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ABSTRACT: Combining unique high altitude aircraft measure
ments and detailed regional model simulations, we show that in
plant biochemistry plays a central but previously unidentified role
in fine particulate forming processes and atmosphere−biosphere−
climate interactions over the Amazon rainforest. Isoprene
epoxydiol secondary organic aerosols (IEPOX SOA) are key
components of sub micrometer aerosol particle mass throughout
the troposphere over the Amazon rainforest and are traditionally
thought to form by multiphase chemical pathways. Here, we show
that these pathways are strongly inhibited by the solid
thermodynamic phase state of aerosol particles and lack of particle
and cloud liquid water in the upper troposphere. Strong diffusion
limitations within organic aerosol coatings prevailing at low temperatures and low relative humidity in the upper troposphere
strongly inhibit the reactive uptake of IEPOX to inorganic aerosols. We find that direct emissions of 2 methyltetrol gases formed by
in plant biochemical oxidation and/or oxidation of deposited IEPOX gases on the surfaces of soils and leaves and their transport by
cloud updrafts followed by their condensation at low temperatures could explain over 90% of the IEPOX SOA mass concentrations
in the upper troposphere. Our simulations indicate that even near the surface, direct emissions of 2 methyltetrol gases represent a
ubiquitous, but previously unaccounted for, source of IEPOX SOA. Our results provide compelling evidence for new pathways
related to land surface−aerosol−cloud interactions that have not been considered previously.
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■ INTRODUCTION

Isoprene is the most abundant nonmethane hydrocarbon
emitted by vegetation with a global emission rate of ∼500 Tg
y−1, with a major contribution from the Amazon rainforest.1

Isoprene is mainly thought to be oxidized in the atmosphere2,3

but has also been reported to be oxidized within leaves.4

Isoprene oxidation products significantly contribute to the
formation of secondary organic aerosols (SOAs), particularly
through multiphase chemical processes in aqueous aerosol
particles and clouds.5−9 Recent measurements of 2 methylte
trols over the Amazon proposed that direct emissions of 2
methyltetrols from the rainforest due to biological processes
and environmental stressors were the most plausible
explanation for their observations.10 However, previous studies
have largely focused on atmospheric chemical processes as a
source of SOAs,2,3 largely neglecting the potential role of in
plant biochemical products in their formation.

One of the atmospheric SOA formation pathways,
investigated most intensely in the last decade, is related to
the reactive uptake of gas phase isoprene epoxydiols (IEPOX,
formed by oxidation of isoprene) by aqueous inorganic sulfate
particles to form SOAs (IEPOX SOA).5,7 Within particles,
IEPOX SOA formation is kinetically limited by diffusion in the
viscous organic aerosol (OA) shell.11 A recent experimental
study shows that IEPOX SOA components of 2 methyltetrols
and organosulfates are highly viscous and cause strong particle
phase diffusion limitations as they form a coating around the
inorganic seeds during their formation.12
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Global modeling studies have found IEPOX SOA to be the
major source of isoprene SOAs but often overestimate IEPOX
SOA formation compared to measurements.13−16 However,
most of these modeling studies have not included the known
effects of organic coatings and aerosol phase state on IEPOX
SOA formation,13,15,16 which could lead to large biases in
predicted IEPOX SOA, especially in the upper troposphere.
Over the Amazon, key and unique aircraft measurements

were collected using an aerosol mass spectrometer (AMS),
which show that IEPOX SOA comprises ∼20% of the OA
mass concentrations near the surface and in the upper
troposphere on several days and over wide spatial extents.17

Measurements over the Amazon rainforest also show that
cloud updrafts could transport semivolatile organic gases to the
upper troposphere where they condense to form increasing
particle numbers18 and mass concentrations.19

Here, we conduct detailed regional model simulations over
the Amazon to show that IEPOX SOA formation in the upper
troposphere cannot be explained by traditional atmospheric
chemistry, reflecting a large gap in our understanding of
IEPOX SOA processes in the upper troposphere. Our results
contrast previous global modeling studies, which reported
overprediction of IEPOX SOA,13,15,16 likely because those
studies neglected the role of particle phase diffusion limitations
as described above.
We include the recently discovered estimates of plant

biochemical emissions of semivolatile 2 methyltetrol gases10

within a detailed regional model and show that their
convective transport to the upper troposphere and their
subsequent condensation due to cold upper troposphere
temperatures (∼225 K) are the most plausible explanations,
which close the large gap between model predictions and
aircraft observations,17 and this plant source far exceeds
IEPOX SOA formation through atmospheric chemistry in the
upper troposphere. We find that this plant source contributes
significantly to IEPOX SOA even near the surface. A previous
study conducted direct chiral measurements over the Amazon
and indicated that more than 69% of the 2 methyltetrols found
in particles with diameters less than 10 μm originated from
primary biological sources.20 Our results show that methylte
trols in the submicron range (<1 particle μm) as well likely
originate from biological sources as gases. These gases then
condense to particle phase methyltetrols.

■ METHODS
Safety statement: no unexpected or unusually high safety
hazards were encountered.
HALO Aircraft-Based Observational Estimates of

IEPOX-SOA. Measurements of IEPOX SOA were made
onboard the HALO aircraft both near the surface and the
upper troposphere using an AMS. High altitude measurements
of IEPOX SOA are especially unique and are used to evaluate
WRF Chem predictions at near surface (0−2 km altitude) and
upper troposphere (10−14 km) altitudes. Figure S1 shows the
locations of the HALO aircraft flight transects. Detailed
descriptions of IEPOX SOA observational estimates using the
AMS mounted onboard the HALO aircraft were provided in
Schulz et al.17 and are briefly described in the Supporting
Information, HALO aircraf t based observational estimates of
IEPOX SOA. AMS data measured onboard the HALO below 2
km altitude were corrected for inlet transmission effects
according to the in situ comparison between the HALO and
G1 as reported in Mei et al.21 The uncertainty of IEPOX SOA

estimated by this approach is lower at high altitudes (where
biogenic SOA dominates), compared to lower altitudes where
biomass burning also contributes significantly to OA (Figures
1d and S2), with an overall estimated uncertainty within a
factor of 2.8

IEPOX-SOA Formation. The detailed mechanisms and
equations governing the multiphase reactive uptake of IEPOX
and the role of viscous SOA coatings limiting IEPOX SOA
formation, which we implemented in WRF Chem, are
described in the Supporting Information, IEPOX reactive
uptake, and Tables S1 and S2. This mechanism was also
recently evaluated against laboratory single particle measure
ments of IEPOX SOA formation in a Teflon chamber at
timescales of ∼hours under low relative humidity (RH)
conditions.22 Figure 2 schematically illustrates simulated
multiphase chemistry processes occurring during the reactive
uptake of IEPOX gas on aqueous inorganic aerosols, which
were included in WRF Chem to represent chemistry in the gas
phase, aqueous aerosols, and clouds.

Calculations of OA Viscosity and Particle-Phase
Diffusivity. We calculated the viscosity of OA (ηorg) based
on the glass transition temperature of OA (Tg,org), which is
essentially the temperature at which the transition to the
amorphous solid phase state occurs.23 Viscosity was calculated
online at each WRF Chem model time step and grid cell as a
function of temperature, RH, and OA composition (volatility
and O/C ratio), as described in Rasool et al.,24 and further
details of these calculations are provided in the Supporting
Information. Calculations of OA viscosity and particle phase
diffusivity are performed.

WRF-Chem Model Configuration. Comparing model
predictions to measurements of OA is especially challenging
over the Amazon rainforest due to uncertainties in the
emissions of biogenic volatile organic compounds (VOCs)

Figure 1. HALO aircraft measured and WRF Chem simulated
averaged quantities on September 21, 2014, near the surface (0−2
km altitude) and the upper troposphere (12−14 km altitude): (a)
ambient temperature, (b) ambient RH (%), (c) simulated ratio of the
glass transition temperature of OA to ambient temperature (Tg,mix/T),
and (d) simulated composition of OA. Black dots in (a,b) represent
measurements, while horizontal bars are model predictions. Pie charts
in (d) indicate that monoterpene SOA dominates upper tropospheric
OA (top pie chart), representing highly viscous SOA coatings, while
near the surface (bottom pie chart), no single SOA component is
dominant.
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and a complex wet scavenging environment.25 We used the
regional weather research and forecasting model coupled to the
chemistry (WRF Chem 4.2) model26,27 at high resolution, that
is, at 10 km grid spacing, covering 1500 × 1000 km around the
Manaus urban area in the Amazon (Supporting Information,
WRF Chem setup and Table S3). Inorganic aerosol chemistry
in WRF Chem is represented by the Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC).28 SOA
formed due to the oxidation of biogenic substances (isoprene
and terpenes), biomass burning, and anthropogenic organic
gases is represented using our previously documented volatility
basis set (VBS) approaches,18,29,30 which agreed with field
measurements over the Amazon.18,29,30 SOA formation due to
the oxidation of VOCs such as isoprene and terpene, which are
emitted from both biogenic and biomass burning sources, is
implicitly included. Each particle phase chemical constituent is
represented by 20 size sections as both interstitial and cloud
borne aerosols. We simulate all components of OA
(Supporting Information, Updates to SOA model formulations).
Key developments to the WRF Chem modules used in this
study include integrating our recent SOA modules29 with a
radical two dimensional volatility basis set (2D VBS) for
monoterpene SOA18,30 and isoprene SOA from both pure gas
phase chemistry (represented by VBS) and multiphase
chemistry (IEPOX SOA) pathways.31 Mechanistic IEPOX
SOA formation pathways were developed and included in
WRF Chem (Supporting Information, IEPOX SOA formation).
Total simulated OA includes directly emitted primary
anthropogenic and biomass burning OA (POA) and SOA
formed due to the atmospheric oxidation of isoprene,
monoterpenes, anthropogenic, and biomass burning precursors
(represented by VBS approaches). The total OA from all
sources is assumed to form an organic shell around the
inorganic core, which limits IEPOX SOA formation as a
function of the phase state of the OA shell and its viscosity.
The variations in viscosity and diffusivity of OA with
temperature, RH, volatility, and O/C ratio are also explicitly
calculated at each grid cell and time step in WRF Chem
(Supporting Information, Calculations of OA viscosity and
particle phase dif fusivity).
Simulated IEPOX-SOA Formation. In this work, we

incorporated IEPOX SOA formation into the model by
simulating the heterogeneous reactive uptake of gas phase

IEPOX on aqueous inorganic seed particles following a resistor
model described in Anttila et al.32 This model accounts for gas
phase diffusion, accommodation at the particle surface,
diffusion limitations in the organic shell surrounding an
aqueous inorganic core, and particle phase chemical reactions
(Figure 2), resulting in the formation of methyltetrols and
organosulfates as key IEPOX SOA components. Since
methyltetrols are semivolatile,33 we included their measure
ment based reversible partitioning between gas and particle
phases and their oligomerization to form nonvolatile
products.33 Additionally, we included in cloud IEPOX SOA
formation due to the uptake of soluble gases (IEPOX and
methyltetrols) in droplets and their washout and removal by
precipitation.
Simulated IEPOX SOA (from both in plant and atmos

pheric pathways) contributes ∼20% to total OA near the
surface and ∼10% in the upper troposphere.

■ RESULTS AND DISCUSSION

Isoprene Gas and Its Oxidation Products. To under
stand IEPOX SOA formation, it is important to evaluate
isoprene concentrations simulated with WRF Chem, since
models that overestimate isoprene emissions also overpredict
IEPOX SOA substantially, for example, as shown in Jo et al.14

Most measurements used in this study for model evaluation are
from the German high altitude and long range research aircraft
(HALO)17 conducted during the ACRIDICON CHUVA
measurement campaign.34 However, HALO did not carry
instrumentation to measure isoprene. Therefore, to evaluate
isoprene measurements, we used G 159 Gulfstream I (G 1)
aircraft35,36 data. We compared the WRF Chem simulated sum
of isoprene and its oxidation products (isoprene hydroxyl
hydroperoxide (ISOPOOH) + methyl vinyl ketone +
methacrolein) with G 1 aircraft observations using a proton
transfer reaction mass spectrometer at 0−2 km altitude near
the surface on several days. The Default MEGAN CLM model,
used for predicting biogenic emissions in WRF Chem,
overestimated the sum of isoprene and its oxidation products
by a factor of 3 on average. Therefore, we reduced isoprene
emissions by the same factor. After this change, the model
agreed with the observed sum of isoprene and its oxidation
products near the surface with significantly reduced model
measurement biases of 23−35% in their spatially averaged

Figure 2. Schematic illustrating the WRF Chem simulated processes governing IEPOX SOA formation due to multiphase chemistry in aqueous
aerosol phase (left) and cloud droplets (right). Tetrols and IEPOX OS refer to 2 methyltetrols and organosulfates, which are key components of
IEPOX SOA, respectively. IEPOX SOA formed by cloud chemistry becomes part of aerosols after cloud droplets evaporate and could recycle back
to clouds.
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concentrations (Table S4). Figure S3 shows the simulated
daytime spatial variations in isoprene emission fluxes over the
Amazon.
Viscosity and Composition of OA. Temperature, RH,

and composition govern the spatial variations in the phase state
and viscosity of OA (Methods). WRF Chem simulated
ambient temperature and RH agree well with measurements
onboard HALO, both near the surface (0−2 km) and in the
upper troposphere (12−14 km altitude), as shown in Figure
1a,b.
Figure 1c shows the simulated ratio of glass transition

temperature (calculations described in the Methods) of OA to
the ambient temperature, that is, Tg,mix/T ratio. A ratio greater
than 1.0 implies an amorphous solid OA, while a ratio less than
0.8 indicates liquid like OA.37,38 Figure 1c shows that the
simulated Tg,mix/T ratio at 0−2 km altitude is ∼0.7, suggesting
that liquid like OA persists near the surface, mainly due to high
RH (∼70%) and warm temperatures (∼300 K) (Figure 1b). In
sharp contrast, the simulated Tg,mix/T ratio in the upper
troposphere is ∼1.1 due to lower RH (∼40%), cold
temperatures (∼225 K, Figure 1a), and a dominant
contribution of monoterpene SOA to OA (Figure 1d),
resulting in a predicted OA viscosity exceeding the 1 × 1012

Pa typical of solids. Several experimental studies have shown
that monoterpene SOA exists in a highly viscous or amorphous
solid state,39−41 especially in the cirrus regions of the free
troposphere.42 In addition, IEPOX SOA components includ
ing 2 methyltetrols and organosulfates have been found to be
highly viscous.43 Our prediction of solid OA (dominated by
monoterpene SOA) in the upper troposphere is consistent
with these experimental studies. In addition to the solid OA
shell, the inorganic aerosol core was also predicted to be
mostly solid in the upper troposphere due to a low prevailing
RH (Figure 1b) of ∼40% (below the deliquescence RH of
inorganic salt mixtures of ∼80%) at temperatures below 240
K.44 The solid inorganic core is devoid of particle water and
precludes any aqueous phase chemistry. The contrast in the
phase state of SOA coating the inorganic shell (liquid near the
surface and solid in the upper troposphere) is critical for
understanding IEPOX SOA processes as discussed below.
Aircraft Measurements of IEPOX-SOA and Model

Predictions. We focus on comparisons between 0−2 km
(near the surface) and 10−14 km (upper troposphere) for the
following reasons:

(1) Since OA is liquid near the surface and solid in the
upper troposphere (Figure 1c), comparing the surface to

the upper troposphere provides the clearest contrast in
how the OA phase and diffusion limitations affects
IEPOX SOA formation.

(2) Mass concentrations observed using HALO for all
species decrease rapidly in the middle troposphere (5−
8 km altitude);17 therefore, the signal to noise ratio of
the measurements is weakest for this altitude range.

(3) Strong convective updrafts, which transport aerosols and
trace gases from the surface to the upper troposphere,
are common over the Amazon during the dry season.
The convective parameterization used in this study
predicts a mixture of cloud tops at low levels (1.5−2.0
km) and deep convection that extends to the upper
troposphere (>12 km) during the period of interest, with
lesser amounts of clouds at intervening levels (Figure
S4). Detrainment primarily occurs near the cloud top for
deep convection when mass fluxes increase with height
to the near troposphere.45

Aircraft measurements showed considerable differences
between lower and upper troposphere aerosol mass and
number concentrations.17 Consistent with these measure
ments, our WRF Chem simulations described below suggest
that most of the upper tropospheric IEPOX SOA requires an
in situ source.
We compare results from different IEPOX SOA model

sensitivity simulations as described in Table 1 with HALO
measured average IEPOX SOA17 for September 21, 2014
(Figure 3). The Default model simulation (blue, Figure 3)
representing the current state of knowledge of IEPOX SOA
moderately underpredicts the observed IEPOX SOA of ∼0.6
μg m−3 (gray) near the surface (0−2 km altitude) by a factor of
3. However, it greatly underpredicts IEPOX SOA in the upper
troposphere by over an order of magnitude (factor of ∼12−
22), that is, the measured IEPOX SOA is 0.2−0.4 μg m−3,
while the Default simulated value is negligible, ∼0.01−0.03 μg
m−3.
In the Default model formulation, IEPOX reactive uptake is

negligible at upper troposphere altitudes (10−14 km) since
viscosity calculations as a function of temperature, RH, and
OA composition predict a solid OA shell due to the cold and
moderately dry conditions. The solid OA shell shuts off the
reactive uptake of IEPOX. In addition, aqueous and cloud
chemistry processes do not occur in the upper troposphere due
to low RH (20−40%) and cold temperatures (∼225 K)
(Figure 1a,b), which leads to the absence of particle and cloud
liquid water needed for aqueous chemistry of IEPOX SOA. In

Table 1. Description of IEPOX SOA Sensitivity Simulations

model ID description
wet

removal
tetrol

emission
convective
transport

reactive
uptake phase/viscosity of OA

Default IEPOX-SOA is formed by multiphase
atmospheric chemistry

yes no yes yes varying with T, RH, and OA
composition

LiqDorg same as Default but assuming OA is liquid
throughout the atmosphere

yes no yes yes liquid with a constant
particle-phase diffusivity Dorg
1 × 10−5 cm2 s−1

nowetremoval same as Default but with wet removal of
aerosols and trace gases turned off

no no yes yes same as Default

TetrolEmit Default + the plant emissions source of
2-methyltetrol gases

yes yes yes yes same as Default

TetrolEmitNoConvTrans same as TetrolEmit but with cloud convective
transport turned off

yes yes no yes same as Default

highreactiveuptake same as Default but with 10 times higher
IEPOX reactive uptake on aqueous aerosols
near the surface

yes no yes yes (but 10
times
higher)

same as Default



contrast, the mostly warm and moist near surface conditions
(temperature ∼ 300 K, RH ∼ 75%) result in a liquid like OA
shell below 2 km altitudes. The Default simulation represents
the current state of knowledge in IEPOX SOA formation and
shows a key gap in our understanding of IEPOX SOA
formation in the upper troposphere.
To assess the impact of OA viscosity and aerosol water on

IEPOX SOA formation, we conducted a sensitivity simulation
with the OA shell assumed to be liquid (LiqDorg, Table 1).
This simulation did not include any primary emissions of 2
methyltetrol gases like the Default simulation. The LiqDorg
model formulation (Figure 3, yellow) increases the predicted
IEPOX SOA by over an order of magnitude in the upper
troposphere compared to the Default simulation. A liquid OA
shell greatly increases the kinetics of the uptake of IEPOX
gases in particles due to faster bulk diffusion compared to a
highly viscous solid OA shell. LiqDorg can explain the
observed IEPOX SOA levels in the upper troposphere without
plant methyltetrol emissions (Figure 3), however, for physi
cally inaccurate reasons. Previous model formulations that do
not account for the role of viscous OA coatings may also
predict significant IEPOX SOA formation at high alti
tudes,13,15,16 like our LiqDorg formulation. LiqDorg predicts
similar IEPOX SOA at near surface altitudes as the Default
formulation (within 10%), since high near surface RH causes
OA to be liquid like in all model formulations.
Role of Wet Removal of IEPOX-SOA. WRF Chem

includes the wet removal of trace gases and aerosols both by
grid resolved and parameterized convection. Wet removal
decreases IEPOX SOA during their convective transport, since
particles can get activated and washed out (removed) by rain.
To assess the effects of wet removal of IEPOX SOA during
convective transport, we perform a sensitivity simulation with
both grid resolved and parameterized convective wet removal
processes turned off (Figure 3, NoWetRemoval, cyan). The
NoWetRemoval formulation increases IEPOX SOA in the
upper troposphere by a factor of ∼2 compared to the Default
simulation (Figure 3) but still underpredicts observed IEPOX
SOA by an order of magnitude. Therefore, uncertainties in wet

removal cannot explain the large underprediction of IEPOX
SOA in the upper troposphere.

Increased Reactive Uptake of IEPOX. To assess the
effects of uncertainties in reactive uptake kinetics of IEPOX
within aqueous phase aerosols, we increased the heteroge
neous reactive uptake of IEPOX (Highreactiveuptake,
magenta) by an order of magnitude in the Default simulation.
Highreactiveuptake increases the simulated IEPOX SOA by a
factor of 3 near the surface (0−2 km altitude) and increases
upper tropospheric IEPOX SOA by a factor of 1.7 compared
to Default (Figure 3). The increase in the upper tropospheric
IEPOX SOA is mainly due to the increase in near surface
IEPOX SOA and its subsequent transport to the upper
troposphere. However, highreactiveuptake still underpredicts
upper tropospheric IEPOX SOA by an order of magnitude
compared to observations. Therefore, uncertainties in reactive
uptake parameterizations of IEPOX SOA cannot account for
large model measurement differences in IEPOX SOA in the
upper troposphere. Evaluating the model in the upper
troposphere provides critical insights into gaps in the
traditional understanding of IEPOX SOA processes.

Role of Methyltetrol Emissions from Plants and Their
Convective Transport. Direct emissions of gas phase
methyltetrols by in plant chemistry and their vertical
convective transport represent a previously unconsidered
pathway of IEPOX SOA formation. More than 99% of these
gases partition to the particle phase OA in the upper
troposphere due to extremely cold temperatures (Figure
S5b), while at warmer temperatures near the surface, a smaller
fraction (50−70%) of these gases exist in the particle phase
(Supporting Information, Figure S5a). Consistent with our
modeling results, measurements over the Amazon at a surface
site reported particle fractions of 2 methyltetrols to be in the
range of 40−70%.46 To assess the role of methyltetrol
emissions formed by in plant biochemistry in IEPOX SOA
formation, we included primary emissions of methyltetrol gases
(TetrolEmit, green) within WRF Chem. We chose the molar
emission ratio of 2 methyltetrols to isoprene as 0.5%
approaching the lower bound of the reported range of the
estimated range of 0.2−3% over the rainforest.10 The plant
biochemical source of 2 methyltetrols is expected to be
spatially heterogeneous and vary with plant species and
environmental stressors,10 but additional measurements are
needed to quantify this heterogeneity. Here, we assumed
methyltetrols to have the same spatial heterogeneity as
isoprene emissions (Supporting Information, Figure S3).
Figure 3 shows that the TetrolEmit formulation (green)

increases near surface simulated IEPOX SOA by a factor of ∼5
compared to the Default simulation and significantly improves
model agreement with aircraft observations. However, the
most striking impact of TetrolEmit appears in the upper
troposphere, where predicted IEPOX SOA increases by a
factor of ∼9−12 compared to the Default formulation and
approaches the aircraft observations of ∼0.3 μg m−3. The
TetrolEmit formulation moderately overestimates average
near surface (0−2 km) IEPOX SOA concentrations by
∼50% relative to HALO and underestimates upper tropo
spheric IEPOX SOA by 47 and 26% at 10−12 km and 12−14
km altitudes, respectively (Figure 3). The TetrolEmit
formulation thus closes the order of magnitude gap between
Default model predictions and observations (within a factor of
2). The moderate model measurement biases in the
TetrolEmit formulation on different days are likely related to

Figure 3. HALO aircraft measured (gray) and WRF Chem simulated
(colored) IEPOX SOA mass concentrations (μg m−3, at standard
temperature and pressure: 300 K and 995 hPa) are averaged across
the same latitude−longitude ranges and times at three altitude ranges,
the surface (0−2 km), and upper troposphere (10−12 and 12−14
km), on September 21, 2014. The bars represent averages of IEPOX
SOA at each altitude range, while the whiskers denote standard
deviations showing the extent of spatial variations.
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spatial and temporal variations in emissions, convection, and
chemistry, which are difficult to represent accurately within the
model.
In addition to the upper troposphere, the TetrolEmit

formulation suggests that the direct emission source of 2
methyltetrols is likely more important than the traditional
multiphase chemistry source near the surface but is not
considered in current modeling paradigms. In addition to
direct oxidation within leaves due to plant biochemistry,
another potential source of 2 methyltetrols is the oxidation of
deposited IEPOX gases on the surface of leaves and soils that
have water, inorganics, and acidity since IEPOX gas was
demonstrated to have rapid dry deposition fluxes.47

Note that IEPOX gas concentrations near the surface
(produced by atmospheric oxidation of isoprene) are an order
of magnitude greater than the concentrations of methyltetrol
gases emitted from plants in our simulations (Figure 4). Even
in the upper troposphere, the available IEPOX gas
concentrations are ∼a factor of 4 higher than methyltetrols
since all trace gases and aerosols are transported by deep
convection to the upper troposphere. Since IEPOX gas (C* of
1.7 × 104 μg m−3)33 has ∼3 orders of magnitude higher
volatility than 2 methyltetrols (C* ∼ 10 μg m−3),33 IEPOX
does not directly partition to aerosols in contrast with 2
methyltetrol gases that undergo gas−particle partitioning. In
addition, while IEPOX gas cannot be reactively taken up by
particles in the upper troposphere, as explained above, all
methyltetrol gases partition to particles due to their semi
volatile nature and cold temperatures. Therefore, despite their
smaller concentrations compared to IEPOX, methyltetrols are
key sources of IEPOX SOA in the upper troposphere due to
their semivolatile nature.
Ubiquitous Sources of IEPOX-SOA. On several days

(e.g., Sep 21, 23, and 28), the aircraft sampled different
locations over the Amazon rainforest and measured significant
IEPOX SOA (∼0.2−0.5 μg m−3) in the upper troposphere
with higher concentrations near the surface (Figures 3 and S2
and Table S5). Measurements show a ubiquitous source of
IEPOX SOA near the surface and upper troposphere. Without
the emissions of methyltetrols from leaves/soils and their gas−

particle partitioning, it is difficult to explain the ubiquitous
upper tropospheric source of IEPOX SOA, as described above.
We note that some of the condensed particle phase

methyltetrols may evaporate as they pass through the aircraft
particle inlet and AMS (mounted within the aircraft, behind a
particle inlet) at high altitudes; thus, their upper tropospheric
concentrations are likely higher than measurements. Account
ing for this measurement bias would likely require higher
methyltetrol emissions, while this study used a lower bound
estimate (Figure 3).

Convective Transport of Methyltetrols to the upper
Troposphere. To determine if the vertical convective
transport of methyltetrol gases to the upper troposphere is
critical for model measurement agreement in IEPOX SOA, we
conducted another sensitivity simulation where methyltetrol
gases were emitted by plants but the subgrid scale convective
transport of aerosols and trace gases was turned off
(TetrolEmitNoConvTrans). This formulation decreases simu
lated IEPOX SOA in the upper troposphere by a factor of
∼10−20 compared to the TetrolEmit formulation (Figure 3,
red). Therefore, without the vertical convective transport,
direct plant emissions of methyltetrols do not contribute to
upper tropospheric IEPOX SOA. Our results showing the role
of cloud updrafts in transporting SOA precursors from the
surface to the upper troposphere are consistent with aircraft
measurements in the Amazon.17−19

Transport of Other SOA Precursors to the upper
Troposphere. Similar to IEPOX SOA, we found that other
SOA components (including monoterpene SOA) decrease
substantially in the upper troposphere when convective
transport is turned off. Figure S6 compares total simulated
OA (POA + SOA) from TetrolEmit and TetrolEmitNoConv
Trans simulations with HALO AMS observations. While the
TetrolEmit formulation (green) agrees well with observations
at all altitudes, turning off the convective transport causes the
model to greatly underestimate total OA in the upper
troposphere (red). Thus, deep convective transport plays a
key role in coupling SOA precursors emitted near the surface
to their formation in the upper troposphere.

Ratio of IEPOX-SOA to Total OA. It is also instructive to
evaluate the simulated ratios of IEPOX SOA to total OA from

Figure 4. WRF Chem simulated zonal mean vertical distributions during 14−22 UTC on Sep 21−28 over the simulated domain using the
TetrolEmit model formulation: (a) IEPOX gas (ppbv) and (b) 2 mehtyltetrol (gas + particle, ppbv). Almost all semivolatile 2 methyltetrol gases
condense to particles in the upper troposphere, and the sum of methyltetrols in gas and particle phases represents their total source (from plants
and that produced by IEPOX reactive uptake). In the upper troposphere, the plant source constitutes >90% of simulated 2 methyltetrols and
IEPOX SOA.
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HALO AMS measurements. These observations suggest that
IEPOX SOA constitutes 23% of total OA (measured by AMS)
at 0−2 km altitudes and 12−15% of OA at 10−14 km on
September 21, 2014 (Figures 1d and S2). The Default
formulation severely underpredicts this ratio by factors of
12−14 between 10 and 14 km and underpredicts it by a factor

of ∼4 near the surface (Supporting Information, Table S5).
The TetrolEmit model formulation shows excellent agreement
with the observed IEPOX SOA to OA ratio (simulated and
predicted values of 0.23) near the surface and moderately
underpredicts it by a factor of ∼1.5 at 10−14 km altitudes
(Figures 1d and S2 and Table S5).

Figure 5. WRF Chem simulated IEPOX SOA spatial distributions. IEPOX SOA concentrations (μg m−3 under standard conditions: 300 K and
995 hPa) near the surface (∼0.5 km altitude, bottom panels) and upper troposphere (∼13 km altitude, top panels) during the daytime 14−22 UTC
during September 21−28, 2014. The locations of the background T0 and urban influenced Manaus and T3 sites are shown as black dots. Color
scales on top and bottom panels are different to show the spatial variations.

Figure 6. Illustration of the effect of in plant oxidation of isoprene on IEPOX SOA formation. Near the surface, the reactive uptake of IEPOX on
liquid aerosols contributes to IEPOX SOA formation in addition to direct emissions of methyltetrols, but at high altitudes in the upper troposphere,
IEPOX SOA does not form by this multiphase reactive uptake since particles are solid, imposing strong diffusion limitations, and liquid water
needed for aqueous chemistry is absent at low RH in the upper troposphere. Release of methyltetrols through in plant oxidation of isoprene and/or
oxidation of deposited IEPOX on leaves/soils can directly emit semivolatile methyltetrol gases, which are transported by deep convective updrafts
to the upper troposphere. Due to cold temperatures in the upper troposphere, all the semivolatile methyltetrol gases condense to aerosols and
explain the measurements conducted by the HALO aircraft.
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Spatial Distribution of Simulated IEPOX-SOA. Figure 5
shows the spatial distribution of simulated IEPOX SOA for the
Default, TetrolEmit, and TetrolEmitNoConvTrans model
formulations near the surface (bottom panels) and in the
upper troposphere (top panels) averaged during the daytime
(14−22 UTC) on September 21−28, 2014. Domain wide, the
Default formulation predicts IEPOX SOA concentrations are
at least an order of magnitude lower in the upper troposphere
(Figure 5a) than the surface (Figure 5d). Near the surface,
IEPOX SOA is higher over and downwind the Manaus
regions, where higher aerosol concentrations favor the
IEPOX uptake. The TetrolEmit model formulation predicts
an order of magnitude higher IEPOX SOA compared to
Default (Figure 5b) in the upper troposphere. Near the
surface, methyltetrol emissions from plants constitute a
background source over a wider spatial extent compared to
the Default formulation, consistent with aircraft measurements
(Figure 5e). The TetrolEmitNoConvTrans predicts much
lower IEPOX SOA in the upper troposphere (Figure 5c) due
to the absence of convective transport of methyltetrol gases but
predicts higher IEPOX SOA concentrations near the surface
(Figure 5f) due to accumulation of SOA precursors that are
not transported to the upper troposphere. Figure S7 shows the
zonal mean vertical distributions of IEPOX SOA simulated by
the Default, TetrolEmit, and TetrolEmitNoConvTrans and
NoWetRemoval formulations. Consistent with the spatial plots
in Figure 5, the TetrolEmit model formulation produces much
higher IEPOX SOA both near the surface and the upper
troposphere compared to the Default formulation.

■ CONCLUSIONS
The vast tropical rainforest of the Amazon undergoes many
coupled processes encompassing interactions between the
biosphere, atmospheric chemistry, aerosols, clouds, and
convective transport. In plant biochemical oxidation of VOCs
like isoprene represents a key pathway that could greatly
impact aerosol−cloud interactions but is poorly understood.
While previous studies have overpredicted IEPOX SOA
formation despite their exclusion of direct emissions of
methyltetrols, we find that the exclusion of diffusion limitations
within organic coatings and/or too high isoprene emissions
resulted in significant model biases in previous studies.13,15,16

We show that in the upper troposphere, the absence of aerosol
and cloud liquid water and the prevailing solid phase of
aerosols under relatively cold and dry conditions inhibit the
reactive uptake of IEPOX by inorganic aerosols. Thus, the
Default model simulation predicts an order of magnitude lower
IEPOX SOA than observed, revealing a large gap in the
traditional understanding of its formation. We resolve this
discrepancy by introducing direct emissions of 2 methyltetrol
gases likely formed due to in plant biochemistry and/or
through the oxidation of IEPOX deposited on leaves/soils,
followed by their convective transport and subsequent
condensation in the upper troposphere.
Figure 6 schematically illustrates our results, which imply

that in plant biochemistry and/or oxidation of IEPOX on the
surface of acidic media such as leaves/soils represents a key
unaccounted source of semivolatile gases that interact with
atmospheric aerosols and clouds. While our current study
focuses on IEPOX SOA, there is clear evidence that inplant
biochemistry causes emissions of other compounds as well
(e.g., methyl vinylketone and methacrolein), which were
assumed to be produced only by oxidation of isoprene in the

atmosphere.4 Combining aircraft measurements and detailed
modeling, we showed that clouds and convective transport
couple the surface level biosphere to the upper troposphere
and that the upper tropospheric SOA formation provides
critical clues for key biosphere processes, which have not been
considered previously.
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