) with saturation vapour concentration (C*) of less than
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Fig.1|Mechanisms of NPF and constraints from observations over
rainforests. a, Comparison of simulated particle number concentrations with
aircraft measurements obtained over the Amazon during the ACRIDICON-
CHUVA campaignin September 2014. Both simulations and observations are
for particles >10 nm near the surface and 20 nm above the altitude of13.8 km,
withsmooth transitionbetween. The lines represent mean concentrations
withineach vertical bin and the shaded areas represent the 25th to 75th
percentiles of the observations. All particle number concentrations are

3x107%and 3 x 107 pg m3, respectively?**. Recent modelling studies
that considered organic-mediated nucleation consistently oversimpli-
fied the processes by assuming that the nucleating organicsrepresenta
fixed fraction of all oxidation products®?*2* or that only a few individual
moleculesareinvolved in nucleation®. Thisis by contrast to the latest
understanding that ULVOCs and ELVOCs encompass numerous spe-
cies’*?*? and theiryields vary by several orders of magnitude depend-
ing ontemperature and NO, concentration?*?** The wide gap in model
representation of NPF processes prevents holistic understanding of
the mechanisms and impacts of NPF globally.

Here we synthesized molecular-level laboratory experiments to
develop comprehensive model representations of NPF and the chemi-
cal transformation of precursor gases inafully coupled global climate
model. The model considers 11 nucleation mechanisms, among which
four crucial mechanisms were largely overlooked previously, includ-
ing iodine oxoacids neutral and ion-induced nucleation, synergistic
H,SO,-HNO;-NH; nucleation and amine-H,SO, nucleation. Further-
more, we transformed previous model representations of pure-organic
and organic-H,SO, nucleation by implementing in the model an
advanced experimentally constrained Radical Two-Dimensional Vol-
atility Basis Set (R2D-VBS) to simulate the temperature-dependent
and NO,-dependent formation chemistry and thermodynamics of
ULVOCs and ELVOCs"%. Our new model greatly improves particle num-
ber simulations over the world’s particle hotspots, often by one order
of magnitude or more. This allows the explanation of worldwide NPF
mechanisms that vary greatly with region and altitude (see schematic
in Extended Data Fig. 1a). Below, we first discuss the NPF mechanisms
over rainforests, anthropogenically polluted regions and oceans (see
their respective spatial extent in Extended Data Fig. 1b), which cover
most of the world’s areas with either high particle concentrations or
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normalized tostandard temperature and pressure (273.15 Kand 101.325 kPa).
Definitions of the model scenarios are given in the main text and Supplementary
Tablel.b,NPFratesasafunction of height AGL over the Central Amazon, Central
Africaand Southeastern Asia. White lines represent the total NPF rates of all
mechanismsatadiameter of1.7 nm (/,,, onalogscale) and the coloured areas
represent the relative contributions of different mechanisms, both averagedin
2016 over theregions specified in Extended Data Fig. 1b.

large aerosol-cloud radiative forcing”°3¢, We then provide a global
overview of the mechanisms and impacts of NPF. We show that previ-
ously underrepresented mechanisms probably dominate NPF over
most of the above key regions, which could substantially reshape the
understanding of NPF. Our systematic sensitivity analysis suggests that
the quantifiable uncertainties at present are unlikely to change our
main findings but might affect the exact quantitative contributions of
individual mechanisms. Furthermore, potential uncertainties beyond
our current knowledge might further refine and possibly modify the
findings we present.

NPF mechanisms over rainforests

The upper troposphere above rainforests, including the Central Ama-
zon, Central Africa and Southeastern Asia, isamong the largest reser-
voirs of particles globally on anumber basis, as shownin Extended Data
Fig.2a.Figurelacompares simulated vertical profiles of particles with
those obtained from aircraft measurements over the Central Amazon
during the ACRIDICON-CHUVA campaign®. As well as our comprehen-
sive ‘best-case’ scenario thatincluded all 11 nucleation mechanisms and
the R2D-VBS module, we conducted two sensitivity simulations: the first
did not consider any NPF process (‘No_NPF’), whereas the second con-
sidered only traditional neutral and ion-induced H,SO,-H,0 nucleation
and H,SO,-NH;-H,0 nucleation (‘NPF_Mech4’), which resembles the
NPF treatment adopted in commonly used climate models*'°. Simula-
tion results from the two sensitivity experiments underestimate the
high particle number concentrations in the upper troposphere by
nearly one order of magnitude. By contrast, our best-case scenario
successfully reproduces the observed strong peak in particle number
concentrations in the upper troposphere.
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The much-improved performance and global coverage of our model
allow explanation of the NPF mechanisms over the three main rainfor-
est areas mentioned above, as shown in Fig. 1b. Organic-mediated
nucleation (pure-organic and organic-H,SO, nucleation) consistently
dominatesinthe upper troposphere of the three regions according to
our model. In particular, pure-organicion-induced nucleation domi-
nates at altitudes above 10-12 km, at which the largest NPF rates occur.
Organic-mediated nucleation mechanisms are mainly driven, in our
model, by ULVOCs and ELVOCs formed through oxidation of monoter-
pene emissions from rainforests; these monoterpene emissions are
lifted to the upper troposphere by frequent and strong tropical con-
vection. NPF rates are greatly enhanced in the upper troposphere
relative to those in the lower troposphere because the low tempera-
tures of the former increase the overall yields of ULVOCs/ELVOCs as
a combined effect of chemistry and volatility changes and enhance
the stability of new particles. Our new R2D-VBS module captures the
variable yields of ULVOCs/ELVOCs, representing a notable advantage
over previous simplified modelling approaches®*>* that assume that
afixed fraction of the organic oxidation products drives nucleation. A
sensitivity simulation (‘NPF_Mech1l_constYield’; see Supplementary
Table 1) shows that such simplified approaches would produce too
many particles at low altitude and too few particles at high altitude,
unlike the distribution revealed by observations over the Amazon. Fur-
thermore, the simulated concentrations of monoterpenes, which are
precursors to the ULVOCs/ELVOCs, generally agree with observations
acquired during two field campaigns over the Amazon® and South-
eastern Asia® (0.19 ppb versus 0.13 ppb in the Amazon and 0.13 ppb
versus 0.17 ppbin Southeastern Asia), further enhancing confidence
in the model simulations.

NPF mechanisms in human-polluted regions

Another group of global particle hotspots is the boundary layer of
anthropogenically polluted regions, such as Eastern China, India and
parts of Europe and the United States, as well as the upper troposphere
in the Asian monsoon region that spans Eastern China and India’>*"*,
Recent observations detected abundant amine-H,SO, clusters during
NPF events and suggested the dominant role of amine-H,SO, nuclea-
tion at several surface sites in Beijing and Shanghai**; however, NPF
mechanisms on the regional scale and their vertical distributions
remain to be explored. Figure 2a evaluates simulated particle num-
ber size distributions against available observations at three sites in
China (see statisticsin Extended Data Fig. 3d). Simulations without NPF
(‘No_NPF’) or with only traditional inorganic nucleation mechanisms
(‘NPF_Mech4’) underestimate the number concentrations of ultrafine
particles (diameter <100 nm) by more than 60%. Our best-case sce-
nario with all 11 mechanisms successfully reproduces the observed
ultrafine particle concentrations with a normalized mean bias within
+10% (within +33% for individual sites).

On the basis of the markedly improved model, Fig. 2b illustrates
NPF mechanismsas afunction of height over the four polluted regions
mentioned above. The NPF rates in these regions are highest near the
surface and mainly driven by amine-H,SO, nucleation in our model,
whichis ultimately attributed to strong anthropogenic amine and SO,
emissions. Notably, amine-H,SO, nucleation is confined to a reason-
ably shallow layer below about 500 m, which is primarily attributable
to sharp reduction in concentrations of amines with height owing
to their short lifetime. To ensure that the model correctly captures
amine-H,SO, nucleation, we compared simulated concentrations of
H,SO, and dimethylamine (DMA) with observations acquiredin China,
Europe and the United States (Extended Data Fig. 3a,b). The simulated
concentrations are generally within a factor of 3 (2.5) of the observed
values for H,SO, (DMA), indicating reasonable model performance,
especially considering the difficulty in accurate simulation of these
species recognized in previous studies***.,
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Asecondary maximum of NPF rate occursinthe upper troposphere
(9-14 km) inallfour regions. Over Eastern China and India, which have
relatively high upper-tropospheric NPF rates among the four regions,
therecently discovered synergistic H,5SO,~HNO,-NH, mechanism® is
important and often dominant, as shown in Fig. 2b, whereas H,SO -
NH;-H,0 neutral nucleation plays asecondary but sometimes compa-
rablerole. Therate of H,SO,~HNO,-NH; nucleationis highly sensitive
tothe abundance of ammonia, whichislifted to the upper troposphere
by vigorous Asian monsoon convection*?**, The simulated NH, con-
centration in the Asian monsoon upper troposphere during summer
mostly varies in the range 10-40 ppt and occasionally reaches 60 ppt
(Extended DataFig. 4), consistent with large-scale satellite observations
(mostly 10-35 ppt, occasionally 150 ppt)****. Notably, the actual rate
of H,SO,~HNO;-NH; nucleation is probably higher than our baseline
simulation because the real-world NH; concentration is non-uniform
withinal® x 1°model grid (see related sensitivity simulations in Meth-
ods). Hence, H,SO,-~HNO,-NH; nucleation is probably the leading
mechanism in the upper troposphere above Eastern China and India.
In Europe and the Eastern United States, the upper-tropospheric NPF
rates are comparatively smaller; the dominant mechanismin our model
is organic-mediated nucleation (organic-H,SO, and pure-organic
nucleation; Fig. 2b), although H,SO,-NH,-H,0 neutral nucleation may
also make certain contributions. Compared with rainforest regions,
the dominantrole of organic-mediated nucleationisless pronounced,
introducing a certain level of uncertainty. The mechanisms in Europe
and the Eastern United States differ from those over Eastern Chinaand
India because: (1) the weaker convection in Europe and the Eastern
United States limits convective transport of NH; and (2) the stronger
emission of biogenic volatile organic compounds is favourable for
organic-mediated nucleation.

NPF mechanisms over the oceans

Among all regions globally, cloud radiative effects are most suscep-
tible to CCN availability over the oceans***, Moreover, the tropical
oceanic upper troposphere, as well as fragmented areas in the oce-
anic boundary layer, have been shown to be particle hotspots by the
Atmospheric Tomography Mission (ATom) campaign”® carried out
over the Pacific and Atlantic oceans, but the mechanisms of NPF remain
unclear. Figure 3ashows that, without considering NPF (‘No_NPF’), the
model captures the observed coarse-mode concentrations but largely
misses the nucleation-mode and Aitken-mode particles. By contrast,
our best-case simulation with 11 NPF mechanisms reasonably repro-
ducesthe observed distributions of nucleation-mode and Aitken-mode
particles, especially the extensive upper-tropospheric hotspots and
scattered boundary-layer hotspots.

With reasonable model-observation agreement, the NPF mecha-
nisms over the Pacific and Atlantic oceans are shown in Fig. 3b and
Extended Data Fig. 8.In the marine boundary layer, the dominant NPF
mechanismin our modelis mostly neutral and ion-induced nucleation
of iodine oxoacids, which is directly associated with oceanic emis-
sions of iodine-containing species. lon-induced nucleation is more
importantinthetropics, whereas neutral nucleationis moreimportant
in colder mid-to-high-latitude regions because of its stronger tem-
perature dependence. To ensure that the model reasonably simulates
iodine oxoacids nucleation, we further show that the simulated HIO,
concentrations vary between 80% below and 100% above the observed
values at ten oceanic or coastal sites worldwide (Extended Data Fig. 3c).
This is deemed reasonable performance because our study, to our
knowledge, represents the first time that HIO, formation chemistry
has been simulated in three-dimensional models.

In the upper troposphere above the Pacific and Atlantic oceans,
organic-H,SO, nucleationand H,SO,~-NH;-H,0 neutral nucleation are
most probably the two dominant mechanisms of nucleationaccording
to our model. The relative importance of the two mechanisms varies
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Fig.2|Mechanisms of NPF and constraints from observations over
anthropogenically polluted regions. a, Comparison of simulated particle
number size distributions with observations obtained at three sites in China:
BUCT (Beijing University of Chemical Technology), Beijing; SORPES (Station
for Observing Regional Processes of the Earth System), Nanjing; Wangdu,
Hebei. All particle number size distributions are normalized to standard
temperature and pressure. Definitions of the model scenarios are giveninthe
main textand Supplementary Table 1. We do not expect the model to exactly

with latitude. Our simulation suggests that organic-H,SO, nucleation
isimportant across wide latitude ranges, whereas H,SO,-NH;-H,0O
neutral nucleation could be important in certain mid-latitude areas
with obvious anthropogenic influences. Notably, the H,SO, concen-
tration involved in nucleation traces back to both oceanic dimethyl
sulfide (DMS) emissions and continental anthropogenic SO, emissions
(Supplementary Fig.1).

Global overview and sensitivity analysis

In Fig. 4, which illustrates the global zonal mean NPF rates of each of
the 11 mechanisms, global NPF mechanisms are shown to be largely
governed by the hotspot regions analysed above. Inthe tropical upper
troposphere, particle formation is dominated by organic-mediated
nucleationinour model, especially pure-organicion-induced nuclea-
tion that dominates above the altitude of 11 km, at which the largest
NPF rates occur. This reflects the NPF mechanisms over the rainfor-
ests and tropical oceans. In the mid-latitude upper troposphere, the

Relative fraction Relative fraction

capture the shape of the ultrafine number size distribution because the model
usesamode approachtorepresent particle size. b, NPF rates as afunction of
height AGL over Eastern China, India, Europe and the Eastern United States.
White lines represent the total NPF rates at adiameter of 1.7 nm (J, ;,onalog
scale) and the coloured areas represent the relative contributions of different
mechanisms, both averagedin 2016 over the regions specified in Extended
DataFig.1b.

H,SO,-HNO;-NH;, organic-H,SO, and H,SO,-NH;-H,0 mechanisms
all make important contributions to particle formation, reflecting a
combination of NPF mechanisms over the mid-latitude oceans and
Asian monsoon regions. In the boundary layer, amine-H,SO, nuclea-
tion dominates in mid-latitude areas of the Northern Hemisphere in
ourmodel, characteristic of anthropogenically polluted regions; iodine
oxoacids nucleation dominates at other latitudes because of the vast
oceans.

We designed sensitivity experiments to test key factors of uncer-
tainty that might potentially affect the leading NPF mechanismin one
or more regions. Detailed descriptions and results of the sensitivity
experiments are provided inMethods and summarized in Supplemen-
tary Table 1, Extended Data Figs. 5-9 and Supplementary Figs. 2-9.
Briefly, the sensitivity experiments consisted of changing emissions
or concentrations of SO,, DMS, H,SO,, monoterpenes, DMA, NH; and
HIO;, the temperature dependence of organic-mediated nucleation,
the parameterizations of organic-H,SO, and amine-H,SO, nuclea-
tion, the subgrid NH, concentration distributions and key parameters
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Fig.3|Mechanisms of NPF and constraints from observations over oceans.
a, Comparison of simulated number concentrations of nucleation-mode,
Aitken-mode and coarse-mode particles with aircraft observations obtained
over the Pacificand Atlantic oceans. The observations were obtained during
the ATom campaignin July-August 2016, January-February 2017, September-
October 2017 and April-May 2018. Simulation results are matched to individual
observational databased on time and location. Model-observation pairs are
grouped into two-dimensional bins defined by latitude (every 5°) and altitude

governing convective transport based on our best-case scenario. The
resultsindicate that our main findings about the leading NPF mecha-
nisms hold true under these sensitivity simulationsin all key regions
of interest. Nevertheless, these sources of uncertainty might affect
the precise quantitative contributions of individual mechanisms,
bothintheabovekeyregions andin other areas not discussed in detail
individually.

Contribution of NPF to particlesand CCN

On the basis of our new model, we show in Fig. 5 and Extended Data
Fig. 2 the fractions of particles and CCN at 0.5% supersaturation
(CCNO0.5%) caused by NPF at different heights, as determined by the
contrastbetweenthe ‘best-case’and ‘No_NPF’ scenarios. Inthe lower
troposphere (fromthe surface to1 km, approximately the low-cloud
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(every100 m) and the average particle number concentrationsineachbinare
calculated and plotted. All particle number concentrations are normalized to
standard temperature and pressure. b, Zonal mean NPF rates of individual
mechanisms over the Pacific Ocean (170° E-150° W) in 2016. Only five NPF
mechanisms are shown because the other six mechanisms are negligiblein
theseregions. NPF rates over the Atlantic Ocean are shownin Extended Data
Fig. 8 (firstrow).

level), the fractions of particles and CCNO.5% caused by NPF vary
regionally. Over the tropical and mid-latitude oceans at which cloud
radiative effects are highly susceptible to CCN availability, NPF gen-
erally accounts for 70-90% of the particles and for 50-80% of the
CCNO.5% concentration. For anthropogenically polluted regions,
the fractions caused by NPF are comparatively large over Europe and
the Eastern United States (80-95% of particle numbers and 30-65%
of the CCNO0.5% concentration) and small over Eastern China and
India (35-85% of particle numbers and 10-35% of the CCN0.5% con-
centration). The difference is probably because Chinaand India have
relatively large emissions of primary particles that act as a strong
coagulation sink of freshly formed particles. For rainforests, the
fractions of particles and CCN0.5% from NPF also vary greatly with
location, depending inversely on the strength of biomass-burning
emissions. More discussion is provided in Methods.
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Discussion

Inthis study, we developed acomprehensive global model representa-
tion of the physicochemical processes underlying NPF, which repre-
sents substantial advances compared with previous modelling studies
(see the ‘Discussion in the context of previous global models’ section
in Methods). The much-improved model, combined with observa-
tional constraints, provides a comprehensive overview of global NPF
mechanisms that vary greatly with region and altitude (see schematic
in Extended Data Fig. 1a). We found that particle formation in most
aerosol-rich or cloud-susceptible regions is most probably dominated
by ‘modern’ NPF mechanisms discovered or quantified in the past
decade (that is, nucleation involving organics, amines, iodine oxoac-
ids and HNO;), rather than by traditional mechanisms involving only
H,SO,, NH; and H,0. The importance of these modern mechanisms
on regional and global scales has been underappreciated because
they were mostly missing or substantially biased in previous mod-
els. Our sensitivity experiments showed that the findings are robust
across 13 key sources of uncertainty, but uncertainty might remain
in aspects not covered by these experiments. Of note, our model has
not included all NPF mechanisms exhaustively. New atmospherically
relevant NPF mechanisms have been identified recently, especially
those involving the synergistic effects of several compounds*°. For
example, amines and NH; have been found to nucleate synergistically
withH,S0O,, especially in environments with insufficient amines to fully
stabilize large H,SO, clusters*®*, HNO, has been shown to enhance
DMA-H,SO, nucleation under favourable conditions with relatively
high HNO, and DMA concentrations®. It is more than likely that new
synergistic effects or other new NPF mechanisms will be identified in
future experiments that better mimic the atmospheric composition.
Parameterizing the emerging new NPF mechanisms and incorporat-
ing theminto the model could further refine and possibly modify the
picture we present here; therefore, such work is needed in the future.
Furthermore, our sensitivity experiments only tested one source of
uncertainty at a time; combinations of numerous sources might lead
tolarger uncertainty in some parts of the multiparameter space. Never-
theless, ourimproved prediction of NPF processes could substantially
reshape current understanding of global aerosol loadings and budgets.
For example, the inclusion of modern NPF mechanisms in our model
almost tripled the global mean surface particle number concentra-
tionsrelative to those based on traditional NPF mechanismsinvolving
H,SO,, NH; and H,O (Extended Data Fig. 2e,g). Our model evaluation
over key regions suggests that the changes in number concentrations
arerealistic, but further evaluation using more observations would be
invaluable. In particular, simultaneous measurements of nucleation
precursors and particle size distributions are greatly needed, especially
in the upper troposphere above Southeastern Asia, Central Africa,
the Asian monsoon regions, the Eastern United States and Europe.
Furthermore, direct detection of molecular clusters is encouraged
invarious regions of the world, especially in the upper troposphere.
The comprehensive representation of NPF mechanismsin this study
will also facilitate detailed source apportionment of particlesand CCN
globally. This will further help with accurate attribution of aerosols’
climatic effects to emission sources of precursor gases and primary
particles, with implications for the development of targeted control
policies. Furthermore, clarification of NPF mechanisms hasimportant
implications for assessments of historical and future climate change,
because particles arising from different mechanisms may undergo
markedly different changes. For example, during the industrial era,
H,SO,-HNO,-NH; nucleation has probably become enhanced sub-
stantially owing to the increase in anthropogenic emissions, whereas
pure-organicand organic-H,SO, nucleation have probably experienced
more complex changes attributable to changes in both biogenic and
anthropogenic emissions. This could have resulted in notably differ-
ent aerosol loading changes in the upper troposphere above Asian
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monsoon regions, rainforests and tropical oceans during the industrial
era. For another example, whether NPF in oceanic boundary layers is
governed by iodine oxoacids or H,SO, means that the climatic effects
ofaerosols will evolve differently under future policy interventions. In
view of the regionally and vertically distinct NPF mechanisms (as well as
their different pastand future changes), itisimperative to adequately
represent all of the main NPF mechanisms in climate simulations and
projections, especially those considered in the assessment reports of
the Intergovernmental Panel on Climate Change.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07547-1.

1. Lee, S.-H. etal. New particle formation in the atmosphere: from molecular clusters to
global climate. J. Geophys. Res. Atmos. 124, 7098-7146 (2019).

2. Kulmala, M. et al. Is reducing new particle formation a plausible solution to mitigate
particulate air pollution in Beijing and other Chinese megacities? Faraday Discuss. 226,
334-347(2021).

3. Yao, L. et al. Atmospheric new particle formation from sulfuric acid and amines in a
Chinese megacity. Science 361, 278-281(2018).

4.  Cai, R. etal. Sulfuric acid-amine nucleation in urban Beijing. Atmos. Chem. Phys. 21,
2457-2468 (2021).

5. Baccarini, A. et al. Frequent new particle formation over the high Arctic pack ice by
enhanced iodine emissions. Nat. Commun. 11, 4924 (2020).

6. Bianchi, F. et al. New particle formation in the free troposphere: a question of chemistry
and timing. Science 352, 1109-1112 (2016).

7. Williamson, C. J. et al. A large source of cloud condensation nuclei from new particle
formation in the tropics. Nature 574, 399-403 (2019).

8. Cohen, A. J. et al. Estimates and 25-year trends of the global burden of disease attributable
to ambient air pollution: an analysis of data from the Global Burden of Diseases Study
2015. Lancet 389, 1907-1918 (2017).

9.  Gordon, H. et al. Causes and importance of new particle formation in the present-day and
preindustrial atmospheres. J. Geophys. Res. Atmos. 122, 8739-8760 (2017).

10. Yu, F. & Luo, G. Simulation of particle size distribution with a global aerosol model:
contribution of nucleation to aerosol and CCN number concentrations. Atmos. Chem.
Phys. 9, 7691-7710 (2009).

1. Zaveri, R. A. et al. Rapid growth of anthropogenic organic nanoparticles greatly alters
cloud life cycle in the Amazon rainforest. Sci. Adv. 8, eabj0329 (2022).

12.  Kirkby, J. et al. Role of sulphuric acid, ammonia and galactic cosmic rays in atmospheric
aerosol nucleation. Nature 476, 429-433 (2011).

13.  Zhao, B. et al. High concentration of ultrafine particles in the Amazon free troposphere
produced by organic new particle formation. Proc. Natl Acad. Sci. USA 117, 25344-25351
(2020).

14. Chen, M. et al. Acid-base chemical reaction model for nucleation rates in the polluted
atmospheric boundary layer. Proc. Natl Acad. Sci. USA 109, 18713-18718 (2012).

15.  Wang, M. et al. Synergistic HNO,;-H,SO,-NH, upper tropospheric particle formation.
Nature 605, 483-489 (2022).

16. Saiz-Lopez, A. et al. Atmospheric chemistry of iodine. Chem. Rev. 112, 1773-1804 (2012).

17.  Hoffmann, T., O’'Dowd, C. D. & Seinfeld, J. H. lodine oxide homogeneous nucleation: an
explanation for coastal new particle production. Geophys. Res. Lett. 28, 1949-1952 (2001).

18. Bergman, T. et al. Geographical and diurnal features of amine-enhanced boundary layer
nucleation. J. Geophys. Res. Atmos. 120, 9606-9624 (2015).

19. Lai, S. etal. Vigorous new particle formation above polluted boundary layer in the North
China Plain. Geophys. Res. Lett. 49, e2022GL100301(2022).

20. Kirkby, J. et al. lon-induced nucleation of pure biogenic particles. Nature 533, 521-526
(2016).

21.  Riccobono, F. et al. Oxidation products of biogenic emissions contribute to nucleation of
atmospheric particles. Science 344, 717-721(2014).

22. Yu,F, Luo, G., Nadykto, A. B. & Herb, J. Impact of temperature dependence on the possible
contribution of organics to new particle formation in the atmosphere. Atmos. Chem. Phys.
17, 4997-5005 (2017).

23. Chen, X. etal. Improving new particle formation simulation by coupling a volatility-basis
set (VBS) organic aerosol module in NAQPMS+APM. Atmos. Environ. 204, 1-11(2019).

24. Wang, X., Gordon, H., Grosvenor, D. P., Andreae, M. O. & Carslaw, K. S. Contribution of
regional aerosol nucleation to low-level CCN in an Amazonian deep convective
environment: results from a regionally nested global model. Atmos. Chem. Phys. 23,
4431-4461(2023).

25. Zhu, J. et al. Decrease in radiative forcing by organic aerosol nucleation, climate, and land
use change. Nat. Commun. 10, 423 (2019).

26. Schervish, M. & Donahue, N. M. Peroxy radical chemistry and the volatility basis set.
Atmos. Chem. Phys. 20, 1183-1199 (2020).

27. Frege, C. et al. Influence of temperature on the molecular composition of ions and
charged clusters during pure biogenic nucleation. Atmos. Chem. Phys. 18, 65-79 (2018).

28. Ye, Q. etal. Molecular composition and volatility of nucleated particles from a-pinene
oxidation between -50 °C and +25 °C. Environ. Sci. Technol. 53, 12357-12365 (2019).


https://doi.org/10.1038/s41586-024-07547-1

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Yan, C. et al. Size-dependent influence of NO, on the growth rates of organic aerosol
particles. Sci. Adv. 6, eaay4945 (2020).

Andreae, M. O. et al. Aerosol characteristics and particle production in the upper
troposphere over the Amazon Basin. Atmos. Chem. Phys. 18, 921-961 (2018).

Weigel, R. et al. In situ observation of new particle formation (NPF) in the tropical
tropopause layer of the 2017 Asian monsoon anticyclone - part 1: summary of StratoClim
results. Atmos. Chem. Phys. 21, 11689-11722 (2021).

Zhu, Y. et al. Airborne particle number concentrations in China: a critical review. Environ.
Pollut. 307, 119470 (2022).

Carslaw, K. S. et al. Large contribution of natural aerosols to uncertainty in indirect
forcing. Nature 503, 67-71(2013).

Wang, C., Soden, B. J., Yang, W. & Vecchi, G. A. Compensation between cloud feedback
and aerosol-cloud interaction in CMIP6 models. Geophys. Res. Lett. 48, 2020GL091024
(2021).

Quaas, J., Boucher, O., Bellouin, N. & Kinne, S. Satellite-based estimate of the

direct and indirect aerosol climate forcing. J. Geophys. Res. Atmos. 113, D05204
(2008).

McCoy, D. T. et al. The global aerosol-cloud first indirect effect estimated using MODIS,
MERRA, and AeroCom. J. Geophys. Res. Atmos. 122, 1779-1796 (2017).

Reddington, C. L. et al. Primary versus secondary contributions to particle number
concentrations in the European boundary layer. Atmos. Chem. Phys. 11,12007-12036
(20Mm).

Shilling, J. E. et al. Aircraft observations of the chemical composition and aging of aerosol
in the Manaus urban plume during GoAmazon 2014/5. Atmos. Chem. Phys. 18, 10773-10797
(2018).

Langford, B. et al. Fluxes and concentrations of volatile organic compounds from a
South-East Asian tropical rainforest. Atmos. Chem. Phys. 10, 8391-8412 (2010).

Yu, F. & Luo, G. Modeling of gaseous methylamines in the global atmosphere: impacts of
oxidation and aerosol uptake. Atmos. Chem. Phys. 14, 12455-12464 (2014).

Cai, C. et al. Incorporation of new particle formation and early growth treatments into
WRF/Chem: model improvement, evaluation, and impacts of anthropogenic aerosols
over East Asia. Atmos. Environ. 124, 262-284 (2016).

Hopfner, M. et al. First detection of ammonia (NH;) in the Asian summer monsoon upper
troposphere. Atmos. Chem. Phys. 16, 14357-14369 (2016).

43. Hopfner, M. et al. Ammonium nitrate particles formed in upper troposphere from ground
ammonia sources during Asian monsoons. Nat. Geosci. 12, 608-612 (2019).

44. Oreopoulos, L. & Platnick, S. Radiative susceptibility of cloudy atmospheres to droplet
number perturbations: 2. Global analysis from MODIS. J. Geophys. Res. Atmos. 113,
D14S21(2008).

45. Gryspeerdt, E. et al. Constraining the instantaneous aerosol influence on cloud albedo.
Proc. Natl Acad. Sci. USA 114, 4899-4904 (2017).

46. Brock, C. A. et al. Aerosol size distributions during the Atmospheric Tomography Mission
(ATom): methods, uncertainties, and data products. Atmos. Meas. Tech. 12, 3081-3099
(2019).

47.  Elm, J. et al. Modeling the formation and growth of atmospheric molecular clusters: a
review. J. Aerosol Sci. 149, 105621 (2020).

48. Yin, R. etal. Acid-base clusters during atmospheric new particle formation in urban
Beijing. Environ. Sci. Technol. 55, 10994-11005 (2021).

49. Glasoe, W. A. et al. Sulfuric acid nucleation: an experimental study of the effect of seven
bases. J. Geophys. Res. Atmos. 120, 1933-1950 (2015).

50. Liu, L. et al. Rapid sulfuric acid-dimethylamine nucleation enhanced by nitric acid in
polluted regions. Proc. Natl Acad. Sci. USA 118, €2108384118 (2021).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

oy 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Nature | Vol 631 | 4 July2024 | 105


http://creativecommons.org/licenses/by/4.0/

Article

Methods

NPF module with 11 nucleation mechanisms

We developed an NPF module with 11 nucleation mechanisms and
incorporated itin the Energy Exascale Earth System Model (E3SM)
version1(refs. 51,52), whichis afully coupled Earth system model. The
11 mechanisms included H,SO,-H,0 neutral and ion-induced nuclea-
tion, H,SO,-NH,-H,0 neutral and ion-induced nucleation, synergistic
H,SO,-HNO;-NH; nucleation, pure-organic neutral and ion-induced
nucleation, organic-H,SO, nucleation, amine-H,SO, nucleation and
iodine oxoacids neutraland ion-induced nucleation. The parameteriza-
tions of the NPF rates at 1.7-nm diameter (J, ;) were mostly developed
on the basis of experiments in the CLOUD (Cosmics Leaving Outdoor
Droplets) chamber>2°#53-5 with the assistance of cluster kinetic simu-
lations and quantum chemistry simulations.

The parameterizations of seven nucleation mechanisms (H,SO,-H,0

neutral and ion-induced mechanisms, H,SO,-NH,-H,O neutral and
ion-induced mechanisms, pure-organic neutral and ion-induced mech-
anisms and organic-H,SO, mechanisms) represented an improved
version of our previous regional modelling study®, which was again
revised on the basis of Gordon et al.’. There are three main updates
compared with Gordon et al.’. First, we refitted the parameterization
of organic-H,SO, nucleation based on recent CLOUD experimental
data reported in Lehtipalo et al.”. By contrast, Zhao et al.” and Gor-
don et al.’ used the parameterization of Riccobono et al.”, which was
derived from laboratory experiments in which the precursor gases
were not measured directly and was thus subject to large uncertainty.
Tofitthe new parameterization, we used the experiments with a certain
amount of H,SO, concentration (>2 x 10° cm™) and without the pres-
ence of NH;; we excluded the experiments with extremely low H,SO,
(<2 x10° cm™) because organic-H,SO, nucleation was probably not
the dominant mechanismin those experiments. We tried two different
forms of equations for NPF rates (incm™s™) that have been used previ-
0U5|y21'585/organic—sto4 =k[H,SO,J’[ORG] and/rganic-nasos = K[H,SO,I[ORG],
in which [H,SO,] represents the concentration of H,SO, (cm™) and
[ORG] represents the concentration of non-nitrate HOM (highly oxy-
genated organic molecule) dimer (cm™), which was found to correlate
best with NPF rate among all HOM categories investigated by Lehtipalo
etal.”. Wefinally adopted the second equation form becauseitresultsin
ahigher correlation (R? = 0.80) than the first form (R*= 0.61). The fitted
parameterization was J,ganic-nasos = 1.85 X 10#[H,SO,][ORG]. Second,
whereasthe original parameterizations of pure-organic nucleation used
HOMs asinputs, we followed Zhao et al.” to use ULVOCs with a certain
level of polarity (O:C > 0.4) asinputs because they have been shown to
bebetter indicators of nucleating organics, especially considering the
large range of variations in atmospheric temperature®. Accordingly,
the original parameterizations were adjusted to suit the new inputs.
Note that the ULVOC concentrations were calculated by summing the
organic species with C* values of less than 3 x 10~ pg min the R2D-VBS
framework described inthe subsequent section. Similarly, we revised
the above-mentioned organic-H,SO, nucleation parameterization to
use the sum of ULVOCs and ELVOCs (C* <3 x 107 pg m~) with 0:C > 0.4
asinputs, soas tomatch the outputs of the R2D-VBS framework. Thisis
justified because ULVOCs and ELVOC largely overlap with non-nitrate
HOM dimer at the temperature (278 K) under which the experiments
of Lehtipalo etal.”” were conducted. Third, we considered the tempera-
ture dependence of pure-organic and organic-H,SO, nucleationrates.
The temperature-dependence function, J; = /,,scexp(—(T - 278)/13.0)
(representing an increase in the NPF rate by a factor of 2.15 per 10 K
temperature decrease), was determined by combining quantum chem-
istry calculations and the buffering effect of the volatility shift with
temperature®. To examine its uncertainty, we conducted a sensitivity
simulation using a much weaker temperature-dependence function,
Jr=J2s€Xp(—(T-278)/20.0), which translates to anincrease in the NPF
rate by afactor of only 1.6 per 10 K temperature decrease.

For amine-H,SO, nucleation, we focused on nucleation induced
by DMA because it is most efficient in stabilizing H,SO, clusters and
is considered the key amine species driving NPF in the urban atmos-
phere*¥*, The starting point of our parameterization was that derived
from chamber experiments reported by Almeida et al.>*, who obtained
anNPF rate at 3.2 nm (J;,) using a condensation particle counter (CPC)
and scanning mobility particle sizer (SMPS) measurements, which
they then extrapolated to 1.7 nm using the Kerminen and Kulmala®
equation; however, their extrapolation did not include the effect of
self-coagulation among particles. Kiirten et al.** introduced a new
method to retrieve NPF rates at sizes below the detection threshold of
theinstrument, which explicitly considers the effect of self-coagulation.
There-evaluated/, ; values are afactor of 10 faster than the estimates of
Almeida et al.** and agree almost perfectly with rates calculated from
the outputof akinetic aerosol model. For thisreason, we applied ascal-
ing factor of 10 to the parameterization of Almeida et al.>*. Furthermore,
previous studies showed that amine-H,SO, nucleation depends sub-
stantially ontemperature, whichis not considered inthe parameteriza-
tion of Almeida et al.>*. In the current study, we derived the following
temperature-dependence function using the cluster kinetic model
developed by Cai et al.* and applied it to the above parameterization:

-IT =-1278K (1-576exp(_((T_ 2506)/23.18)2)
+0.6956exp (- ((T-273.1)/13.01)?))

inwhich Tis temperature (unit: K).

For the synergistic H,SO,~HNO,-NH, mechanism, Wang et al.”
conducted experiments in the CLOUD chamber at 223 K, whichis a
temperature typical of the upper troposphere in the Asian monsoon
region (205-230 K according to our model). They used H,SO,, NH; and
HNO, concentrations of 0.05-0.5 ppt, 19-80 ppt and 0.03-0.2 ppb,
respectively, that is, all similar to real-world conditions in the upper
troposphere of the Asian monsoon region according to observations
and our model simulations (Extended DataFig. 4, Supplementary Figs.2
and 3 and Supplementary Fig. 10). Wang et al."” also suggested apply-
ing atemperature-dependence function derived for the HNO,-NH,
system to the H,SO,-HNO,-NH, system because of the lack of direct
measurements for the latter. However, this function would lead to
unrealistically large NPF rates near the surface of anthropogenically
polluted regions. Given that the experiments for H,SO,-HNO,-NH,
nucleation were conducted only at 223 K and that previous studies
have shown that H,SO,-HNO;-NH; nucleationis not detectable at warm
temperatures®’, we assumed that the parameterization of Wangetal.”,
as well as the temperature-dependence function, should be applied
only to temperatures <238 K. At higher temperatures, the NPF rate
was set to zero and smooth transition was implemented near 238 K to
avoid abrupt change.

For iodine oxoacids nucleation, we derived parameterizations
of neutral and ion-induced NPF rates by fitting the CLOUD experi-
mental data reported by He et al.>>. The challenge was to obtain the
temperature-dependence function because the experiments by He
et al.* did not cover the full temperature range but instead focused
onlyon+10 °Cand -10 °C.For neutral nucleation, the NPF rateincreases
substantially when the temperature changes from+10 °Cto-10 °C. We
assumed that the temperature-dependence function has the Arrhenius
form and we fitted the function to the experimental data at +10 °C
and -10 °C. Moreover, previous quantum chemistry calculations®*
have shown that the neutral NPF rate increases minimally with fur-
ther temperature reduction below —10 °C because the iodine oxoacid
clusters are already highly stable at =10 °C. Therefore, we assumed
that thefitted temperature-dependence function only appliesto tem-
peratures above —-10 °C and that the neutral NPF rate is independent
of temperature below —10 °C. For ion-induced nucleation, we derived
the NPF rates using the difference between the measurements under
neutral and galactic cosmicray conditions; the NPF rates can be derived



accurately at+10 °Cbut not at -10 °C because the NPF rates for neutral
and galactic cosmicray conditions are very similarat—10 °C. However,
He et al.* proved that ion-induced nucleation proceeds at the kinetic
limit below +10 °C. Therefore, we did not consider the temperature
dependence of ion-induced nucleation below +10 °C. The tempera-
ture dependence above +10 °C was assumed to be the same as that of
neutral nucleation. The parameterizations of neutral and ion-induced
NPF rates are given below:

-Iiodine oxoacids neutral

=2.57x10 3[HI0,]**»
(1.40 x 10 *exp (29, 900/max (T, 263)))

-Iiodine oxoacids ion-induced

=1.28 x 10 8[HI10,]>*4 ([ION]/700)
(1.40 x 10 *exp (29, 900/max (T, 283)))

in which HIO, is the iodic acid concentration (unit: cm~), [ION] is the
ion concentration (unit: cm~) and T'is temperature (unit: K).

For all nucleation mechanisms, we calculated the NPF rates in the
model using time-step mean concentrations of precursors, including
H,SO,, ULVOCs, ELVOCs, DMA, HIO;, NH; and HNO,. The time-step
mean concentrations of H,SO,, DMA and HIO; were calculated on the
basis of a pseudo-steady-state assumption®, whichis reasonable given
the time step of 30 min. For ULVOCs and ELVOCs, because the model
calculates the condensation/evaporation of organic gases with adap-
tive time stepping, as will be described below, we calculated the mean
concentrations over each condensation/evaporation sub-time step by
averaging theinitial and final concentrations and subsequently calcu-
lated the mean concentrations over the entire time step (30 min) by
taking the weighted average of each sub-time step. The concentrations
of NH; and HNO; in the model were prescribed (see detailed descrip-
tions below). The new particles at 1.7-nm diameter were injected into
the nucleation mode. The amount of gas precursors consumed in the
nucleation process was subtracted fromthe gas-phase concentrations.

R2D-VBS and its parameterizations

A substantial challenge in the simulation of organic-mediated nucle-
ation is the high complexity of the formation processes of ULVOCs
and ELVOCs. To address this challenge, we incorporated the R2D-VBS
framework in the E3SM to simulate the chemical transformation and
volatility distribution of monoterpene oxidation products (includ-
ing ULVOCs and ELVOCs) in the full atmospheric temperature range,
with the R2D-VBS parameters optimized against laboratory experi-
ments>?*¢¢, The R2D-VBS explicitly treats the peroxy radical (RO,)
chemistry and tracks the distribution of radical termination prod-
ucts with the two-dimensional space defined by C* (from 107° to
10° pg m~ separated by intervals of one order of magnitude) and the
oxygen-to-carbonratio (O:C, from 0 to 1.3 separated by intervals of 0.1).
Specifically, the reactions begin with oxidation of monoterpenes with
OH, 0;and NO;, producing RO,. Then, RO, undergoes either autoxida-
tion or termination. Autoxidation produces a more-oxygenated RO,,
which will further undergo autoxidation or termination. Termination
proceeds through unimolecular termination or reactions with NO, HO,
or another RO,. The cross-reactions of RO, produce either dimer or
non-dimer products. The non-dimer products of RO, cross-reactions,
aswell as the products of unimolecular termination and reaction with
NO, will undergo either functionalization or fragmentation, with a
branching ratio () between the two that depends on the O:C ratio of
the RO intermediates produced in the termination processes. Then
we distributed the stable molecules from each of the RO, termination
pathwaystoaseries of speciesin the C*-0:C space by means of kernels.
Kernels define the rule for mapping a reactant (RO, in this case) with
agiven C*and O:C ratio to a distribution of reaction products in the

C*-0:Cspacethrough a specific termination pathway. The parameters
of the R2D-VBS were determined from experimental chemical kinet-
ics literature whenever possible. However, there are some tunable
parameters that are either not measurable directly or represent the
mean state of many species or reactions. The values of these tunable
parameters (aset of whichis called ‘parameterization’) were optimized
by simulating aseries of laboratory experiments with the R2D-VBS and
minimizing the differences between the simulated and measured HOMs
and secondary organic aerosols (SOA). These experiments involved
oxidation of monoterpenes by OH and O; in smog chambers and oxi-
dation flow reactors under different temperatures. Notably, isoprene
might suppress the NPF triggered by monoterpene oxidation products
atlow altitudes® *°, whereas sesquiterpenes might contribute to NPF
despite their much smaller concentrations than those of monoterpe-
nes’’; these effects were not considered in the model, although the
formation of SOA from isoprene oxidation was considered. Further
details of the R2D-VBS and the parameter optimization are described
in our previous works'>?¢¢,

When we incorporated the experimentally constrained R2D-VBS
in the E3SM, we simplified it to reduce the computational burden
associated with many R2D-VBS species. Specifically, we summed the
species in the same C* bin and different O:C bins, which equivalently
condensed the R2D-VBS to a 1D-VBS with C* ranging from 10™ to 10°,
thereby reducing the number of species advected in the model. Mean-
while, we retained all original chemical reactions within the R2D-VBS
such that the simplification did not affect the simulation results. It is
noted that we only included species with an O:C ratio of >0.4 in the
condensed 1D-VBS. Thus, the total ULVOC and ELVOC concentrations
within the condensed 1D-VBS were used to drive organic-mediated
nucleation. The remaining less-oxygenated compounds (that is, with
0:C < 0.4) donot contribute to nucleation in our model but they might
still contribute to the formation of SOA. We simulated the SOA for-
mation associated with those less-oxygenated compounds using the
original SOA parameterization in the E3SM”!, which was based on a
simple 1D-VBS involving five surrogate species with C* ranging from
107t0 10° pg m. Then, we parameterized the SOA fraction formed
fromtheless-oxygenated compounds by fitting a series of box-model
simulations under various temperatures following Zhao et al., and we
applied the parameterized fraction below to the original SOA formation
parameterizationin the E3SM:

f=1.0-0.37/(exp(-0.0597 x T +14.02) +1.0)

inwhich Tis temperature (unit: K).

Representation of the source and sinks of DMA

We calculated the DMA concentrations by implementing the sources
and sinks of DMA in the E3SM. Considering that bottom-up DMA emis-
sion inventories are lacking at present owing to insufficient source
measurements, we estimated the DMA emissions based on NH, emis-
sions (see the subsequent section) and DMA/NH, ratios. In this study,
we used the source-dependent DMA/NH; emission ratios derived by
Mao etal.”*throughsource apportionment analysis based on simultane-
ous ambient observations of DMA, NH;, NO,, SO, and meteorological
parameters atasuburbansite in Nanjing, China. The DMA/NH; ratio for
maritime emissions was derived from a recent campaign in offshore
areas of China”. We used specific DMA/NH,; ratios of 0.0070, 0.0018,
0.0015, 0.0100, 0.0009 and 0.0144 for chemical-industrial, other
industrial, agricultural, residential, transport and maritime sources,
respectively.

We explicitly represented the removal of DMA through gas-phase
oxidation, aerosol uptake and wet deposition. The oxidation of DMA
by «OH was assumed to proceed at aconstant rate of 6.49 x 10 ™ cm3s™
(5.85-7.13 x 10" cm s tin the literature™), whereas reactions with O,
and NO, were neglected owing to their much slower rates. The aerosol



Article

uptake of DMA is subject to higher uncertainty because the uptake
coefficient varies over arelatively large range in the literature (5.9 x10™*
to 4.4 x1072)>7¢, Therefore, we assumed the uptake coefficient to be
0.001, which is approximately the median value determined from
recent laboratory measurements’™’¢, The wet deposition of DMA was
calculated on the basis of Henry’s law with a Henry’s law constant of
5.7 x10* mol m= atm™ (3.0 x 10*t0 6.1 x 10* mol m atmin the litera-
ture”’). We designed a sensitivity experiment to examine the impact
of the uncertainty in DMA concentration simulations (see detailed
descriptions below).

Representation of sources and sinks of iodine oxoacids

We incorporated in the model 14 iodine species: 1,, HOI, HI, 1,10, OIO,
1010, 1,0,, 1,0,, 1010,, HIO;, INO, INO, and IONO,. We calculated the
emission fluxes of I,and HOl online using surface wind speed, surface
0, concentration and sea-surface temperature following the param-
eterizations reported by Karagodin-Doyennel et al.”®. The emissions
of organic iodine species were not included because they are much
smaller than the emissions of inorganic iodine and thus contribute
less to reactive iodine species in the atmosphere’®°. We simulated
the iodine chemistry by incorporating in the E3SM the chemical box
model described by Finkenzeller et al.®!, which considers gas-phase
radical reactions, thermal decomposition reactions and photochemi-
cal reactions (see a full list of the reactions and their rate coefficients
in Supplementary Table 2). This box model includes the previously
missing HIO, formation reactions found by Finkenzeller et al.¥, that
is, the conversion of 1010 to 1010, and then to HIO;. We further added
the reaction of OI0 with OH to produce HIO,, following Plane et al.®%.
Moreover, we considered the aerosol uptake of the iodine species using
the uptake coefficients listed in Supplementary Table 3. Field observa-
tions and laboratory experiments showed that particulate 10;”is readily
reduced, effectively recyclingiodine to the gas phase®*#*. Because the
detailed chemistry for IO;” reduction is complicated and not entirely
clear, we assumed that the condensed HIO; instantaneously reemitted
into the gas phase as HOI, following Finkenzeller et al.%!. We did not
explicitly consideriodine recycling following the uptake of other iodine
species; the effect of these processes, together with other uncertain-
tiesiniodine chemistry, was considered in the sensitivity simulations
described below. We used Henry’s law to calculate the wet deposition
ofiodine species using the Henry’s law constants summarized in Sup-
plementary Table 3. To reduce the computational amount associated
with the representation of iodine chemistry, we constructed a simpli-
fied version of the iodine chemistry in which minor species (1,05, 1,0,,
INO, INO,and IONO,) as well as the associated chemical reactions were
removed from the complete version. The simulated monthly mean
HIO, concentrations by the complete and simplified versions closely
match each other on the ocean.

Configuration of therevised E3SM

The E3SM simulates aerosol processes with the five-mode modal aero-
sol module (MAMS) (K.Z.,].S. & P.-L.M., manuscript in preparation),
which is a revised version of the four-mode modal aerosol module
(MAM4)%5%¢_ The MAMS represents the particle number size distribu-
tions with five lognormal size modes: nucleation, Aitken, accumula-
tion, coarse and primary carbon modes. Aerosols are assumed to be
internally mixed in each mode but externally mixed between differ-
ent modes. In comparison with the MAM4, the nucleation mode is
newly addedinthe MAMS to better represent NPF and the number size
distribution of ultrafine particles. Also added are physical processes
related to the nucleation mode, including condensation, renaming
(conversion from smaller modes to larger modes), coagulation, trans-
port,dry deposition and wet deposition. Condensation is akey process
driving the growth of newly formed particles to CCN size. The model
explicitly represents the condensation of H,SO, and organic vapours
across the entire volatility range (including ULVOCs and ELVOCs).

The condensation of H,SO, is treated dynamically as an irreversible
process, using standard mass-transfer expressions that are integrated
over the size distribution of each mode¥. The condensation and
evaporation of organic vapours are treated dynamically as reversible
processes and calculated using a semi-implicit Euler approach with
adaptive time stepping on the basis of Zaveri et al.®, The Kelvin effect
is accounted for in the calculation of condensation rates. Condensa-
tion canresult in smaller-mode particles growing into the size range
of the next larger mode. Thus, after condensation is calculated, the
renaming module reallocates the number and mass concentrations of
the subset of smaller-mode particles that exceed a specified threshold
diameter tothe nextlarger mode. The threshold diameter is defined as
the geometric mean ofthe characteristic diameters of two neighbour-
ingmodes, in which the characteristic diameter of amode was assumed
tobe the nominal volume mean diameter (determined by the nominal
number median diameter and the geometric standard deviation) for
that mode (ref.86 and K.Z.,].S. & P.-L.M., manuscript in preparation).

The modal approach to represent particle number size distribution
hasbeenusedin more than 85% of the models involvedin the Coupled
Model Intercomparison Project phase 6 (CMIP6)%, owing to agood bal-
ance between accuracy and computational efficiency. Moreover, modal
modules withanucleation mode have beenwidely used to simulate NPF
and its climate impacts®*°°**, Mann et al.” systematically compared
particle simulations using amodal aerosol microphysics module with
anucleation mode against those simulated by a ‘sectional’ module,
which represents particle number size distribution with discrete size
bins in the same host global model. They concluded that the modal
and sectional modules generally perform similarly against observed
size-resolved particle number concentrations, with the differences
between the two modules being much smaller than model-observation
differences. The particle simulations of the modal module, as well as
thedegree of agreement with the sectional module and observations,
are affected by several parameters defining the structure of the modal
module, including the mode width (geometric standard deviation) and
threshold diameter for renaming®. Here we perturbed these param-
etersto examine the sensitivity of the simulation resultsto the structure
of the model. In the first sensitivity simulation (‘Small_Mode_Width’),
the mode widths of the nucleation, Aitken and accumulation modes
werereduced from1.6,1.6 and 1.8 in the best-case scenario to 1.45,1.45
and 1.4, respectively, toroughly capture the range reported in previous
number size distribution observations and modelling studies (Mann
et al.”® and references therein). Accordingly, in the second sensitiv-
ity run (‘Large_Mode_Width’), the mode widths of the three modes
wereincreased to 1.8,1.8 and 2.0, respectively. The third sensitivity
run (‘New_Threshold_Diameter’) perturbed the threshold diameter for
renaming; specifically, the default threshold diameter described above
was modified to the upper size limit for the smaller mode involved
in renaming (8.7 nm and 53.5 nm for nucleation and Aitken modes,
respectively), which was smaller than the default threshold diameter,
following several previous studies®®. Considering that the relative
importance of different NPF mechanisms, the main focus of this work, is
hardly affected by the above parameters, we concentrate on theimpact
ofthese parameters on the fraction of CCN caused by NPF, as shownin
Supplementary Fig. 11. The general pattern of the region-dependent
and altitude-dependent fraction of CCN from NPF remain unchanged
in all sensitivity simulations. The magnitude of the fraction of CCN
from NPF could vary by up to 5% in the lower troposphere and 10% in
the upper troposphererelative to the best-case scenario, but the frac-
tions of CCN from NPF in almost all regions are still within the ranges
described in the main text. Therefore, the uncertainty in the modal
module structure should not affect the main conclusion of this study.

The treatment of SOA formation follows Lou et al.”, except that
the treatment of monoterpene SOA was replaced by the R2D-VBS mod-
uleimplemented in this work. Further details about the representa-
tions of aerosol processes other than SOA formation are available in



Wang et al.*>, The model uses a unified treatment of the convective
transport of aerosols and gases, as well as the convective wet removal
of aerosols, with consideration of secondary activation for aerosols
above the cloud base®*,

For gas chemistry, the model explicitly represents the oxidation of
DMS to SO, and subsequently to H,SO, (ref. 99). The model digests
prescribed monthly mean concentrations of oxidants (OH, O, and
NO,) aswell as NH,;, NO and HNO,, which are derived from the outputs
of CAM-Chem'®® with NH, concentrations in the Pacific and Atlantic
upper troposphere scaled to match large-scale satellite retrievals*.
Note that O, is prescribed only in the troposphere but is predicted
abovethetroposphere. The diurnal variation of these prescribed spe-
ciesis calculated online following Lou et al.”’. The wet deposition of gas
species, such asthe organic oxidation products (including the lumped
R2D-VBS species), is simulated on the basis of Henry’s law; this is simi-
lar to the treatment of the wet deposition of DMA and iodine species
described in the previous two sections. The Henry’s law constants for
the organic oxidation products are estimated as a function of volatility
and precursor type following Hodzic et al."®.

We used the ‘ne30’ grid configuration with horizontal resolution of
approximately 1° (5,400 spectral elements) and 72 vertical levels. We
nudged the wind fields to the Modern-Era Retrospective analysis for
Research and Applications, version 2 (MERRA-2) reanalysis data (avail-
able at 3-h intervals), with arelaxation timescale of 6 h. We applied
nudging every model time step (that is, 30 min) and linearly interpo-
lated the 3-h MERRA-2 data to model time steps to constrain model
simulations, following Sun et al.’®%, Simulations for the comprehensive
best-case scenario were conducted for eight consecutive years (2013—
2020), with the first year used as the spin-up period. Such long-term
simulations facilitated comparison with observational data, whichwere
mostly distributed between 2014 and 2020. The duration of sensitivity
simulations conducted to quantify the NPF contributions or to analyse
the uncertainty was 15 months (October 2015 to December 2016) and
the simulations wereinitialized from the output of the longer best-case
simulation. The simulation results for 2016 were used for most of the
analysis presented in this paper.

We used anthropogenic and biomass-burning emissions as well as
concentrations of greenhouse gases from CMIP6 emission data'® with
further corrections'®. We estimated emissions of intermediate volatil-
ity organic compounds from anthropogenic and biomass burning to
be four times greater than the emissions of primary organic aerosol,
following Lou et al.”, but with the same spatiotemporal distribution
as that of the primary organic aerosol. We obtained DMS emissions
fromacoupled-model simulation with detailed representation of DMS
formation in seawater'®. We used the 2014 emissions in our simula-
tions. An exception was the SO, emissions in China, for which we used
year-by-year emissions from ABaCAS-El, a local emission inventory
developed by Tsinghua University'®*'%”. This is because SO, emissions
in China have changed substantially during the simulation periods
and because SO, emissions are closely tied to H,SO, concentrations
and, hence, to NPF rates. Emissions of biogenic volatile organic com-
pounds were calculated offline using the Model of Emissions of Gases
and Aerosols from Nature'®®; average emissions for 2006-2010 are
used in our simulations.

Descriptions of observational data

We used a series of observational data to evaluate our model and to
support our findings. We obtained particle measurements over the
Amazonrainforest from the ACRIDICON-CHUVA (Aerosol, Cloud, Pre-
cipitation, and Radiation Interactions and Dynamics of Convective
Cloud Systems-Cloud processes of the main precipitation systems
inBrazil: a contribution to cloud resolving modeling and to the GPM)
campaign®®'°°, which was conducted in September 2014. Specifically,
we used total particle number concentration measurements made
by a CPC (modified GRIMM CPC 5.410 by GRIMM Aerosol Technik)

aboard the German High Altitude and LOng range (HALO) aircraft.
The CPC has a nominal cutoff diameter of 4 nm, but owing to inlet
losses, the effective cutoff diameter is approximately 10 nm near the
surface and increases to approximately 20 nm at 150 hPa (approxi-
mately 13.8 km). Because monoterpenes have established connec-
tions to organic-mediated NPF, we also evaluated the model against
monoterpene concentrations measured by an lonicon quadrupole
high-sensitivity proton-transfer-reaction mass spectrometer (PTR-MS)
aboard the G-1aircraft during the GoAmazon (Observations and Mod-
eling of the Green Ocean Amazon) campaign®®, For China, we used parti-
clenumber size distribution measurements obtained at three sites: the
BUCT (Beijing University of Chemical Technology) site in Beijing, the
SORPES (Station for Observing Regional Processes of the Earth System)
sitein Nanjing"®™ and the Wangdussite in Hebei. The particle number
size distributions from1nm to 10 pum at BUCT were measured during
January-May and October-December 2018 using two home-made sys-
tems: adiethylene glycol scanning mobility particle sizer (DEG-SMPS)
and a particle number size distribution system that included another
SMPS for a larger size range and an aerodynamic particle sizer™? ™. The
particle number size distributions at SORPES were measured during
January-December 2019 using aSMPS with anano-differential mobil-
ity analyser and a long-differential mobility analyser, covering a size
range of 4-500 nm (ref. 115). The number size distributions at Wangdu
were measured using a combination of a nano condensation nucleus
counter system (model A11, Airmodus), a nano-SMPS (consisting of a
differential mobility analyser 3085 and a CPC3776, TSI), a long-SMPS
(consisting of a differential mobility analyser 3081and a CPC3775, TSI)
and aneutral cluster and airion spectrometer (NAIS, Airel Ltd.) for the
sizerange 1.34-661.2 nm during December 2018 and January 2019
(Y. Q. Lu, manuscript in preparation). We also compared our simula-
tions with aseries of DMA measurements made by chemical ionization
mass spectrometry (CIMS) or using a Vocus proton-transfer-reaction
time-of-flight mass spectrometer (Vocus PTR-TOF) and H,SO, meas-
urements made by CIMS in China, Europe and the United States. The
time periods and sources of the DMA and H,SO, dataat individual sites
are given in the caption of Extended Data Fig. 3. Over the Pacific and
Atlantic oceans, we used particle number size distribution measure-
ments acquired during the ATom campaign (July-August 2016, Janu-
ary-February 2017, September—-October 2017 and April-May 2018)7*¢,
during which four flights profiled altitudes between approximately
0.18 km and 11-13 km at latitudes of 81° N to 65° S. The number size
distributions from 2.7 nm to 4.8 pm were measured using a suite of
instruments, including a nucleation-mode aerosol size spectrometer
for diameters of 2.7-60 nm, an ultrahigh-sensitivity aerosol spectrom-
eter for diameters of 60-500 nm and alaser aerosol spectrometer that
extended this distribution to 4.8 pm. Finally, we used HIO, concentra-
tion observations summarized by He et al.> for ten oceanic or coastal
sites around the world.

Sensitivity analysis of NPF mechanisms

Totest the robustness of our main conclusions about NPF mechanisms,
we conducted sensitivity simulations with respect to key uncertainty
factors. A list of the sensitivity experiments is presented in Supple-
mentary Table 1.

H,S0, is akey species involved in seven of the 11 NPF mechanisms
considered in our model. H,SO, is mainly formed from the oxidation
of SO, emissions in terrestrial regions and from the oxidation of both
SO, and DMS emissions in oceanic regions. The SO, emissions used in
this study were obtained from the CMIP6 emission dataset'®*, based on
the Community Emissions Data System (CEDS) emission inventory'®,
Among all air pollutants, the emissions of SO, can be most accurately
estimated on the basis of the mass balance of sulfur. Smith et al." esti-
mated the overall global uncertainty in SO, emissions of the CEDS inven-
tory tobe 8-14% and regional uncertainties to be within30%. Another
estimate'” based onasimilar EDGARv4.3.2 emission inventory reported
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that SO, emissions have uncertainty of 14.4-47.6% at the regional level.
Overall, we conclude, with confidence, that the uncertainty of SO, emis-
sions at the regional level should be well within 50%. The marine DMS
emissions used in this study were obtained from Wang et al.'>"8, who
reported an annual marine DMS emission of 20.4 TgS year based on
surface ocean DMS concentrations and a parameterization of sea-to-air
gas transfer velocity. Using generally the same method, Lana et al.'®
derived anannual marine DMS emission of 28.1 TgS year™. They further
showed that the uncertainty in the parameterization of sea-to-air gas
transfer velocity resulted ina DMS emission uncertainty range of 17.6—
34.4 TgS year™, whereas the uncertainty in the underlying dataused to
derive surface ocean DMS concentrations resulted in a DMS emission
uncertainty range of 24.1-40.4 TgS year™. Taken together, the uncer-
tainty of the marine DMS emission estimate should be within 100%
(thatis, a factor of 2). To evaluate the impact of such uncertainty, we
conducted two sensitivity experiments: the first one (‘1.5*S0O, 2*DMS’),
compared with the best-case simulation, increased the SO, and DMS
emissions by a factor of 1.5 and 2, respectively, and the second one
(‘'0.67*S0O, 0.5*DMS’) reduced the SO, and DMS emissions by a factor
ofl.5and 2, respectively. We also looked at the uncertainty from a dif-
ferent perspective. Our model evaluation showed that the simulated
H,SO, concentration was generally within a factor of 3 of that of the
observations across various polluted regions (Extended Data Fig. 3)
and that this uncertainty range encompassed not only the uncertainty
inthe precursor emissions but also the uncertainty in other chemical
and physical processes. Accordingly, we conducted two more sensitivity
simulations (‘0.33*H,SO,’ and ‘3*H,SO,’) by reducing and increasing the
H,SO, concentrations simulated in the best-case scenario by a factor
of 3 to cover the uncertainty in H,SO, concentration. Extended Data
Figs. 5-8 show that the four sensitivity scenarios have limited impact
on therelative contributions of individual NPF mechanisms over our
main regions of interest, largely because the increase or decrease in
H,SO, concentration causes simultaneous changesin the rates of most
NPF mechanisms.

ULVOCs and ELVOCs drive organic-mediated nucleation (pure-
organic and organic-H,SO, nucleation), which—according to our
model—is the dominant mechanism in the upper troposphere above
three rainforest regions (that is, the Amazon, Southeastern Asia and
Central Africa) and probably one of the two primary mechanismsin
the upper troposphere above the Pacific and Atlantic oceans. A recent
box-model study also showed that organic-H,SO, nucleation could
potentially reproduce the most NPF events in the upper troposphere
above the Pacific Ocean among different nucleation mechanisms,
although the precursor concentrations were tuned rather than pre-
dicted in that work™®. ULVOCs and ELVOCs in our model are mainly
formed through the oxidation of monoterpene emissions thatare lifted
to the upper troposphere by convection. Guenther et al.” estimated
that monoterpene emissions from the Model of Emissions of Gases
and Aerosols from Nature that was used in this study have uncertainty
of afactor of 3. To better evaluate the uncertainty in monoterpene
emissions, we compared simulated monoterpene concentrations with
field observations®*’in two of the three main rainforest regions, that
is, the Amazon and Southeastern Asia, which are the largest sources
of monoterpene globally' and key regions of interest in this work.
Average simulated concentrations during the periods of the field cam-
paigns (February-March and September-October 2014 in the Ama-
zon and April-July 2008 in Southeastern Asia) are 0.19 and 0.13 ppb,
respectively, which are comparable with the observed values of 0.13
and 0.17 ppb; the model-observation differences are well within the
uncertainty of a factor 3 estimated by Guenther et al.””. To test the
potential impact of emission uncertainty, we designed a sensitivity
experiment (‘0.33*MT’) in which the monoterpene emissions are
reduced by a factor of 3; this probably represents an extreme case
given the above-mentioned good model-observation agreement of
monoterpene concentrations. We did not test higher monoterpene

concentrations because they would not challenge the leading roles
of organic-mediated nucleation over the regions of interest. Extended
DataFigs. 5,7 and 8 show that, even with reduced monoterpene emis-
sions, organic-mediated nucleation remains the largest NPF mechanism
inthe upper troposphere above the three rainforest regions and one
of the two primary mechanisms in the upper troposphere above the
Pacific and Atlantic oceans.

We also designed two sensitivity experiments to examine the param-
eterizations of organic-mediated nucleation. The first experiment
(‘org-weak-T-dependence’) assumed a much weaker temperature
dependence of pure-organic and organic-H,SO, nucleation rates
(Jr =/7sxexp(=(T—278)/20.0)) than that in the best-case scenario.
We did not test stronger temperature dependence because it would
lead to larger NPF rates over the regions of interest and thus would
not challenge the crucial roles of organic-mediated nucleation. The
second experiment (‘organic-H,SO,_Riccobono’) set organic-H,SO,
nucleation parameterization to that reported in Riccobono et al.%;
this was because the parameterization of Riccobono et al.? has been
used in previous modelling studies?***3, although it was subject
to uncertainty because it was derived from laboratory experiments
in which the precursor gases were not detected directly. Extended
Data Fig. 5 shows that, in the upper troposphere over the rainforest,
none of the sensitivity experiments affected our key conclusion that
organic-mediated nucleation plays a dominant role; in particular,
pure-organic ion-induced nucleation is the largest above 10-12 km,
at which the highest NPF rates occur. In the upper troposphere above
the Pacificand Atlantic oceans (Extended Data Figs. 7 and 8), organic—
H,SO, nucleation and H,SO,-NH;-H,0 neutral nucleation remain the
two primary nucleation mechanisms under all sensitivity experiments.
Italso holds that organic-H,SO, nucleation prevails over wide latitude
ranges, whereas H,SO,-NH,-H,0 neutral nucleation could be important
in certain mid-latitude areas.

DMA s akey precursor involved in amine-H,SO, nucleation, which
our study suggests is the leading NPF mechanism near the surface
in anthropogenically polluted regions (Eastern China, India, Europe
and Eastern United States). Here we examined the uncertainty of sim-
ulated DMA concentrations by means of evaluation against obser-
vations in different anthropogenically polluted regions (Extended
Data Fig. 3). The evaluation results indicate that the simulated con-
centrations are within a factor of 2.5 of the observed values. Thus, we
designed a sensitivity experiment (‘0.4*DMA’) that reduces the DMA
concentrations by a factor of 2.5 relative to the best-case simulation.
Note that this across-the-board reduction probably represents an
extreme case according to the above evaluation results, because the
model-to-observation ratios at different sites vary between 2.5 and
1/2.5, withless than half of the sites exhibiting an overestimation. Similar
tothe case of ULVOCs/ELVOCs, we did not test higher DMA concentra-
tions because they would not alter the leading roles of amine-H,SO,
nucleation. Besides, we conducted another experiment (‘amine-H,SO,_
Almeida’) that used the NPF rate parameterization derived directly
from CLOUD chamber experiments reported by Almeida et al.>*. In
comparison, the parameterization used in the best-case scenario also
considered the self-coagulation of small particles and the temperature
dependence of NPF rates. Extended Data Fig. 6 illustrates that, under
both sensitivity scenarios, amine-H,SO, nucleation remains the domi-
nant nucleation mechanism near the surface of the four anthropogeni-
cally polluted regions. Furthermore, the results on the dominant role
of amine-H,SO, nucleation are consistent with recent observational
studies that directly measured molecular clusters at a few polluted
sites**¢° which at least lends some support to our assessment results.

NPF mechanisms involving NH, have been shown by our model to
play key roles in the upper troposphere above the Asian monsoon
regions (including Eastern China and India) and the Pacific and Atlan-
tic oceans. Specifically, our model shows that synergistic H,SO,—
HNO,-NH; nucleation is probably a leading mechanism in the upper



troposphere above Eastern China and India, whereas organic-H,SO,
nucleation and H,SO,-NH;-H,0 neutral nucleation are the two pri-
mary NPF mechanisms in the upper troposphere above the Pacific
and Atlantic oceans. In the upper troposphere of the Asian monsoon
region, the simulated NH; concentration during summer mostly varies
in the range 10-40 ppt and it occasionally reaches 60 ppt (Extended
DataFig.4), consistent with large-scale satellite observations (that s,
mostly10-35 ppt, occasionally 150 ppt)*>**. Observations have revealed
that the upper-tropospheric NH; concentration is highly non-uniform
because NH; is mainly uplifted by deep convection. Therefore, even with
average NH; concentrations similar to those observed, our results rep-
resent alower-limit estimate of the H,SO,-HNO,-NH, nucleationrate,
because the H,SO,~HNO;-NH; nucleation rate is much more strongly
dependent on the NH; concentration than linear. Nevertheless, the
NPF rate at high NH; concentration will be limited by the availability of
H,SO,.Here we considered an extreme case (‘nonuniform-NH,") inwhich
the NH, concentrationwassetat1 ppb (consistent with observationsin
convective outflow hotspots by Hopfner et al.**) in [average NH,]/1 ppb
of the area of each model grid and zero in the remaining area of the
model gridinthe upper troposphere. For the areas with the presence of
NH,, we assumed that H,SO, is exhausted by nucleation. In this sensitiv-
ity case, the fractional contribution of H,SO,~HNO,;-NH; nucleationin
the upper troposphere above Eastern China and Indiaincreased mod-
erately by approximately 10-25% from the best-case levels (Extended
DataFig.9), whichreveals strong limitation of H,SO, availability in this
case. For ascenariointermediate between the best-case simulation and
the above sensitivity simulation, the contribution of H,SO,~-HNO,-NH,
nucleation could be even higher to some extent, because the limitation
of H,S0, availability may not be as strong.

In the upper troposphere above the Pacific and Atlantic oceans,
accurate large-scale NH, observations are unavailable; therefore, we
evaluated the uncertainty associated with NH, from the perspective
of emission uncertainty. In our model, the NH; concentrations were
prescribed using the outputs of CAM-Chem'°, which were further
driven by anthropogenic and marine NH; emission inputs. The uncer-
tainty in anthropogenic NH, emissions has been estimated to be 125%
at the global level and 186-294% at the regional level™'??, The marine
NH; emissions used in the CAM-Chem simulation were obtained
from Bouwman et al.'?*, who reported a marine emission estimate
of 8 TgN year™ associated with an uncertainty range of a factor 2-3,
although the relative source distribution might be more reliable than
the absolute emissions'?, Most other studies (for example, Fowler
et al.”®, Paulot et al."® and references therein) estimated marine NH,
emissions at 5.6-13 TgN year™, with the most extreme estimates of
2.5and 23 TgN year™. Therefore, the emission estimate of Bouwman
etal.”®with uncertainty of a factor 3broadly encompasses the range of
valuesreportedinrelated studies. Considering the above-mentioned
uncertainties in anthropogenic and marine NH; emissions, as well as
thelinear relationship between NH; emissions and concentrations, we
designed a sensitivity experiment (‘0.33*NH,’) by reducing NH; con-
centrations in the best-case simulation by a factor of 3. Similar to the
discussion onorganic-mediated nucleation, we did not test higher NH,
concentrations because they would not challenge theimportantroles
of H,SO,~HNO;-NH; nucleation over the regions of interest. Extended
DataFigs.7 and 8 indicate that, even withlow NH; concentration, in the
sensitivity experiment, H,SO,-HNO,-NH, nucleation remains one of
the two primary NPF mechanisms in the troposphere over the Pacific
and Atlantic oceans, although its contribution would be smaller than
that of organic-H,SO, nucleation.

HNO, is a key precursor involved in H,SO,-HNO,-NH, nucleation,
which our study suggests is an important and often dominant NPF
mechanism in the upper troposphere above the Asian monsoon
region. Here we evaluate the simulated concentrations of HNO; against
observations from the Microwave Limb Sounder (MLS) aboard the
Aura satellite’®. We used the level 3 monthly HNO, product for the

evaluation'”. Supplementary Fig. 10 shows simulated and observed

2016 mean HNO; concentrations at 150 hPa (approximately 13 km),
corresponding broadly to the location with the highest NPF rate in
our model. It alsorepresents one of the few vertical levels provided by
the Aura MLS level 3 product within the upper troposphere, at which
NPF rates are notably high. The simulations generally agree well with
observations, with average concentrations of 0.562 and 0.544 ppb,
respectively, over the Asian monsoon region (8°-40° N, 60°-130° E).
Given that the H,SO,~HNO,;-NH; nucleation rate has relatively weak
(quadratic) dependence on HNO, concentration®, the uncertainty in
HNO; concentration should not change our conclusion about the role
of H,SO,~HNO,-NH; nucleation in the upper troposphere above the
Asian monsoon region.

HIO,is the key driver of iodine oxoacids nucleation, which hasbeen
shown by our study to be the dominant NPF mechanism near the surface
over oceans. The uncertainties in emissions, gas-phase chemistry, wet
deposition, aerosol uptake and cycling of iodine species all contribute
to the uncertainty in the simulated HIO, concentrations. Because the
simulated HIO; concentrations vary between 80% below and 100%
above the observed values, we designed two sensitivity experiments
(‘0.5*HIO;’ and ‘5*HIO;’) that set HIO; concentrations to 0.5and 5 times
those of the best-case simulation results. Again, this across-the-board
reduction orincrease probably represents an extreme case because the
biases at different locations vary between the two bounds. Extended
Data Figs. 7 and 8 show that, in both sensitivity simulations, iodine
oxoacids nucleation remains the dominant nucleation mechanism
near the surface of the Pacific and Atlantic oceans.

Atmosphericdynamics and transport may be a source of uncertainty
for the precursor concentrations and NPF mechanisms in the upper
atmosphere. The transport of precursors to the upper troposphere
occurs by means of two main processes in the model: large-scale trans-
portresolved by the model grids and unresolved convective transport
that must be parameterized. To accurately simulate large-scale trans-
port, as described above, we nudged the wind fields to the MERRA-2
reanalysis data, following Sun et al.'2, Reanalysis data represent a
blend of observations and weather simulations realized through data
assimilation and they provide the most accurate and complete picture
of past weather and climate that is available at present. Sun et al.’®
showed that nudging E3SM simulations to the MERRA-2 reanalysis
data could produce simulated grid-scale winds that closely resemble
those of MERRA-2, with spatial and temporal correlations >0.9 for both
the lower and the upper troposphere. Therefore, we believe that the
simulation of large-scale transport, based on the best available and
highly mature method, should not cause large uncertainty in precursor
concentrations and NPF mechanisms.

The simulation of subgrid convective transport is comparatively
uncertain because of the difficulty in directly applying observational
constraints. In the E3SM model, deep convection and the associated
convective transport were simulated using the Zhang and McFarlane
(ZM) convection scheme'?®, We used animproved version, as described
by Wang et al.®*°%, which uses a unified treatment of the convective
transport of aerosols and gases. To understand the uncertainty asso-
ciated with the deep convection scheme, Qian et al.'”®® performed
numerous sensitivity simulations in which seven main parameters of
the ZM convection scheme and certain other parameters in the E3SM
were perturbed simultaneously within their possible ranges using
the Latin hypercube sampling method. They showed that more than
85% of the total variance of precipitation, an indicator of convection
development that controls convective transport, could generally be
explained by two out of the seven ZM parameters: (1) the timescale
for the consumption rate of convective available potential energy
(hereafter, denoted by ‘tau’) and (2) the fractional mass entrain-
ment rate (hereafter, denoted by ‘dmpdz’), defined as the fractional
air mass flux entrained into a volume of cloudy air per unit height™.
Yang et al.”*' reached almost the same conclusion about the governing
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parameters for the ZM convection scheme implemented in the Com-
munity Atmosphere Model version 5. To better address the reviewer’s
concern, we further performed two sensitivity simulations (‘upper_tau’
and ‘lower_tau’) that set the value of tau to the upper and lower bounds
(14,400 and 1,800 s, respectively) of the possible ranges specified by
Qian et al.'”¥, as compared with the optimized value of 3,600 s in the
best-case simulation. Similarly, we conducted two sensitivity simula-
tions for dmpdz (‘upper_dmpdz’ and ‘lower_dmpdz’), which changed
the value of dmpdz from 0.7 x 10> m™in the best-case simulation to
2.0x102m™and 0.1 x 10 m™, respectively. Supplementary Figs. 6-9
summarize the contributions of different NPF mechanisms in these
sensitivity simulations over the main regions of interest in this study,
including rainforests, anthropogenically polluted regions and the
Pacific and Atlantic oceans. The results indicate that the sensitivity
scenarios have limited influence on the relative contributions of indi-
vidual NPF mechanismsin the upper troposphere over these regions,
largely because the perturbation of convective transport simultane-
ously changes the concentrations of several nucleation precursors,
which subsequently causes simultaneous change in the rates of most
NPF mechanisms.

Further discussion about NPF mechanisms in different regions
Figure 1shows that, near the surface of rainforests, the NPF rates are
low in the Amazon but are high in Southeastern Asia and moderate
in Central Africa. The low NPF rate in the Amazon is because of low
S0O,/H,SO, and high temperatures that cause low organic nucleation
rates; this is consistent with observations showing rare NPF events in
the pristine Amazon boundary layer®'**, The high surface NPF rate in
Southeastern Asia is driven by iodine oxoacids nucleation (typical of
oceanicregions) and amine-H,SO, nucleation (typical of anthropogeni-
cally polluted regions), as shown in Fig. 1b. Thisis because Southeastern
Asiais affected by not only biogenic emissions but also oceanic emis-
sions ofiodine species and anthropogenic emissions of SO, and amines,
andthusit possesses some NPF features typical of oceanicand polluted
regions. Central Africais more affected by anthropogenic and oceanic
emissions thanthe Amazonbutis less affected than Southeastern Asia,
leading to the moderate NPF rate there.

Inthe uppertroposphere of all three rainforest regions, pure-organic
nucleationis the dominant NPF mechanism because its rate is greatly
enhanced atlow temperatures owing to the marked decrease of volatil-
ity andincrease of cluster stability. It isnoted that nucleation of H,SO,
and NH; contributes <2% of the NPF rate in the upper troposphere of
the Amazon but contributes a larger fraction of 10-15% in the upper
troposphere of Southeastern Asia owing to more abundant H,SO,
from anthropogenic sources. However, according to our model, this
mechanism still cannot compete with organic-mediated nucleation.

Moreover, our results show that H,SO,-~HNO,;-NH; nucleation is
important in the upper troposphere over the Asian monsoon region
(spanning Chinaand India; see Fig. 2b) but not over other regions with
notable anthropogenic pollution such as Southeastern Asia. This is
mainly because of the much larger NH, concentration in the former
than thelatter. Observations (Figs. 4 and 5 of Hopfner et al.** and Sup-
plementary Fig. 5 of Hopfner et al.**) and our simulation (Extended
Data Fig. 4) both revealed notable hotspots of NH; concentrations
(10-40 ppt, occasionally >60 ppt) in the upper troposphere of the
Asian monsoon regioninsummer but not over other regions or during
different seasons. This is because of the following: (1) NH; emissionsin
ChinaandIndia (23.0 Mtin 2014 (ref. 103)) are much larger than those
inSoutheastern Asia (4.7 Mtin 2014 (ref. 103)) and (2) the Asian summer
monsoon is especially favourable for upward transport of NH, to the
heights of interest. For similar reasons, the mean H,SO, concentrations
in the upper troposphere of the Asian monsoon region (0.2-0.5 ppt)
are also larger than those over Southeastern Asia (0.04-0.10 ppt), as
shownin Supplementary Figs.2and 3, further contributing to the high
H,SO,-HNO,-NH, nucleation rate over the Asian monsoon region.

Further results and discussion about the NPF contribution to
particlesand CCN
Figure 5 and Extended Data Fig. 2 show the fractions of particles and
CCN caused by NPF at three representative heights: 13 km above ground
level (AGL; the upper troposphere), 1 km AGL (approximately at the
low-cloud level) and at the surface. Although supersaturation levels
vary under different cloudy conditions, our analysis primarily focuses
on CCNO.5%to evaluate the potentialimpact of NPF. In the upper tropo-
sphere, NPF contributes more than 90% of the particle number con-
centrationand 60-85% of the CCN0.5% concentrationin most regions;
the absolute contribution in terms of numbers per cubic centimetre is
highest over the rainforests and in the Asian monsoon regions because
of the regionally highest NPF rates. The results in the lower tropo-
sphere (fromthe surface to the low-cloud level) have been describedin
the maintext.Itis noted that, in the lower troposphere over rainforests,
thefractions of particlesand CCNO.5% from NPF vary greatly withloca-
tion, depending inversely on the strength of biomass-burning emis-
sions. Thisis consistent with previous regional simulation results that
suggested that NPF contributes most of the particles and the CCN in
the Amazonboundary layerin the pristine wet season but contributes
only a small fraction in the dry season when wildfires prevail®*,
Supplementary Fig. 12 further shows that, from a zonal mean per-
spective, NPF generally contributes more than 90% of the particle
number concentration above 3-4 kmin the troposphere and 50-90%
below 3-4 km. The contributions of NPF to CCN0.5% are usually more
than 60% above 3-4 kmin the troposphere and 30-60% below 3-4 km.

Discussionin the context of previous global models

The understanding of atmospheric NPF mechanisms and the repre-
sentations of these mechanisms in global models have been advanc-
ing rapidly. The binary nucleation involving H,SO, and H,0O was the
earliestidentified NPF mechanism and thus the NPF processesin most
early global models were parameterized from the classical nucleation
theory for H,SO,-H,0 nucleation"', NH, and ions were later found to
accelerate H,SO,-H,0 nucleation by stabilizing the H,SO,-H,O clusters.
Hence many global modelling studies have incorporated parameteri-
zations of H,SO,-NH;-H,O neutral nucleation as well as H,SO,~-H,0O
or H,SO,-NH;-H,0ion-induced nucleation developed on the basis of
either classical nucleation theory or kinetic nucleation models!®>¢ 38,
These modelling studies showed varied performance in reproduc-
ing atmospheric particle number observations, mainly because of
the uncertainty in the theoretical calculations of the NPF rate. Recent
box-model estimates or three-dimensional simulations®>”*" using
experiment-based parameterizations have shown that the mechanisms
involving H,SO,, NH, and H,O fail to explain observed NPF rates or par-
ticle numbers in wide-ranging atmospheric environments, including
those in the boundary layer and the upper troposphere; the underes-
timation often occurs by an order of magnitude or more.

Tobetter reproduce observed NPF rates in the boundary layer, some
global modelling studies used empirical nucleation parameteriza-
tions, which simply assumed NPF rates to be proportional to the H,SO,
concentration raised to the power of one to two with arate coefficient
tuned on the basis of observational data in certain regions of the con-
tinental boundary layer®”°0°213713-142 These parameterizations were
further classified as the activation nucleation parameterization',
for which the NPF rate is linearly related to H,SO, concentration and
thekinetic nucleation parameterization'**, for which the NPF rate has
aquadraticrelationship with H,SO, concentration. These parameteri-
zations have shown some success in reproducing observed NPF rates
and particlenumber concentrations inthe continental boundary layer,
especially over regions similar to those for which the parameteriza-
tions were derived®®?>**2_ However, they often fail to reproduce the
particle number concentrations in many other regions; for example,
they have been shown to substantially overpredict particle number



concentrations over the oceans and above the boundary layer?%*,

which limits their range of application. Moreover, the actual chemical
mechanism of NPF cannot be clarified with these parameterizations
owing to their empirical nature. Here we conducted a sensitivity simu-
lation (‘NPF_Mech4 _scaled’) following the principles of the empirical
nucleation parameterizations. In this simulation, we applied a fixed
scaling factor to the NPF ratesin NPF_Mech4 (which only includes four
traditional nucleation mechanisms involving H,SO,, NH; and H,0)
such thatits globally averaged NPF rate matched that of the best-case
simulation. Here the globally averaged NPF rateis defined as the aver-
age of the NPF rates across all model grid boxes (both horizontally and
vertically), weighted by the volumes of those grid boxes. Extended Data
Fig. 10 illustrates the zonal mean NPF rates in the best-case and ‘NPF_
Mech4 _scaled’scenarios. Despite using the same globally averaged NPF
ratesinboth scenarios, the NPF rates for specificregions and altitudes
differ greatly. Moreover, because the dominant NPF mechanism differs
between the two scenarios, the NPF rate would respond differently to
the perturbation of precursor concentrations in the future.

Recent studies have revealed that ULVOCs and ELVOCs can trigger
NPF either with or without H,SO, (refs. 20,21). Several global modelling
studies have considered organic-mediated nucleation, based on param-
eterizations either derived from laboratory experiments or empirically
fitted using field measurements of NPF rates and proxies for nucleat-
ing organics®?2+37389293145 7hy et al.” simulated organic-mediated
nucleation in the CESM/IMPACT model using a different approach,
which assumed that only a few compounds (diacyl peroxide, pinic
acid, pinanediol and selected oxidation products of pinanediol) drive
nucleationand thus tracked the formation of these molecules. Most of
these studies showed improved model performance against observed
NPF rates or particle number concentration®**%?2%3, However, these
studies consistently simplified organic-mediated nucleation by assum-
ingeither that the nucleating organics represent afixed fraction of all
oxidation products®?>?+338929315 o that only a few individual molecules
areinvolved in nucleation®. Thisis by sharp contrast to the latest under-
standing that organic-mediated nucleationis drivenby alarge variety
of ULVOC and ELVOC species®*?*?, whose yields vary by several orders
of magnitude depending on temperature and NO, concentration??%%,
Evaluation against observations over the Amazon has shown that the
‘fixed-fraction” assumption leads to unrealistically low particle num-
ber concentrations in the upper troposphere and unrealistically high
concentrations in the boundary layer®.

Two global modelling studies evaluated the potential impact of
individual nucleation mechanisms that have recently received atten-
tion, thatis, amine-H,SO, nucleation'® and HNO,-H,SO,-NH, nuclea-
tion®. Bergman et al.'® incorporated amine-H,SO, nucleation in the
ECHAM-HAMMOZ global model and found that amines might sub-
stantially enhance nucleation in terrestrial regions, but their model
predicted unrealistically high NPF rates (approximately 1,000 cm>s™)
compared with typical observationsin some notable polluted regions.
Wang et al.® investigated the potential role of HNO;-H,SO,-NH, nucle-
ation in upper-tropospheric particle formation based on chamber
experiments conducted in that study. Nevertheless, these studies did
not consider most other important nucleation mechanisms and thus
could not clarify the relative importance of different mechanisms over
various regions.

Different from most earlier modelling studies that included only
one or two NPF mechanisms, Dunne et al.** and Gordon et al.’? pre-
sented by far the most systematic global modelling study by integrat-
ing NPF mechanisms involving H,SO,, NH; and organics in a single
model. They used parameterizations of H,SO,-H,0 and H,SO,-NH,-
H,0 neutral and ion-induced nucleation based on CLOUD chamber
experiments under wide temperature ranges, effectively reducing the
uncertainty of earlier studies using theoretically derived nucleation
parameterizations. They also included organic-mediated nuclea-
tion but they simplistically assumed a fixed fraction of all oxidation

products to drive nucleation, as described above. Their simulations
revealed that nearly all nucleation throughout the present-day atmos-
phere involves ammonia or biogenic organic compounds, as well
as H,S0,. However, essentially all organic-mediated nucleation in
their model occurredin the lower troposphere, contrary to the latest
understanding™?, probably because their simplified ‘fixed-fraction’
approach produced too many particles at low altitudes and too few
particles at high altitudes. Besides, they did not consider some cru-
cial nucleation mechanisms such as iodine oxoacids nucleation and
HNO;-H,SO,-NH;nucleation that were speculated to prevailin certain
regions with either high particle number concentrations or large
aerosol-cloud radiative forcing.

In this study, we synthesized the latest laboratory experiments to
develop comprehensive model representations of NPF and the chemi-
cal transformation of precursor gasesinafully coupled global climate
model. The mainadvances compared with previous modelling studies
consisted of the following. (1) The model comprehensively included
11 nucleation mechanisms based on the latest information available
from laboratory experiments, covering practically all those mecha-
nisms thought to be atmospherically relevant at present. Among the
11 mechanisms, four crucial ones were usually overlooked in previous
global models, including iodine oxoacids neutral and ion-induced
nucleation, synergistic H,SO,~HNO,-NH, nucleation and amine-H,SO,
nucleation. (2) We transformed previous global model representations
of pure-organic and organic-H,SO, nucleation by implementingin the
model anadvanced, experimentally constrained R2D-VBS to simulate
the temperature-dependent and NO,-dependent formation chemistry
and thermodynamics of ULVOCs and ELVOCs. (3) We incorporated sys-
tematic treatment of the sources and sinks of iodine oxoacids, including
precursor emissions, detailed gas-phase reactions, particle uptake and
recycling, thereby facilitating reasonable simulation of iodine oxoacids
nucleation. (4) We assessed the sensitivity of the results to the most
important known uncertainties in a reasonably comprehensive man-
ner. The new model, although inevitably still bearing uncertainties,
greatly improves the simulation of particle number concentrations
over the world’s particle hotspots and allows explanation of worldwide
NPF mechanisms that vary greatly with region and altitude, which have
importantimplications for accurate estimation of both aerosol radia-
tive forcing and anthropogenic effects on climate.

Data availability

The observational data over the Amazon from the ACRIDICON-CHUVA
and GoAmazon campaigns are publicly available at https://www.arm.
gov/research/campaigns/amf2014goamazon and https://halo-db.
pa.op.dir.de/mission/5. The observational data over the Pacific and
Atlantic oceans, acquired during the ATom campaign, are publicly
available at https://daac.ornl.gov/ATOM/campaign/. Other relevant
data are available at https://figshare.com/s/71bf2a48657a2f5deb76.
Model outputs were processed and Figs. 3b, 4 and 5and Extended Data
Figs.2,4,7,8and 10 were plotted using the NCAR Command Language
(version 6.6.2), https://doi.org/10.5065/D6WD3XH5. Source data are
provided with this paper.

Code availability

The model codes developed in this work as well as sample data-
sets used to test the codes are available at https://figshare.com/
s/71bf2a48657a2f5deb76.
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Extended DataFig.1|Schematic of regionally leading NPF mechanisms
and spatial extent for quantitative analyses. a, Schematic of the leading NPF
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used inour quantitative analyses. Panel bwas created with ArcGIS 10 using free
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Chinaand India, whichare parts of the Asian monsoonregion, under the
best-case scenario and asensitivity scenario that assumes thatNH;
concentrationaccumulatesinasmallfraction ofamodel grid. White lines
represent the total NPF rates of allmechanisms at adiameter of 1.7 nm (/, ;, on
alogscale) and the coloured areas represent the relative contributions of
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different mechanisms, both averagedin 2016 over the regions specified in
Extended DataFig.1b. For ascenariointermediate between the best-case
simulation and the above sensitivity simulation, the contribution of H,SO,~
HNO;-NH;nucleation could be even higher, because the limitation of H,SO,
availability may notbe as strong asin the above sensitivity simulation.
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Extended DataFig.10 | Comparison between simulated zonal mean NPF nucleation mechanisms (neutral and ion-induced H,SO,-H,0 nucleation and
ratesintwoscenarios. a, Best-case simulationincluding 11 nucleation H,S0,-NH;-H,0 nucleation) but scales the NPF rates of these mechanisms to
mechanisms. b, Asensitivity simulation thatincludes only four traditional match theglobally averaged NPF rate of the best-case simulation.
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