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Abstract. Global observations and model studies indicate
that new particle formation (NPF) in the upper troposphere
(UT) and subsequent particles supply 40 %–60 % of cloud
condensation nuclei (CCN) in the lower troposphere, thus af-
fecting the Earth’s radiative budget. There are several plau-
sible nucleation mechanisms and precursor species in this
atmospheric region, which, in the absence of observational
constraints, lead to uncertainties in modeled aerosols. In par-
ticular, the type of nucleation mechanism and concentrations
of nucleation precursors, in part, determine the spatial distri-
bution of new particles and resulting spatial distribution of
CCN from this source. Although substantial advances in un-
derstanding NPF have been made in recent years, NPF pro-
cesses in the UT in pristine marine regions are still poorly
understood and are inadequately represented in global mod-
els.

Here, we evaluate commonly used and state-of-the-art
NPF schemes in a Lagrangian box model to assess which
schemes and precursor concentrations best reproduce de-
tailed in situ observations. Using measurements of aerosol
size distributions (0.003 < Dp < 4.8 µm) in the remote ma-
rine troposphere between ∼ 0.18 and 13 km altitude obtained
during the NASA Atmospheric Tomography (ATom) mis-
sion, we show that high concentrations of newly formed par-
ticles in the tropical UT over both the Atlantic and Pacific

oceans are associated with outflow regions of deep convec-
tive clouds. We focus analysis on observations over the re-
mote Pacific Ocean, which is a region less perturbed by con-
tinental emissions than the Atlantic. Comparing aerosol size
distribution measurements over the remote Pacific with box
model simulations for 32 cases shows that none of the NPF
schemes most commonly used in global models, including
binary nucleation of sulfuric acid and water (neutral and ion-
assisted) and ternary involving sulfuric acid, water, and am-
monia, are consistent with observations, regardless of pre-
cursor concentrations. Through sensitivity studies, we find
that the nucleation scheme among those tested that is able
to explain most consistently (21 of 32 cases) the observed
size distributions is that of Riccobono et al. (2014), which in-
volves both organic species and sulfuric acid. The method of
Dunne et al. (2016), involving charged sulfuric acid–water–
ammonia nucleation, when coupled with organic growth of
the nucleated particles, was most consistent with the obser-
vations for 5 of 32 cases. Similarly, the neutral sulfuric acid–
water–ammonia method of Napari (2002), when scaled with
a tuning factor and with organic growth added, was most con-
sistent for 6 of 32 cases. We find that to best reproduce both
nucleation and growth rates, the mixing ratios of gas-phase
organic precursors generally need to be at least twice that
of SO2, a proxy for dimethyl sulfide (DMS). Unfortunately,
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we have no information on the nature of oxidized organic
species that participated in NPF in this region. Global mod-
els rarely include organic-driven nucleation and growth path-
ways in UT conditions where globally significant NPF takes
place, which may result in poor estimates of NPF and CCN
abundance and contribute to uncertainties in aerosol–cloud–
radiation effects. Furthermore, our results indicate that the
organic aerosol precursor vapors may be important in the
tropical UT above marine regions, a finding that should guide
future observational efforts.

1 Introduction

A majority of particles found in the atmosphere are formed
through gas-to-particle conversion (i.e., nucleation) from
clustering of low-volatility vapors (Gordon et al., 2017;
Pierce, 2017). While the formation of these molecular clus-
ters appears to take place almost everywhere and at all times
in the atmosphere (Kerminen et al., 2018), the formation
of thermodynamically stable aerosol particles with diame-
ters (Dp) of 1.5 nm requires favorable conditions in terms
of temperature, availability of condensable vapors, and the
background of pre-existing bigger particles that compete for
condensing vapors, and so this formation may not occur
in every atmospheric environment (Kulmala et al., 2014).
Most of these newly formed particles are lost by coagula-
tion with larger particles, and they do not contribute to par-
ticle number (Westervelt et al., 2014). A subset of the nucle-
ated particles grows by condensation to become larger par-
ticles with reduced Brownian motion and hence lower co-
agulational loss rates (e.g., Pierce and Adams, 2007). Par-
ticles with Dp&50 nm can serve as cloud condensation nu-
clei (CCN) at supersaturations found in typical marine cu-
mulus and stratocumulus clouds (Quinn et al., 2008), increas-
ing droplet number concentrations and cloud albedo and thus
indirectly affecting the Earth’s radiative budget (Twomey,
1974; IPCC, 2013).

The tropical upper troposphere (UT) is known to be a ma-
jor source region of new particles (e.g., Clarke, 1993; Brock
et al., 1995; Clarke and Kapustin, 2002; Weigel et al., 2011;
Williamson et al., 2019). This strong aerosol production is
believed to be linked with frequent deep convection in this
region. The mechanism proposed by Clarke (1992) involves
the formation of new particles in the UT from convectively
lifted and cloud-processed boundary layer air. At the condi-
tions of cold temperatures, high photolytic fluxes, and low
concentrations of pre-existing aerosol particles found in the
outflow of deep convection at altitudes > 8 km, aerosol pre-
cursor gases that may survive convective transport and scav-
enging can oxidize and nucleate new particles which then
grow to CCN sizes as they descend in the gradually subsiding
air that compensates for the upward convection. Raes (1995)
used a box model to determine that observed concentrations

of CCN in the remote marine boundary layer (MBL), as
well as their temporal stability, could not be explained with-
out a source of particles being entrained from the free tro-
posphere (FT). Clarke et al. (2006) estimated that entrain-
ment from the FT provides 35 %–80 % of the CCN flux into
the MBL over latitudes between 40◦ S and 40◦ N with the
rest coming from sea salt aerosol. More recently, Quinn et
al. (2017) found that at ∼ 0.5 % supersaturation, the accu-
mulation mode aerosol, composed primarily of sulfate com-
pounds rather than sea-spray particles, provides ∼ 70 % of
the CCN population throughout the MBL of the tropics and
midlatitudes, and they suggested that these particles originate
from the FT.

Despite the climatic importance of new particle forma-
tion (NPF) in the tropical UT, the chemical mechanisms are
poorly understood (e.g., English et al., 2011). This lack of
understanding is driven by the fundamental complexity and
variability of the atmosphere, the range of potential chemical
species and mechanisms that could lead to NPF and subse-
quent growth of the newly formed particles to CCN, and the
difficulty in obtaining observations of processes occurring in
remote areas, at high altitudes, and over timescales ranging
from minutes (NPF) to weeks (condensational growth during
gradual descent). Together, these issues have made it diffi-
cult to validate NPF schemes used in global models and have
hindered our ability to reduce uncertainty in aerosol–cloud–
radiation interactions.

Williamson et al. (2019) showed that three of four global
models examined in their study underestimated the magni-
tude of NPF in the tropical Pacific UT, and all failed to ac-
curately simulate the abundance of CCN-sized particles in
the lower troposphere of the same region (the fourth model
significantly overestimated aerosol loadings throughout the
troposphere). None of these models used a NPF scheme in-
volving organics, and the three models may lack sufficient
precursor vapors for growth, in addition to other deficien-
cies. Previous model studies (e.g., Kazil et al., 2010; Yu et
al., 2010; Zhang et al., 2010; Zhu et al., 2019) show that
the choice of NPF mechanism can drive substantial changes
in the predicted abundance and spatial distribution of parti-
cles. While Westervelt et al. (2014) suggested that the global-
mean boundary layer CCN are not very sensitive to the num-
ber of particles formed in the UT due to the dampening ef-
fects of coagulation (i.e., more nucleation leads to faster co-
agulational losses), different choices of NPF mechanisms in
models might alter the spatial and temporal pattern of NPF
and thus affect the spatial distribution and magnitude of CCN
abundance. It is clear that accurate simulation of NPF and
growth processes is essential to adequately represent parti-
cle size distributions and their spatial distribution in global
models and improve predictions of aerosol–cloud–radiation
effects (Hodshire et al., 2018; Williamson et al., 2019).

Field measurements have shown that sulfuric acid is a key
component in atmospheric NPF in the continental boundary
layer (e.g., Weber et al., 1997; Riipinen et al., 2007; Sihto et
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al., 2006). Several nucleation schemes involving sulfuric acid
have been used in global models as a consequence. These in-
clude the activation nucleation scheme that depends on sul-
furic acid only (Kulmala et al., 2006); binary schemes that
involve sulfuric acid and water to form new particles (e.g.,
Vehkamäki et al., 2002); or ternary schemes in which sulfu-
ric acid, water, and ammonia condense to form new particles
(e.g., Napari et al., 2002). The activation nucleation scheme,
however, is an empirical formulation tuned to midlatitude
continental boundary layer observations, so it is appropriate
to use only there. Binary NPF has been suggested to be fa-
vored in the remote tropical UT due to cold temperatures,
high relative humidity (RH), and the availability of supersat-
urated sulfuric acid (Clarke, 1992; Brock et al., 1995; Clarke
and Kapustin, 2002). Ion-assisted nucleation of sulfuric acid
and water clusters has been identified as a potential pathway
for binary NPF (Kirkby et al., 2011; Lovejoy et al., 2004;
Kazil and Lovejoy, 2007; Raes et al., 1997; Yu 2010). Ions
stabilize the molecular clusters so that nucleation can occur
at warmer temperatures and lower nucleating-vapor concen-
trations (Yu, 2010).

Recent observations of the composition of molecular clus-
ters present during NPF have highlighted the role that organ-
ics may play (Kulmala et al., 2013; Smith et al., 2004). Mur-
phy et al. (2006) and Froyd et al. (2009) found that larger
particles (Dp > 0.15 µm) in the UT contained significant or-
ganic matter that was likely secondary, which suggests that
condensable gas-phase organic compounds are present in the
UT. Andreae et al. (2018) postulated that biogenic volatile or-
ganic compounds carried from the boundary layer to the UT
by deep convection and oxidized to form condensable species
over the Amazon are responsible for NPF observed in this
continental UT region. Weigel et al. (2011) also suggested
that organics might contribute to NPF events observed in
the UT. Other nucleation processes combining sulfuric acid
with ammonia (Kürten et al., 2016; Merikanto et al., 2007),
amines (Almeida et al., 2013), diamines (Jen et al., 2016),
or organics (Kulmala et al., 2006; Metzger et al., 2010; Ric-
cobono et al., 2014) or processes with organics alone (Kirkby
et al., 2016; Bianchi et al., 2016) have been proposed to ex-
plain some field and laboratory observations of NPF, primar-
ily at warmer temperatures and continental locations. In a
modeling study, Zhu et al. (2019) found that pure organic
nucleation from biogenic volatile organic compounds could
be an important source of particles, especially in the UT of
modern-day pristine, continental environments and during
the preindustrial period.

Because there have been no in situ observations of the
composition of molecular clusters and nanoparticles found in
convective outflow in the UT, it is difficult to ascertain which
of these varied mechanisms, if any, contribute to NPF in the
remote FT. In this study, we use unique observations obtained
during the Atmospheric Tomography (ATom), a multi-year
airborne program to measure gas and aerosol properties of
the remote troposphere over both the Atlantic and Pacific

oceans across four seasons. Recently formed particles ob-
served in the tropical UT were linked to recent outflow from
deep convection. We use box models constrained by trajec-
tory calculations to evaluate how well different NPF forma-
tion mechanisms can simulate the observed particle size dis-
tributions. We perform extensive model sensitivity studies to
determine which nucleation mechanisms and initial precur-
sor mixing ratios allow for the model to match observed size
distributions.

2 Methods

To establish a link between convection and NPF and to ex-
plore the processes that govern NPF and initial growth in
the tropical and subtropical free troposphere over the Pa-
cific Ocean, we couple measured size distributions between
2.6 nm and 4.8 µm in diameter from the four ATom missions
with calculated air mass backward trajectories and two box
models. The backward trajectories identify air masses poten-
tially influenced by recent convection. We compare our sim-
ulations with in situ ATom observations of aerosol size distri-
butions. We examine which nucleation schemes best explain
the observations and evaluate whether observed sulfur pre-
cursors (SO2 and dimethyl sulfide (DMS)) can explain the
NPF and the particle’s initial growth. In one model, we sim-
ulate particle formation by neutral and charged binary and
ternary schemes, as well as a neutral organics scheme, and
we also add organics for initial growth of the particles in
all schemes. In an additional model, we form particles using
both neutral and charged binary schemes.

2.1 The Atmospheric Tomography mission

The NASA Atmospheric Tomography (ATom) mission was
an airborne global survey that used the NASA DC-8 re-
search aircraft to map for the first time the composition
of the remote atmosphere over both the Pacific and At-
lantic basins (∼ 82◦ N to ∼ 86◦ S; Fig. 1) in nearly con-
tinuous ascents and descents between ∼ 0.18 and 13 km in
all four seasons (July–August 2016, January–February 2017,
September–October 2017, and April–May 2018). The pri-
mary objectives of the mission were to examine the compo-
sition of the remote atmosphere to improve understanding of
photochemical mechanisms for reactive and long-lived gas-
phase species and to identify the abundance, distribution, and
sources of aerosol particles in the remote marine troposphere
(Wofsy et al., 2018).

2.2 Measurements

A suite of fast time response (1 Hz) particle counters and op-
tical particle size spectrometers were used to measure dry
size distributions between 2.6 nm and 4.8 µm in diameter
(Brock et al., 2019). Two nucleation-mode aerosol size spec-
trometers (NMASSs; Williamson et al., 2018), each consist-
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Figure 1. Flight tracks of the NASA DC-8 research aircraft during
the ATom 1 (July–August 2016), ATom 2 (January–February 2017),
ATom 3 (September–October 2017), and ATom 4 (April–May 2018)
missions covering the remote marine atmosphere of the Pacific and
Atlantic oceans between ∼ 83◦ N and ∼ 86◦ S.

ing of five continuous-flow condensation particle counters
(CPCs) with different fixed cut-off diameters (i.e., diameters
at which each CPC detects 50 % of the incoming particles)
between 3.2 and 59 nm, measured particle number concentra-
tion. Two optical aerosol counters, an ultra-high-resolution
sensitivity aerosol spectrometer (UHSAS; Kupc et al., 2018),
and a laser aerosol spectrometer (LAS; Froyd et al., 2019)
measured particle size distributions from 0.06 < Dp < 1 µm
and 0.12 < Dp < 4.8 µm, respectively. All concentrations re-
ported here are corrected to standard temperature and pres-
sure (STP), 1013 hPa and 273.15 K. The NOAA Particle
Analysis by Laser Mass Spectrometry (PALMS) instrument
measured the composition of individual aerosol particles
(Froyd et al., 2009, 2019). For this study, the PALMS size
range is restricted to 0.125–1.5 µm. Due to inlet sampling ar-
tifacts (Weber et al., 1998; Murphy et al., 2006), cloudy pe-
riods were removed from the analysis. Clouds were detected
using a second-generation cloud, aerosol, and precipitation
spectrometer (CAPS) mounted under the wing, which also
measured coarse aerosols > 0.5 µm (Dollner et al., 2021) at
ambient conditions.

Temperature, pressure, and wind speed with high time res-
olution (1 Hz) were measured with accuracies of ±0.3 K,
±0.3 hPa, and ±1.0 m s−1, respectively (Scott et al., 1990).
Highly sensitive sulfur dioxide (SO2) measurements were
made during ATom 4 using laser-induced fluorescence
(Rollins et al., 2016; Rollins et al., 2017) with a preci-
sion (1σ ) of 1–2 pptv at 10 s and an overall uncertainty of
± (9 % + 2 pptv). Laser-induced fluorescence was used to
measure OH and HO2 simultaneously (Faloona et al., 2004;
Brune et al., 2020) with an accuracy of ±35 %. Measure-
ments of carbon monoxide (CO) were made using a Picarro
G2401m (Chen et al., 2013) with a precision (1σ ) of 2–3 ppb
at 10 s and an average uncertainty of 4 ppb. All data used in
this analysis can be found in Kupc et al. (2021).

2.3 Air mass backward trajectories and convective

influence

To identify air in the UT influenced by recent deep convec-
tion, we calculated 10 d air mass backward trajectories us-
ing the Bowman trajectory model (Bowman, 1993) driven
with meteorological fields (3 hourly, 0.25◦ horizontal resolu-
tion) from the National Centers for Environmental Prediction
(NCEP, 2015) Global Forecast System (GFS). Trajectories
were also run with MERRA2 and ERA5 reanalysis meteo-
rology and the results were similar. Meteorological products
from NCEP interpolated to the aircraft flight track agreed
best with quantities measured on the aircraft during ATom,
so all analyses were done using the trajectories based on the
NCEP data.

A cluster of 245 trajectories was initialized within a grid
(0.3◦ × 0.3◦ × 20 hPa; Fig. S1 in the Supplement) centered
around the DC-8 flight track location every minute of flight
(Fig. 1). The backward trajectory time step was 3 h, based on
the reanalysis data, while a time step of 15 min interpolated
from the 3 h reanalysis data was used for box model simu-
lations. Uncertainty in the backward trajectory locations is
represented by the 3-D spread in the trajectory cluster. The
vertical uncertainty is estimated as the standard deviation in
pressure (hPa) of the trajectory cluster at each time. The hori-
zontal uncertainty is estimated using a probability grid based
on the trajectory cluster in longitude and latitude at each time
(Fig. S1), where probability grid refers to the number of tra-
jectories at each time that are within each latitude–longitude
grid box (2◦ × 2◦). For instance, if 24 of the trajectories are
within a certain grid box at a certain time, then the proba-
bility for that grid box is ∼ 10 % (24/245). The probability
that air sampled by the aircraft was influenced by deep con-
vection was calculated based on coincidences of the back-
ward trajectory cluster with satellite-derived cloud locations
and characteristics such as cloud top and base pressure lev-
els (NASA Langley Cloud and Radiation Research, 2018).
To isolate deep convection, only clouds with vertical extent
> 5 km were considered in the convective influence (CI) cal-
culation. The CI probability is the fraction of the trajectories
in each cluster that intersected a convective system within
a distance tolerance of 0.15◦ (∼ 10–15 km) and for which
the RH with respect to liquid water (RHw) of the trajectory
was > 50 %. If the CI probability determined in this manner
was > 95 %, we assume that the aircraft was sampling air
strongly influenced by deep convection.

2.4 Description of models

We use two independent aerosol nucleation and growth box
models to test if different nucleation schemes are consistent
with observations, following the trajectories from convec-
tive outflow to the location of the aircraft. These two mod-
els are conceptually similar but differ in size resolution and
their support for different nucleation mechanisms. Our pri-
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mary model, the TwO-Moment Aerosol Sectional (TOMAS;
Adams and Seinfeld, 2002; Pierce and Adams, 2009; Pierce
et al., 2011) includes both neutral and charged mechanisms.
The neutral mechanisms include sulfuric acid and water (bi-
nary scheme; Vehkamäki et al., 2002); sulfuric acid, wa-
ter, and ammonia (ternary scheme; Napari et al., 2002); and
sulfuric acid with organics (organics scheme; Riccobono et
al., 2014; Yu et al., 2017). The charged mechanism is as in
Dunne et al. (2016), which quantifies NPF in terms of sul-
furic acid, ammonia, and ion concentration (also including
neutral pathways). In addition to testing the role of organ-
ics in nucleation and growth, we also test the influence of
organics on aerosol initial growth when added as a condens-
ing species following the nucleation of particles formed by
each of the nucleation schemes in TOMAS, as described in
Sect. “The TOMAS box model”.

We also use the Model of Aerosols and Ions in the At-
mosphere (MAIA; Lovejoy et al., 2004; Kazil and Lovejoy,
2007) to test ion-assisted nucleation of sulfuric acid and wa-
ter. Since ion-assisted nucleation simulations using MAIA
did not explain the observed size distributions in our work,
we focus on the TOMAS model description and results,
and the details on the MAIA model are in the Supplement
(Sect. S1). Some features common to both models are de-
scribed below.

The MAIA and TOMAS box models are constrained to
follow the meteorological conditions along the trajectories.
They are initialized at the point where the trajectories in-
tersect deep convection and proceed forward in time until
reaching the aircraft sampling location and time. The tem-
perature, pressure, and RHw vary based on the trajectory. We
vary the initial SO2, NH3, and organic aerosol precursors in
TOMAS and SO2 in MAIA (Tables 1 and S1 in the Sup-
plement) to see which initial values of these species allow
for the best matches to the observed size distribution. We
note that neither model explicitly simulates DMS, which is
likely to be an important aerosol precursor through its ox-
idation to form SO2 and subsequently H2SO4, as well as
through its oxidation to methanesulfonic acid (MSA; Hod-
shire et al., 2019), which is a condensing species that may
also be able to participate in NPF (Bork et al., 2014; Chen et
al., 2015; Chen and Finlayson-Pitts, 2017). Previous analy-
ses have shown that most of the observed reactive gas-phase
sulfur above the boundary layer is in the form of SO2 (Veres
et al., 2020). In this work, both models are initialized with
a measurement-based pre-existing background aerosol pop-
ulation that acts as a sink for condensable vapors and small
particles (see Sect. 2.5). Nucleation-mode particles are ini-
tialized at zero concentration. We calculate the OH diurnal
cycle using a prescribed peak noontime value based on ob-
servations of OH on the DC-8 aircraft (Sect. 2.5 and Fig. S3).
The OH concentration along the trajectory and the resulting
production rate of H2SO4 from oxidation of SO2 are then
calculated. We ignore possible enhanced OH due to cloud

reflectivity in the vicinity of convective outflow and reduced
OH from shading by higher clouds.

The TOMAS box model

The TOMAS model simulates particle nucleation, conden-
sation, and coagulation in 43 logarithmically spaced parti-
cle size bins, which represent dry diameters from 0.7 nm–
10 µm. TOMAS tracks the total aerosol number and mass of
each species for each size bin. The simulated aerosol species
are sulfate, ammonia, a representative oxidation product of
biogenic organics, and water. In these simulations, neutral
sulfuric acid–water nucleation is based on Vehkamäki et
al. (2002), neutral sulfuric acid–water–ammonia nucleation
is from Napari et al. (2002), ion-induced and neutral sulfu-
ric acid–water and sulfuric acid–water–ammonia nucleation
is from Dunne et al. (2016), and neutral sulfuric acid–organic
nucleation is from Riccobono et al. (2014).

Vehkamäki et al. (2002), referred to here as VEHK, de-
scribe a parametrization for neutral sulfuric acid–water par-
ticle formation based on a classical nucleation model. They
use a model for the hydrate formation relying on ab initio
calculations of small sulfuric acid clusters and on experi-
mental data for vapor pressures and equilibrium constants
for hydrate formation. The parameterized formulas are valid
at temperatures between 230.15 and 305.15 K, RHw from
0.01 %–100 %, and sulfuric acid concentrations from 104–
1011 cm−3. Temperatures along the trajectories ranged be-
tween 218 and 252 K and thus were below the applicable
temperatures of this nucleation scheme in 18 out of 32 sim-
ulated cases. In these low-temperature cases, we assume the
temperature to be 230.15 K (i.e., we do not extrapolate be-
yond the bounds of the parameterization). When sulfuric acid
concentration was < 104 molec. cm−3, the model assumes a
nucleation rate of zero, and it limits the maximum concen-
tration of gas-phase sulfuric acid to 1011 molec. cm−3.

In the Napari et al. (2002) scheme, referred to here as
NAPA, the nucleation rate is parameterized using four vari-
ables: temperature, RHw, H2SO4 concentration, and NH3

mixing ratio. The parameterization is valid for tempera-
tures from 240–300 K, RHw from 5 %–95%, sulfuric acid
concentrations from 104–109 molec. cm−3, ammonia mixing
ratios from 0.1–100 ppt, and nucleation rates from 10−5–
106 cm−3 s−1. When temperature is < 240 K or > 300 K (25
out of 32 simulated cases) and/or RHw is outside of the lim-
its stated above, the model assumes the temperature to be 240
or 300 K and RHw to be 5 % or 95 %, respectively. When the
sulfuric acid concentration is < 104 molec. cm−3, the model
assumes a nucleation rate of zero, and it limits the maximum
concentration of gas-phase sulfuric acid to 109 molec. cm−3.

This parametrization accounts only for hydrate formation
and neglects the formation of ammonium bisulfate and its ef-
fect on nucleation rate (Zhang et al., 2010). It overpredicts
the effect of ammonia on nucleation when compared with
laboratory measurements (Zhang et al., 2010). Merikanto et
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al. (2007) showed that nucleation rates based on the NAPA
scheme were biased high, and Lucas and Akimoto (2006)
indicated that this scheme in a global model predicted unre-
alistically high nucleation rates throughout the troposphere.
To address these issues, Westervelt et al. (2013) and Jung et
al. (2010) used a nucleation rate tuning factor of 1 × 10−5 in
the boundary layer and found that the model produced a rea-
sonable agreement with observations. In this study we per-
formed simulations both with this tuning factor (referred to
as NAPAt) and without it (NAPA).

In Dunne et al. (2016), referred to here as DUN, the in-
organic nucleation rates determined experimentally in the
CLOUD (Cosmics Leaving Outdoor Droplets) chamber are
parameterized in four dimensions: sulfuric acid, ammo-
nia, temperature (208–292 K), and ion formation rates (0–
75 cm−3 s−1). Humidity is not included in this parametriza-
tion. The overall nucleation rate is given by the sum of the
individual processes:

Jb,n = kb,n (T ) [H2SO4]
pb,n , (1)

Jt,n = kt,n (T )fn([NH3] , [H2SO4]) , (2)

Jb,i = kb,i (T )n−[H2SO4]
pb,i , (3)

Jt,i = kt,i (T )n−fi([NH3] , [H2SO4]) , (4)

where Jb,n is the binary neutral rate, Jb,i is the binary ion-
induced rate, Jt,n is the ternary neutral rate, Jt,i is the ternary
ion-induced rate, n− is the steady state concentration of small
negative ions, and [H2SO4] and [NH3] are gas concentrations
(cm−3). In this paper, we investigated separately ion-induced
binary (DUN with NH3 set to 0) scheme as well as the overall
nucleation scheme (DUN) given by the sum of the above.

Sulfuric acid–organic nucleation was simulated using the
scheme described in Riccobono et al. (2014), referred to here
as RIC. While this scheme was developed to represent ter-
restrial organic species, we use it here as a surrogate for ma-
rine organic compounds, because there are no specific mech-
anisms that have been developed for remote marine-sourced
precursors.

The model includes a secondary organics aerosol precur-
sor (SOAP; MW = 200 g mol−1) variable, which can oxidize
to form a condensable aerosol species. This species can both
participate in nucleation in the RIC scheme and condense
onto particles in all schemes studied here. We assume a re-
action rate constant for the oxidation of biogenic organic
species against OH is ∼ 3 × 10−12 cm3 s−1 molec.−1, which
is roughly an average reaction rate of non-methane alkanes
according to Table 1 of Atkinson and Arey (2003). This rate
constant gives a SOAP lifetime of ∼ 2 d for a typical diur-
nally averaged UT OH concentration of 2 × 106 cm−3. The
yield of SOAP to secondary organic aerosol (SOA) is set to
1, which allows us to use SOAP as a simple, tunable variable
to determine how much SOA may be necessary to match ob-
served aerosol formation and growth. We use the SOAP oxi-
dation product (i.e., condensable organic) in the RIC scheme,
but also use it to explore the effects of organics on new par-

ticle growth for each of the nucleation schemes (Riipinen et
al., 2011).

In the RIC mechanism, nucleation occurs when only a
fraction of the oxidation products of biogenic organic com-
pounds (BioOxOrg in the terminology of the RIC mecha-
nism), formed from SOAP oxidation, are able to form sta-
bilized clusters. The formation rate dependence on sulfuric
acid and BioOxOrg concentration is given by a fit to experi-
mental data in the form

JORG = kNUC[H2SO4]
p[BioOxOrg]q , (5)

where JORG is the formation rate (cm−3 s−1) of stable par-
ticles with diameters ∼ 1.7 nm, kNUC is the nucleation rate
constant with a value of 3.27 × 10−21 cm6 s−1 at 278 K and
RHw at 39 %, BioOxOrg represents concentration of later-
generation oxidation products of biogenic monoterpenes
(cm−3), and the exponents p = 2 and q = 1 represent the
power law dependence of JORG upon the concentrations of
sulfuric acid and BioOxOrg.

Using the RIC scheme, we test the effect of different frac-
tions of condensable organic formed from SOAP oxidation.
This fraction Forgnuc represents the fraction of the condens-
able BioOxOrg that may participate in nucleation by stabiliz-
ing the cluster. The value of Forgnuc does not affect the con-
densation of organics onto already-nucleated or pre-existing
particles. Using Forgnuc allows us to decouple the possible
role of organics in nucleation vs. their role in subsequent con-
densational growth.

Since the RIC scheme does not consider the possible ef-
fect of temperature on the nucleation rate, we modify the
nucleation rates predicted in Eq. (5) using the temperature
dependence (270–310 K) for this nucleation rate from Yu et
al. (2017)

JORG−T = JORGfT , (6)

fT = exp

[

1H

k

(

1

T
−

1

T0

)]

, (7)

where fT is the nucleation rate scale factor accounting for the
temperature dependence, and 1H is the change in enthalpy
of −38.3 kcal mol−1 associated with the critical cluster for-
mation. We assume that 1H is constant throughout our full
temperature range.

One of the limitations of our box modeling effort is that the
temperatures along the trajectories ranged between 218 and
252 K, often below the applicable temperatures of the three
nucleation schemes: VEHK, NAPA, and RIC (Table S2). We
would expect faster nucleation rates at the lower trajectory
temperatures than are simulated by these schemes (e.g., Yue
and Hamill, 1979). Using VEHK and NAPA schemes below
their lower temperature limit means forcing them to their
lowest rated temperature 230.15 and 240 K, respectively.
This in turn may result in underestimating particle concen-
tration and size. This bias for cold cases means that VEHK
and NAPA schemes may predict SO2 and organic precursors
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Table 1. Ranges of parameters used for sensitivity studies in the TOMAS box model. Values varied to match the observed size distribution
are in italic.

Parameter Initial value used

Abbreviation Unit TOMAS

SO2
a pptv 1–100

NH3 1–100

Secondary organic aerosol precursor
(SOAP)

1–100

Forgnuc
b % 10, 50, 100

OH at solar zenith angle of 0◦ molec. cm−3 1 × 106, 3 × 106, 4.3 × 106

OH at night 1 × 105

Napari et al. (2002) scheme; nucleation rate
tuning factor of 1 × 10−5

tuning factor on/off

Time since CI h 0.4–23.3

Ion pair production rate cm−3 s−1 15c

Background pre-existing aerosol: initial in-
put size distribution (SD)

Varied measured initial input size distribution: d SD > 12 nm,
SD > 12 nm × 2, SD > 12 nm/2, SD = 0, SD > 12–5 nm,
SD > 8 nm, SD as logarithmic fit

a SO2 measured on ATom 4 only. b Fraction of SOAP participating in nucleation when using Riccobono et al. (2014) in TOMAS. c Value typical for the tropical upper
troposphere (Dunne et al., 2016). d Initial background aerosol size distribution was varied: SD > 12 nm means background SD as described in the text was used to initiate the
model; SD > 12 nm × 2 means background SD multiplied by 2; SD > 12 nm/2 means SD divided by 2; SD = 0 means no background aerosol; SD > 12–5 nm means SD was
shifted by 5 nm to smaller diameters; SD > 8 nm means measured background SD > 8 nm was used as initial SD, where SD refers to the number size distribution
dN/dlog10Dp.

that would be anomalously high. In the RIC scheme the tem-
perature dependence of Yu et al. (2017) is not experimen-
tally verified down to the tropical UT temperatures. Thus,
we tested the impact of changing the 1H by ±3 kcal mol−1

(Fig. S2). We also have not explored the organic-only nucle-
ation scheme by Kirkby et al. (2016).

2.5 TOMAS input data

Measured and estimated inputs needed to initialize the
TOMAS box model (Adams and Seinfeld, 2002; Pierce and
Adams, 2009; Pierce et al., 2011) are given in Table 1.
TOMAS was configured to use measured size distributions
(> 12 nm) in discrete bins. Each input in Table 1 represents
the initial conditions present at the start of the simulation (t0).
Hence, condensing vapor in the gas phase can contribute both
to the formation and growth of new particles and growth of
the pre-existing background aerosol.

We expect the output of the TOMAS model to be sensi-
tive to the temperature dependence of nucleation rates; the
type and number of organic compounds; SO2, OH, and NH3

mixing ratios; and the pre-existing background aerosol into
which the convective outflow is mixed. The variability of
the simulated aerosol size distribution to various initial con-
ditions was examined by conducting sensitivity simulations
(Table 1) on SO2, NH3, OH, background aerosol size distri-

bution, organics added for initial growth (e.g., SOAP), and
on the RIC scheme scale factor Forgnuc for organics involved
in cluster formation.

The pre-existing aerosol is estimated based on the 1 min
averaged size distributions for Dp > 12 nm as observed at
the aircraft location. The concentration of particles with
Dp < 12 nm is set to zero under the assumption that these
particles were produced by the new particle formation being
modeled and were not present in the background air at the
point of mixing with the air detrained from convection. The
box model simulations do not explicitly account for the mix-
ing of highly scavenged air detraining from convective out-
flow with surrounding UT air containing more aged aerosol
(e.g., Weigel et al., 2011). We have undertaken sensitivity
studies that vary the pre-existing background aerosol used as
initial input parameter (Table 1).

The box model simulations were run forward in time
from the moment the parcel exited the convection (t0) to the
point of measurement by the aircraft (tfin), with temperature,
pressure, and RHw varying as a function of time as deter-
mined from the backward trajectory. The change in RHw

along the trajectory between the trajectory location at the
cloud edge (t0) and the point of the aircraft location (tfin)
for 32 simulated cases is presented in Fig. S67. The con-
centration of OH at solar zenith angle of 0◦ in the simula-
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tions was set to 3×106 molec. cm−3; however, we also tested
OH concentrations of 1 × 106 and 4.3 × 106 molec. cm−3.
These estimates agree well with aircraft-measured concen-
trations (Fig. S3) and with values given in Seinfeld and Pan-
dis (2006). In TOMAS, OH is parameterized as a function of
the cosine of the solar zenith angle, where the nighttime OH
is 1 × 105 molec. cm−3. The solar zenith angle is calculated
for the time, altitude, latitude, and longitude of the backward
trajectories.

The SO2 and NH3 mixing ratios were varied between 1
and 100 pptv to explore a large range of plausible conditions.
The evaluated SO2 range exceeds that measured on ATom
4 (Figs. S4 and S5) and covers the < 30 pptv mixing ratios
previously reported in the UT over the central and western
tropical Pacific (Thornton et al., 1997; Rollins et al., 2017,
2018). Organic aerosol precursors are unknown in the UT
and were not directly measured; thus we explored a range of
probable mixing ratios between 1 and 100 pptv.

2.6 Evaluating simulated size distributions

To determine which sets of parameters allow the models to
reproduce the observed size distributions best, we evaluate
every simulation against observations using the normalized
mean error (NME) statistic of the first four moments (zeroth
through third) of the size distribution for each model simula-
tion as

NME =
63

i=0
|Si−Oi |

Oi

4
, (8)

where Si and Oi are ith moments of the simulated and ob-
served size distributions, respectively (Hodshire et al., 2018).

The ith moment is defined as

Mi =

20
∫

2.6

nNDi
pdDp , (9)

where nN is the number of particles in size interval dDp and
Dp is the diameter. Equation (9) is integrated over the diam-
eter range from 2.6–20 nm, and Mi represents either Si or
Oi . The zeroth moment (i = 0) corresponds to the number of
particles, the first moment (i = 1) to the total diameter of par-
ticles (i.e., total aerosol length), the second moment (i = 2)
is proportional to the total surface area of particles, and the
third moment (i = 3) is proportional to the total volume of
particles. A NME of 0 is a perfect fit between the simulation
and observations; a NME of 1.0 indicates that the average
bias of the zeroth through third moments between the simula-
tion and observations is 100 %. As the NME is given as an ab-
solute value, we do not discriminate between cases in which
the model is underpredicting or overpredicting the moments
on average. Since these moments are equally weighted, a low
value of NME can be achieved only if the modeled size dis-
tribution accurately simulates both the shape and magnitude

of the observed size distribution over the full range of sizes
evaluated.

3 Results

3.1 Observations

Our data show seasonally persistent high nanoparticle con-
centrations over the remote tropical UT (Fig. 2; Williamson
et al., 2019). In this region, the highest concentrations of par-
ticles were in the nucleation mode (3–12 nm), which have a
short lifetime and are the products of recent NPF. This trop-
ical UT feature was observed in all ATom deployments over
all four seasons, over both the Pacific and Atlantic basins.
The concentrations of particles observed in the UT over the
tropical Atlantic were lower than observed over the Pacific
(Fig. S6). In this study, we focus on observations over the re-
mote Pacific, which is a region less perturbed by continental
emissions than the Atlantic (Figs. 3, S7 and S8).

Previous studies (e.g., Clarke, 1992, 1993; Clarke et al.,
1998, 2006; Brock et al., 1995; Weber et al., 1995; Raes et al.,
1997; Thornton et al., 1997; Weber et al., 1998; Clarke and
Kapustin, 2002; Twohy et al., 2002; Froyd et al., 2009; Bor-
rmann et al., 2010; Weigel et al., 2011) have provided strong
evidence of NPF in the tropical UT and its link to convec-
tive activity. However, these earlier studies did not provide
such extensive, representative, and global-scale coverage of
the remote marine troposphere over a wide range of altitudes
and latitudes (Williamson et al., 2019). The ATom observa-
tions also provide accurate, sensitive state-of-the-art mea-
surements of the chemical composition of the bulk aerosol
and the abundance of hundreds of gas-phase species in all
four seasons, making these observations the most compre-
hensive to date. However, no measurements were made dur-
ing ATom of NH3, the highly oxygenated organic molecules
that are likely aerosol precursors, or molecular cluster com-
position, and measurements of SO2 took place only during
the fourth ATom deployment.

Ten-day backward trajectories in the region of NPF in the
central Pacific showed transport primarily over the Pacific,
with some possible terrestrial influence from the western Pa-
cific region (Fig. 3). However, trajectories coming from the
western Pacific generally stayed at high altitudes and did not
show recent convective uplift from regions influenced by ter-
restrial sources. Further, CO and other continental tracers
were at background levels over the Pacific, confirming little
continental influence in the sampled air masses (Fig. S7), as
opposed to the Atlantic (Figs. S6 and S7). Thus, the precur-
sors of the recently formed particles are likely mostly marine
in origin. The latter is also supported by the measurement of
particle-phase methanesulfonic acid (MSA) that can be con-
sidered a tracer for maritime influence on the tropical UT
(Fig. S9).
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Figure 2. Ambient pressure as a function of latitude colored by the measured number concentration of particles with Dp from 3–60 nm
over the Pacific Ocean for (a) ATom 1, July–August 2016; (b) ATom 2, January–February 2017; (c) ATom 3, September–October 2017; and
(d) ATom 4, April–May 2018). Periods of flight in clouds, over continents, and near airports have been removed.

The observations and trajectory modeling show that newly
formed particles were often associated with deep convection.
Similar trajectory analyses, in terms of examining the history
of the sampled air masses for interactions with deep convec-
tion, have been undertaken by Froyd et al. (2009) and An-
dreae et al. (2018). Here, using the CI probability criterion
of 95 % to identify when the aircraft was sampling air re-
cently influenced by convection (Sect. 2.3), as well as con-
sidering the latitude range 30◦ S–30◦ N and ambient temper-
atures < 260 K for ATom 1 and ATom 2, the shorter the time
since convection, the higher the number of small particles
(Fig. 4a–d). Such strong trends were not evident for ATom 3
and ATom 4, indicating that factors other than time since CI
affect nucleation-mode concentrations. The more recent the
convection, the smaller the diameter of the nucleation mode
(Fig. 4e–h). These relationships are again strongest for ATom
1 and ATom 2 as well as ATom 4. Our hypothesis for these
relationships is that with increasing time since CI, particles
with diameters < 12 nm grew by condensation and coagu-
lation and decreased in concentration by coagulation, lead-
ing to the decrease in nucleation-mode concentration and in-
crease in diameter. A similar trend was observed over the
Atlantic (Fig. S10 in the Supplement). The highest concen-
trations of nucleation-mode particles occurred during ATom
2 and were associated with the shortest times since CI.

Air detraining from deep convection is likely depleted in
pre-existing particles due to in-cloud removal, leading to a
reduced condensation sink (CS) that enhances the likelihood
of NPF (e.g., Clarke, 1992; Williamson et al., 2019). Figure 5
shows the concentration of measured nucleation-mode parti-
cles as a function of altitude for the Pacific basin over four
ATom missions. The median concentration of nucleation-
mode particles averaged from 30◦ S to 30◦ N is highest at
altitudes > 10 km, reaching ∼ 40 000 cm−3 (Fig. 5a), coin-
ciding with the lowest values of CS>12 nm, which competes
with NPF for condensing vapors. The CS term is calculated
for particle diameters > 12 nm and for the diameter range
between 3 and 12 nm following Williamson et al. (2019).
CS>12 nm serves as an estimate of the condensation sink prior
to nucleation starting, and it is negatively correlated with
the number of nucleation-mode particles (Fig. 5b), while
the nucleation mode is positively correlated with CS3–12 nm

(Fig. 5c). Over the Atlantic, the maximum concentration
of nucleation-mode particles > 8 km in altitude averaged
from 30◦ S to 30◦ N, ∼ 3000 cm−3, is considerably smaller
than over the Pacific, but the shape of the profile is similar
(Fig. S11).

Some variability in the strength of NPF and its dependence
on CS>12 nm can be observed. In general, CS>12 nm is weakly
negatively correlated (r2 between 0.08 and 0.36 depending
on the ATom mission) with the concentration of nucleation-
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Figure 3. Flight track and selected 10 d backward trajectories initiated for times in flight at pressures < 400 hPa (< ∼ 260 K) sampled along
the DC-8 flight track during ATom missions 1, 2 (a, b), 3, and 4 (c, d) during the most tropical flight in each deployment (Hawaii–Samoa on
ATom 1 and Hawaii–Fiji on ATom missions 2–4). Trajectories are colored according to the pressure along their pathway.

mode particles (Fig. 5b), as would be expected if NPF were
competing with CS>12 nm for condensing vapors. When CS
is dominated by small particles (CS3–12 nm), the correlation is
strongly positive (r2 between 0.97–1, Fig. 5c). Factors other
than CS are also important in controlling the concentrations
of newly formed particles. These factors may include temper-
ature and RHw, actinic flux, and OH that drive photochem-
ical reactions that oxidize precursor species; the abundance
of those precursor species in the air lifted by convection and
in the background air; and the time since the air parcel exited
a convective cloud (Figs. S12–S13).

3.2 Box model simulations

Case studies were selected for box model simulations based
on specific criteria such as temperature and CI probability.
We restrict the analysis to data taken nominally in the tropics
and subtropics, between 30◦ S–30◦ N latitude. We consider
the case for analysis by box modeling if the CI probability is
> 95 %, temperature at the point of measurement is < 260 K,
and an aerosol number mode with a modal peak diameter
< 12 nm is present (Table 2). We performed simulations for
32 cases randomly selected from the ATom 2 (20 out of 47

identified cases) and ATom 4 (12 out of 60 identified cases)
datasets over the remote tropical Pacific from the total num-
ber of 109 cases with time since convection < 1 d (Table 2).
Data from ATom 2 and ATom 4 were selected for simulations
because these deployments had the most identified cases with
time since CI < 1 d. During ATom 2, we observed the high-
est numbers of nucleation-mode particles, lowest condensa-
tion sink, and shortest time since convection (Fig. 5) among
all missions. Measurements of SO2 mixing ratio were made
only during the ATom 4 deployment, providing an important
constraint for the box model simulations. We did not per-
form simulations on ATom 1 and ATom 3 data as there were
only two and zero identified cases with time since CI < 1 d,
respectively (Table 2).

The correlation between nucleation-mode particles and
time since CI was strongest in ATom 2 (Fig. 4), while CO
levels, a proxy for continental influence, were the lowest for
trajectory times < 1 d (Fig. S7). Although SO2 was not mea-
sured during ATom 2, we expect SO2 in this region in the UT
to be < 30 pptv based on SO2 levels measured during ATom
4 and other missions in the Pacific (Figs. S4, S5).
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Figure 4. (a–d) Concentration of nucleation-mode particles as a function of time since convective influence for ATom missions 1–4, over
Pacific (30◦ S–30◦ N), T < 260 K, and probability of convective influence > 95 %, respectively. (e–h) Modal diameter of particles with
Dp < 0.06 µm as a function of time since convective influence (30◦ S–30◦ N) for ATom missions 1–4, respectively. Black line, used to guide

the eye, represents the linear regression fitted to log-y values. A corresponding Pearson correlation coefficient r2 is indicated.

Figure 5. (a) Vertical profile of the median number concentration of nucleation-mode particles (3–12 nm) and condensation sink (CS)
averaged between 30◦ S–30◦ N as a function of altitude for the four ATom deployments. (b–c) One-minute average nucleation-mode particle
concentrations at > 8 km in altitude as a function of CS>12 nm (b) and CS3–12 nm (c), between 30◦ S–30◦ N over the Pacific Ocean. Pearson
correlation coefficient values (r2) are indicated in the legend.
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Table 2. Number of identified cases of recent NPF associated with
CI for the Pacific (Atlantic in Table S4) between 30◦ N and 30◦ S
latitude that meet the following criteria: T < 260 K, CI > 95 %, and
modal peak diameter < 12 nm.

ATom Number of cases meeting
mission selection criteria

Trajectory Trajectory Trajectory
age < 1 d age 1–2 d age 2–3 d

1 2 20 49
2 47 3 4
3 0 0 5
4 60 9 2

Total 109 32 60

The size distributions simulated by TOMAS were
smoothed to avoid the artificial distortion of the distribu-
tion caused through size-bin emptying (Hodshire et al., 2019;
Stevens et al., 1996). The latter and the smoothing technique
are described in Sect. S2.

We performed box model simulations on the 32 selected
cases using the range of values listed in Table 1. The suc-
cess of each model simulation was evaluated using the NME
described by Eq. (8). As an example using a single case,
Fig. 6a shows the observed and simulated aerosol size dis-
tribution with the best NME obtained for each of the vari-
ous nucleation schemes tested, along with the correspond-
ing mixing ratios of SO2, NH3, or organics. Organics here
refer to the SOAP oxidation product (i.e., condensable or-
ganic) that participates in nucleation in the RIC scheme (as
BioOxOrg) and in the particle condensational growth in all
schemes. The values of NME as a function of the mixing ra-
tios of SO2, NH3, and organics for each nucleation scheme
are also shown (Fig. 6b–j). The summary of each of the 32
simulated cases is presented in Table S4 and Figs. S15–S45.
The simulations in Fig. 6 used the default OH scheme with
a maximum concentration of 3 × 106 cm−3 at a solar zenith
angle of 0◦ (Fig. S3). Sensitivity studies for maximum OH
values of 1×106, 3×106, and 4.3×106 cm−3 are presented
in Figs. S46–S50.

TOMAS simulations using VEHK scheme substantially
underpredict the observed tropical nucleation-mode number
concentration, with resulting poor values of NME (Fig. 6).
Sensitivity tests that vary the pre-existing initial (back-
ground) aerosol or completely remove background particles
do not change the results significantly (Figs. S51–S53). Fur-
ther, we find that changing initial input parameters such as
SO2 and OH as indicated in Table 1 do not improve the NME
for VEHK scheme (Figs. 6b and S46). Adding organics to
grow particles nucleated by the VEHK scheme, while reduc-
ing NME slightly, does not provide adequate agreement with
the observations. Varying the pre-existing initial aerosol or
completely removing background particles in VEHK scheme

with added organics may improve the fits for certain initial
conditions (Fig. S52), making it plausible for better NME
values if CS>12 nm was 4.12×10−5 s−1 and SO2 and organics
were 13.9 and 7.2 pptv, respectively, for this particular case.
Out of 32 cases studied here, there is no case with NME < 0.2
for VEHK scheme. Similarly, the ion-assisted binary nucle-
ation scheme of the MAIA box model does not provide good
matches with observations (Table S4).

The NAPA scheme, both with (NAPAt) and without
(NAPA) the tuning factor, did not significantly reduce the
NME values from the VEHK results for this case (Fig. 6c).
However, when organics were added to condense on the par-
ticles nucleated by this mechanism, the NME improves, re-
sulting in six cases with NME < 0.2 (Table S4). The RIC
nucleation scheme, updated by the temperature dependence
of Yu et al. (2017), provides the best NME (NME = 0.02)
for all the schemes investigated (Fig. 6f) for the case shown
in Fig. 6. We explored this mechanism with six more sensi-
tivity simulations, including various combinations of initial
SO2 and organic mixing ratios, to see how sensitive NME
is to small changes of initial precursor vapor mixing ratios.
For the example case presented in Fig. 6a, organic mixing ra-
tios < 10 pptv and SO2 mixing ratios < 5 pptv were sufficient
to produce size distributions that matched the observations
with good fidelity (NME = 0.02). Varying the scale factor of
organics taking part in nucleation (Forgnuc) did not change the
results significantly (Fig. S48). Nucleation can have strong
self-regulating mechanisms, and these are likely contributing
here. Increasing Forgnuc increases the nucleation rate initially
in the high-Forgnuc simulations, which increases the conden-
sation and coagulation sinks, which decreases the vapor con-
centrations (and hence nucleation and growth rates), and in-
creases the coagulational loss rates. Each of these feedbacks
lead to a buffering of changes to the nucleation mode. West-
ervelt et al. (2014) describes these buffering mechanisms in
detail. Changing Forgnuc does not change the amount of or-
ganic material and sulfuric acid that condenses though, so
ultimately the size distributions are relatively insensitive to
changing Forgnuc because the buffering mechanism and to-
tal condensation remain approximately constant. The most
recently developed NPF mechanism, the ion-induced sulfu-
ric acid–water, referred here as DUN with NH3 set to 0, and
the sulfuric acid–water–ammonia (DUN) nucleation scheme
from Dunne et al. (2016), did not provide the lowest NME
values among the schemes tested, although adding organics
for initial growth of the nucleated particles improved the fits
(NME = 0.04) (Fig. 6i, Table S4). The addition of organics
resulted in best NME values for DUN in 5 out of the 32 cases
simulated.

Overall, a reduction in NME when organics are added for
initial particle growth was also observed for other schemes
(Table S4). Out of 32 case studies, we found 6 cases when
the NAPAt with organics for growth and the tuning factor ap-
plied gave lower NME values than all other schemes. How-
ever, four out of these six cases require SO2 or NH3 mix-
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Figure 6. Results of simulations using the TOMAS box model for an example case (ATom 2, 4 February 2017, 03:05:31–03:06:30 UTC;
case identifier: sd486) where measurements were made 7.3 h following convective influence, and temperature along the trajectory varied
between 218 and 226 K. (a) Observed (shaded bars) and simulated (lines) aerosol size distributions with best normalized mean error (NME)
calculated for Dp between 2.6 and 20 nm (blue shading) for each of the NPF and growth schemes investigated. Best results from the MAIA
box model ion-assisted + neutral binary nucleation scheme shown as a dotted black line. (b) NME between the modeled and measured size
distribution for the VEHK scheme with varying organics mixing ratios for condensational growth. The color of the circle indicates the value
of NME corresponding to a particular initial mixing ratio of SO2, NH3, or organics that varied between 0 and 100 pptv. Blue represents the
best agreement, red poorer agreement, and grey the worst (NME > 1). There were 64 sensitivity tests. (c) As in (b) but for the NAPA scheme.
(d) As in (c) but for the NAPAt scheme. (e, f) As in (c) and (d), respectively, but with NH3 fixed and varying organics for condensation
growth. (g) As in (b) but for the RIC scheme, which provides the lowest NME. There were 400 sensitivity tests for this scheme. (h) As in (b)

but for the DUN scheme with NH3 set to 0 (DUNNH3=0). (i) As in (c) but for the DUN scheme. (j) As in (i) but with varying organics for
condensation growth. The table presents the NME results for the corresponding size distributions in (a) and associated initial mixing ratios
of gas-phase precursors.
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ing ratios > 50 pptv that exceed ATom 4 SO2 observations
and literature values in the tropical UT for SO2 of < 30 pptv
(Fig. S4; Rollins et al., 2017, 2018; Thornton et al., 1997;
and for NH3 of < 10 pptv; Höpfner et al., 2016; Feng and
Penner, 2007; Adams et al., 1999).

Growth rates calculated based on the diameter of the lead-
ing edge and threshold value of dN/dlog10Dp > 10 cm−3 in
any of the size bins below 12 nm were mostly between 0.1
and 3 nm h−1 for the RIC scheme (Fig. S71). The growth
rates for all cases investigated here using RIC and other
schemes are presented in Fig. S72.

Figure 7 shows the time evolution for particle number
concentration, surface area, and volume for the nucleation,
Aitken, and accumulation modes using the Riccobono et
al. (2014) scheme for the same case as shown in Fig. 6 for the
simulation with the lowest NME in Fig. 6g (SO2 = 1.3 pptv,
organics = 5.5 pptv). There is rapid evolution of the nucle-
ation mode and slower changes of the larger modes, and the
model effectively matches the number, surface, and volume
of the measured nucleation mode. In the case presented in
Fig. 7b, the surface area measured on ATom is dominated by
the nucleation-mode particles; however, although frequent,
this is not a typical pattern among all other cases studied
here. In general, in the cases with the highest surface area,
values are split between nucleation, Aitken, and accumula-
tion modes almost equally (Table S5, Figs. S68–70).

In 21 out of the 32 cases for which multiple box model
simulations were run, the sulfuric acid–organic nucleation
scheme of Riccobono et al. (2014) produced lower (better)
values of NME than the other parameterizations tested (Ta-
ble S4). Two of those 21 best NME cases for RIC were tied
with NAPA and NAPAt, both with organics added for initial
particle growth. The remaining 12 best NMEs came from two
different ternary nucleation schemes with added organics for
growth of particles. These schemes were the NAPA or NA-
PAt (or the DUN with both charged and neutral channels).
The majority of these ternary cases, however, required initial
conditions of NH3 of 52 pptv or more, much greater than the
mixing ratios expected at these locations in the UT (Höpfner
et al., 2016). While we are limited by the lack of direct ob-
servations of NH3, amines, and condensable organic species,
it is plausible that there are enough of these compounds – a
few to tens of pptv – to participate in ternary nucleation and
subsequent growth to be consistent with the ATom measure-
ments. Further, regardless of the available SO2, the results
strongly suggest that binary sulfuric acid–water nucleation,
whether ion-assisted or neutral (and whether coupled with
organic growth or not), generally cannot explain the ATom
observations.

The findings for the case of organic-mediated NPF are
summarized in Fig. 8, where we show the SO2 and or-
ganic precursor mixing ratios for all sensitivity simulations
using the RIC scheme, highlighting the assumptions that
yielded the lowest NME for each case. The results show
that for all of the cases where sulfuric acid–organic nucle-

ation most successfully simulated the observations (21 of 32
cases), initial SO2 mixing ratios < 30 pptv, and organic pre-
cursors < 100 pptv (with an assumed yield of 1) were needed.
These SO2 mixing ratios are consistent with observations
during ATom 4 (Figs. S4, S5, Table S6) and earlier results
(Rollins et al., 2017, 2018). Lacking measurements of con-
densable organic species, we can only speculate that a few
to tens of pptv are reasonable for the marine tropical UT.
Williamson et al. (2019; Extended Data Fig. 7) suggested
that organics dominate the composition of smaller particles
at pressure < 400 hPa. We note that we performed no simu-
lations with mixing ratios of SO2 or organics above 100 pptv.
While we cannot exclude that for some cases the mixing ra-
tios of these precursors at levels above 100 pptv could im-
prove fits, these levels are outside of prior observations so
were not considered in this study.

In the case shown in Fig. 6, mixing ratios of SO2 and
organics of ∼ 1.3 and 5.5 pptv, respectively, were sufficient
to nucleate particles and produce a size distribution that
matched the observations with an NME of 0.02 using the RIC
scheme. In a majority of the cases, the RIC scheme predicted
SO2 < 5 pptv, which is lower than typical UT SO2 concen-
trations, suggesting that our temperature extrapolation may
overpredict nucleation rates at the typical SO2 mixing ratios
of ∼ 30 pptv in the UT. Overall, the lowest NME values were
obtained when initial SO2 values were low (< 30 pptv), while
organics varied over a range of mixing ratios as shown by tri-
angles in Fig. 8. This suggests that organic matter will often
contribute significantly to the composition of the nucleated
and growing particles on a mole basis and even more so on
a mass basis, because the assumed molecular weight of or-
ganic precursors and products is 200 g mol−1 compared to
96 g mol−1 for SO4.

3.3 Discussion

Comparing aerosol size distribution measurements with box
model simulations shows that none of the binary neutral
or ion-assisted NPF schemes are consistent with observa-
tions, regardless of precursor concentrations and the pres-
ence or absence of condensing organics for further growth.
These schemes predict significant nucleation but do not make
enough particles in the 5–20 nm size range (Fig. 6) to match
observations. Adding organics for initial growth of particles
shifts the size distribution to larger sizes but only slightly im-
proves the model-to-measurement fits (Table S4).

However, schemes that incorporate organic compounds
or NH3 to nucleate particles, plus condensing organics as
growth agents, can plausibly replicate the observed size
distributions. These results suggest that organic precursor
species are likely important in NPF and initial growth in the
tropical upper troposphere, even above marine regions re-
mote from continental sources. In general, the RIC scheme
provided best model-to-measurement fits; however, the im-
provement in the fit values for the DUN scheme when or-
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Figure 7. (a) TOMAS box model simulation of the case (case identifier: sd486) shown in Fig. 6 for the lowest (best) NME for the RIC scheme,
showing number concentration of the nucleation (3–12 nm), Aitken (12–60 nm) and accumulation (60–500 nm) modes as a function of time
since the air parcel exited the cloud to the time of measurement by the aircraft. Black symbols indicate values at the point of measurement. The
measured Aitken and accumulation mode values from the observations were used as approximate initial conditions for the model simulation
and are shown at time t = fin. (b) As in (a) but for surface area concentrations. (c) As in (a) but for volume concentrations. Conditions for
the simulations were diurnally varying OH concentrations with solar zenith angle. Initial SO2 = 1.3 pptv, and initial organics = 5.5 pptv.

Figure 8. Values of NME (colored symbols) for best fits of the sen-
sitivity studies. TOMAS model simulations were made using the
RIC sulfuric acid–organic scheme. Among the sensitivity tests us-
ing this scheme, the one with the lowest NME case is shown with
a triangle located at the initial conditions of SO2 and organics for
that case, while the next best NME case (provided NME < 0.2) is
shown as a circle. The shaded region represents the approximate
parameter space in which the best agreement between model and
measurement is found for all the convective influence cases stud-
ied. Note the different NME color scale range (0–0.4) than the one
presented in Fig. 6 (0–1).

ganics are added for initial growth of particles suggests that
organics may be more important for growth than for nucle-
ation (Table S4).

We find that to best reproduce both nucleation and growth
rates by the RIC scheme, the mixing ratios of gas-phase or-
ganic precursors generally needs to be at least twice that of
SO2 (Fig. 8). While an example in Fig. 6 shows that the
source of condensable organics may be even ∼ 5 times the
SO2 mixing ratio in the remote tropical UT (Fig. S66), we
do not know whether or not there may be that much more
organic precursor available in this region. Although, regions
where the oceanic source of SOA may be higher than the
DMS source have been reported previously (e.g., Croft et al.,
2019).

Unfortunately, we have no information on the nature
and mixing ratios of oxidized organic species that partici-
pated in NPF and initial growth in this environment. The
mixing ratios used in this study do not seem out of the
range of possibility. Potential precursors to these condens-
ing species, such as isoprene or monoterpenes (e.g., α- or
β-pinene), were found to be below the limit of instrument
detection (2 pptv for isoprene, 0.1 pptv for α-pinene, and
0.2 pptv for β-pinene) in the tropical UT during the ATom
deployments. The exact identification of these condens-
ing organic species would require instrumentation such as
an atmospheric-pressure-interface time-of-flight (API-TOF)
mass spectrometer to measure the composition of molecular
clusters, which was not a part of the suite of instrumenta-
tion during the ATom mission. Other studies also suggest that
NPF and growth involving organic species may be common
in the remote troposphere. Willis et al. (2016) showed that
marine organics contribute to the growth of newly formed
particles in the summertime Arctic at low altitude; however,
it was unclear if marine organics were involved in nucleation.
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Burkart et al. (2017) found that particle growth in the remote
Arctic was largely due to condensation of unidentified or-
ganic compounds, possibly of marine origin, associated with
oxidation or photochemistry of the sea-surface micro-layer
(Abbatt et al., 2019). Andreae et al. (2018) proposed that ox-
idized biogenic volatile organic compounds (VOCs) were the
source of recently formed particles found in the outflows and
anvils of convective storms over Amazonia.

Chemistry–climate models rarely include organic-driven
nucleation pathways in the UT where globally significant
NPF takes place. This may result in poor estimates of
NPF and CCN abundance and contribute to uncertainties
in aerosol–cloud–radiation effects. Williamson et al. (2019)
showed that the production of newly formed particles and
their growth to cloud-active sizes during descent towards the
surface is not adequately captured in the global chemical
transport models, which tend to underestimate the magni-
tude of tropical UT NPF and subsequent growth. This un-
derestimate might be related to missing organic precursors,
missing chemical mechanisms, or structural errors associated
with convective parameterizations. According to Williamson
et al. (2019), the combined direct and indirect radiative effect
of NPF in the tropical UT is ∼ 0.1 W m−2 globally.

The assumptions in our box model simulations point to
the need for further observational and modeling studies. For
example, we do not directly simulate in TOMAS the oxi-
dation of DMS to SO2 and MSA. However, the SO2 mix-
ing ratios estimated in this study may serve as a proxy for
DMS in the modeling in our study, although the timescale
for forming H2SO4 from SO2 will be incorrect. We had
measurements of SO2 only during the fourth ATom deploy-
ment, and no measurements of NH3 or highly oxygenated
organic molecules that are likely aerosol precursors. Instead,
we have constrained the box model simulations using reason-
able lower and upper limits of their mixing ratios based on
literature data and, in the case of SO2, ATom 4 data. One of
the limitations of our box modeling effort is that the tempera-
tures along the trajectories were often below the lower range
limit of three (out of four) nucleation schemes evaluated (Ta-
ble S6). In these cases (marked with a “∗” in Figs. S15–S45
and Table S6) the best-fit SO2 and organic concentrations
are expected to be biased high. Although experimentally un-
verified, we incorporated temperature dependence into the
Riccobono et al. (2014) scheme after Yu et al. (2017). We
would expect faster nucleation rates at the lower trajectory
temperatures than are simulated by these schemes (e.g., Yue
and Hamill, 1979). Further, we have tested the Napari et
al. (2002) scheme both with and without a tuning factor of
10−5 that was developed for continental regions (Jung et al.,
2010; Westervelt et al., 2013), an obvious source of uncer-
tainty when simulating NPF in the UT over the oceans. These
are schemes that many models use and they do not appear
to (often) work for this region, possibly due to their limited
range of operating temperatures. We also have not explored
the organic-only nucleation scheme described by Kirbky et

al. (2016), an updated version of the Vehkamaki et al. (2002)
scheme covering a wider range of temperatures and relative
humidities by Määttänen et al. (2018) that has been validated
against CLOUD measurements, or the recently published
ternary nucleation look-up tables for model implementation
(Yu et al., 2020), and these schemes are worth investigating
in future studies.

Further, we did not account for mixing with surround-
ing air on the path between the cloud outflow and the point
of measurement when running simulations. The box model
used here simulates NPF in the outflow region of deep con-
vective clouds. Although, active NPF was identified in the
vicinity of clouds and in the cloud outflow region in many
studies (such as Perry and Hobbs 1994; Clarke et al., 1998,
1999; Ström et al., 1999; Clement et al., 2002; Twohy et al.,
2002; Weigelt et al., 2009; Waddicor et al., 2012; de Reus et
al., 2001; Clarke and Kapustin 2002; or Andreae et al., 2018),
the exact location of NPF with respect to cloud remains un-
certain (Kulmala et al., 2006; Waddicor et al., 2012). We as-
sume that nucleation does not occur within the cloud and that
the outflow does not immediately mix with the surrounding
air in the highly stratified upper troposphere. If NPF were to
occur in a cloud or in a zone of the turbulent mixing at the
cloud edge, as suggested by some studies (Ström et al., 1999;
Lee et al., 2004; Weigel, 2011; Kazil et al., 2007; Kulmala et
al., 2006), our results would be biased.

The limitations described above are important and point
out the need to undertake further in situ measurements and
modeling studies to confirm the suspected role of organ-
ics in UT NPF and subsequent growth in the remote tro-
posphere. Better understanding of NPF in the remote UT,
and the growth of these particles to cloud-active sizes, could
substantially improve model simulations of the preindustrial
atmosphere, would allow for better evaluations of the ef-
fect of current anthropogenic perturbations, and could allow
more confident predictions of the evolution of the climate
and its response to future emission scenarios. Modeling ef-
forts should focus on developing new nucleation mechanisms
based on chamber studies conducted at temperatures more
representative of the UT. Further airborne research should
focus on measuring the composition of molecular clusters,
sulfuric acid, organics, and NH3 over the oceans and trop-
ical continental areas. The planned Chemistry of the At-
mosphere: Field Experiment in Brazil (CAFE-Brazil) study
is the first expected to combine airborne measurements of
nucleation-mode particle size distributions with API-TOF
mass spectrometer measurements of the composition of nu-
cleating clusters.

4 Summary

Airborne observations during the ATom mission show a glob-
ally significant source region of newly formed particles in the
tropical and subtropical UT that persists over both the At-
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lantic and Pacific ocean basins over all seasons. These par-
ticles are often associated with the outflow from deep con-
vection. Averaged across the tropics and subtropics over the
Pacific, the particle number concentrations were a maximum
(reaching as high as ∼ 40 000 cm−3) at altitudes above 10 km
where the condensation sink from pre-existing aerosol parti-
cles was a minimum. Using backward trajectories to iden-
tify convectively influenced air parcels, the highest concen-
trations of recently formed particles were generally found
where the CI was most recent, particularly during the first
and second ATom deployments. The number concentration
of nucleation-mode particles decreased with time since CI
due to the effects of coagulation and condensational growth.
During ATom 1 and ATom 2, particle size increased with time
since CI, showing clear evidence for this growth.

We simulated particle nucleation and growth using two
box models constrained to follow the calculated trajecto-
ries from the point of convective detrainment to the point of
measurement by the aircraft, and we performed sensitivity
tests varying the nucleation mechanisms and initial condi-
tions such as precursor (SO2, NH3, organics), OH, and pre-
existing particle concentrations.

These simulations indicate that nucleation schemes com-
monly used in global models, such as binary homogeneous
H2SO4 (both neutral by Vehkamäki et al., 2002) or ternary
H2SO4+ NH3 (neutral with and without a tuning factor by
Napari et al., 2002, and Jung et al., 2010), as well as the re-
cently developed neutral and ion-induced binary and ternary
nucleation scheme by Dunne et al. (2016), were all incon-
sistent with observed size distributions in all simulated cases
when no organics were included for growth. This result also
held for the binary nucleation mechanisms even when organ-
ics were added as a condensing (but not nucleating) species.
Adding organics for initial growth of particles formed by ei-
ther of the tested ternary schemes (Napari et al., 2002, or
Dunne et al., 2016) provided the best fits in 12 out of 32
simulated cases (Table S4). However, the majority of these
ternary inorganic simulations required initial conditions of
NH3 > 50 pptv, which is substantially greater than expected
at these locations in the UT (Höpfner et al., 2016).

In contrast, a scheme involving oxidation products of bio-
genic organics and H2SO4 (Riccobono et al., 2014) gave re-
sults that were most consistent among the various models
with observations in 21 out of 32 cases, while in two cases
it was tied for the lowest NME with other schemes. These
results strongly suggest that organics are involved in NPF
and subsequent initial growth in the remote tropical UT. This
supports the finding by Simon et al. (2020) that organics,
despite their lower oxidation level and yield at low temper-
atures, may be important for nucleation and growth in the
UT. However, the predicted SO2 concentrations were often
anomalously low (< 5 pptv), suggesting that our temperature
extrapolation may overestimate the nucleation rates. While
the Riccobono scheme was most consistent, the analysis sug-

gests that multiple nucleation mechanisms may be plausible
across the 32 cases.

We have assumed that the Riccobono et al. (2014) scheme,
which was developed from laboratory measurements of nu-
cleation from the oxidation products of terrestrial biogenic
VOCs, represents processes in the remote marine UT of
the tropical Pacific. In fact, there is virtually no informa-
tion on the nature of oxidized organic species (or ammo-
nia and amines) that may participate in NPF in this envi-
ronment. Also, the Riccobono scheme, one of the least con-
strained nucleation mechanisms, required a large extrapola-
tion in temperature to simulate UT conditions. Given that
NPF in the tropical UT is a major source of CCN over a
large portion of the globe (Williamson et al., 2019), we rec-
ommend that future work investigate the species contributing
to NPF and growth explicitly, including direct measurements
when possible. Additionally, we recommend studies that fo-
cus on potential tropical marine sources of aerosol precursor
gases, the efficiency of their transport to the UT, the products
of their oxidation, and the mechanisms of NPF at tempera-
tures < 230 K.
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