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HIGHLIGHTS

e Ozonolysis of rainforest emitted monoterpenes yielded hydroxyl radicals in amounts similar to the magnitude of light-dependent formation.
e Ozonelysis of monoterpenes produced concentrations of hydroxyl radicals similar the amounts consumed by the reaction with isoprene.
e Monoterpenes and isoprene reactions with hydroxyl radical and ozone maintained an environment suitable to generate oxidants.

ABSTRACT

The processes governing the temporal and spatial patterns of isoprene and monoterpenes emitted by a rainforest in the central Amazon region of Brazil is investigated
using a combination of field experiments and numerical simulations. Specifically, Large Eddy Simulations (LES) were used to resolve emissions of isoprene and
monoterpenes, turbulent transport, and air chemistry. The coupled chemistry-transport LES included the effects of isoprene and monoterpenes reactivity due to
reactions with hydroxyl radical and ozone. The LES results are used to compute vertically resolved budgets of isoprene and monoterpenes in the rainforest canopy in
response to emissions, turbulent transport, surface deposition, and air chemistry. Results indicated that emission and dispersion dominated the isoprene budget as the
gases were transported out of the canopy space. In a region limited by nitrogen oxides (with prevailing nitric oxide levels of < 0.5 parts per billion), the in-canopy
chemical destruction removed approximately 10% of locally emitted monoterpenes. Hydroxyl radical production rates from the ozonolysis of monoterpenes
amounted to ~ 2 x 10° radicalscm~3s~! and had similar magnitude to the light-dependent hydroxyl radical formation. One key conclusion was that the Amazonia
rainforest abundantly emitted monoterpenes whose in-canopy ozonolysis yielded hydroxyl radicals in amounts similar to the magnitude of light-dependent for-
mation. Reactions of monoterpenes and isoprene with hydroxyl radical and ozone were necessary for the maintenance of the Amazon rainforest canopy as a

photochemically active environment suitable to generate oxidants and secondary organic aerosols.

1. Introduction

The Amazon rainforest represents the most expansive and contiguous
region of the world with the largest and the most diverse emissions of
biogenic volatile organic compounds (BVOCs) (Jardine et al., 2011,
2015a,b). Due to the suitable environmental conditions to promote
productive biosynthesis and emissions — namely high air temperature (>
20 °C) and sunlight — the rainforest releases isoprenoid molecules year
round (Arneth et al., 2011; Sindelarova et al., 2014). Plants in the
Amazon emit rich blends of BVOCs that are mostly comprised of
isoprene (CsHg), monoterpenes (C1oHig), sesquiterpenes (CisHo4), and
oxygenated compounds such as methanol (CH3OH) (Jardine et al., 2011,
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2015a). Because of strong sources, isoprene and monoterpenes can reach
maximum ambient mixing ratios of 20 and 2 parts per billion (ppb) on a
volume basis, respectively, with some seasonality in emissions due to
foliage ontogeny (Alves et al., 2016; Wei et al., 2018; Yanez-Serrano
et al., 2018).

In the tropical atmospheric boundary layer (ABL) overlying the
rainforest, the observed large hydroxyl radical (HO) reactivities arise
from the abundant emissions of BVOCs (Edwards et al., 2013; Nolscher
et al., 2016a,b; Pfannerstill et al., 2021). In response to the pletora of
emitted reactive chemical species, the HO budget in the ABL is adjusted
by BVOC levels (Liu et al., 2016, 2018). This influence occurs because
the principal sink of isoprene is its reaction with HO. The oxidation of
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isoprene generates hydroperoxy aldehydes (HPALD) whose rapid
photolysis results in a first-generation of hydroperoxyl radical (HO3) and
HO (Taraborrelli et al., 2012; Fuchs et al., 2013; Rohrer et al., 2014;
Bates and Jacob, 2019; Schwantes et al., 2020). In addition, ozonolysis
of monoterpenes (Atkinson et al., 1992; Aschmann et al., 2002; Herr-
mann et al,, 2010) produces relatively high yields of HO, thereby
contributing to the oxidation capacity of the tropical ABL (Lelieveld
et al., 2008; Whalley et al., 2011). In general, the reactions of BVOCs
with ozone (O3), HO, and nitrate radical (NO3) contribute to the for-
mation of additional oxidants (e.g., organic peroxide radicals) and sec-
ondary organic aerosols (SOAs) (Fuentes et al., 2000; Poschl et al., 2000,
2010). Therefore, BVOCs can indirectly play critical roles in cloud for-
mation processes (Poschl et al., 2010) and regional climate (Barr et al.,
2003). Despite the recent progress in discerning the chemical cycles of
BVOCs, additional investigations are still required to determine (i) the
mechanisms governing their turbulent transport from the biosphere to
the ABL and (ii) the ensuing chemistry under the influences of varying
levels of nitrogen oxides (NOx).

Turbulence is the primary agent transporting BVOCs and associated
chemical processes occurring within and above the rainforest canopy.
During the daytime, only the upper half of the rainforest canopy is well
mixed whereas its lower region is either partially or poorly mixed due to
the effective momentum sink in the forest crown (Fitzjarrald et al., 1990;
Kruijt et al., 2000; Gerken et al., 2017). For the most part, the rainforest
canopy remains poorly mixed at night due to buoyancy destruction of
mechanically produced turbulence (Fitzjarrald and Moore, 1990; Santos
et al., 2016; Freire et al., 2017). Turbulence characteristics give rise to
median canopy residence times that can approach 30 min in the lower
canopy layers under statically neutral conditions (Gerken et al., 2017).
Because such air parcel residence times are comparable to lifetimes of
many BVOCs (Fuentes et al., 2000), appreciable amounts can undergo
reactions before they are vented out of the forest environment.
Furthermore, the transport of BVOCs is impacted by sweeps and ejec-
tions from coherent mixing-layer eddies (Raupach et al., 1996; Finnigan,
2000) whose penetration depth into the canopy is limited by the dense
Amazon plant canopy (Fitzjarrald et al., 1990; Kruijt et al., 2000). The
need to explore turbulent transport and chemistry in concert is further
highlighted as air parcels emanating from the canopy are enriched with
plant-emitted hydrocarbons as descending air motions transport O3 and
other atmospheric oxidants into the canopy airspace (Fuentes et al.,
2007; Gerken et al., 2016; Freire et al., 2017).

Large Eddy Simulations (LES) can provide realistic estimates of the
links between the turbulence features in both the plant canopy and the
atmospheric boundary layer, and the chemistry of isoprene and mono-
terpenes, which are ordinarily under resolved in most regional models.
Early LES studies involving plant canopies applied to passive scalars
(Shaw and Schumann, 1992; Edburg et al., 2011) and treated reactive
gases (Patton et al., 2001) based on their exponential decays due to
chemical reactions. Recent LES investigations coupled condensed
(Vila-Guerau de Arellano et al., 2011; Ouwersloot et al., 2013) and
detailed (Su et al., 2016; Khan et al., 2021) photochemical mechanisms
with atmospheric turbulence to determine the oxidation of isoprene in
convective boundary layers, but did not include in-canopy chemical
reactions. Patton et al. (2016) integrated canopy and convective
boundary-layer processes to link turbulence and scalars, emphasizing
the potential to extend the LES approach to include photochemical
mechanisms necessary for studying detailed chemical reactions of
BVOCs in forest canopies. In addition, stochastic Lagrangian transport
models (Strong et al., 2004; Rinne et al., 2012) have been applied to
determine the reactions isoprene and monoterpenes with oxidants as
first order decay in and above forest canopies.

Building on these earlier studies, this investigation was framed
around three objectives. First, we determined the processes governing
temporal and spatial patterns of isoprene and monoterpenes in response
to emissions, turbulent transport, surface dry deposition, and chemical
reactions. Second, we estimated the fraction of locally emitted isoprene
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and monoterpenes destroyed in the rainforest canopy due to surface
deposition and chemical reactions occurring under the influences of
observed Oz and nitric oxide (NO) levels. Third, given the substantial
daytime concomitant emissions of isoprene and monoterpenes in the
rainforest, we ascertained the feedback generated between ozonolysis of
monoterpenes and chemical destruction of isoprene via its reaction with
HO. To achieve these objectives, we included in an updated LES the
algorithm for the explicit treatment of chemical reactions to resolve
turbulent transport of mass, energy, and momentum in and above a
rainforest canopy.

2. Methodology
2.1. Study site description and field measurements

Field data used here were collected during April 2014 to January
2015 (Fuentes et al., 2016). The study site is located approximately 60
km north-northwest of Manaus, Amazonas, Brazil. The site consists of
dense primary rainforest with a canopy height (h.) of approximately 35
m. The leaf area index (LAI) ranged from 5.7 to 7.3 m? m~2 (McWilliam
et al., 1993; Marques Filho et al., 2005; Tota et al., 2012), depending on
the location of measurements. Terrain consists of gentle valleys and
hills. A 50-m meteorological tower is located on an approximately 60-m
high plateau. Located in the middle of the forest, the tower served as the
platform to mount nine triaxial sonic anemometers (CSAT-3, Campbell
Scientific Inc, Logan, UT) to measure the three wind components (i, v,
and w), their turbulent fluctuations, and the sonic temperature at 20 Hz.
Measurement heights were zh;1 = 1.38, 1.15, 1.0, 0.90, 0.70, 0.63,
0.52, 0.39, and 0.20. One additional sonic anemometer was placed near
the tower at zh;! = 0.04. Mean air relative humidity and temperature
(HMP-155, Vaisala, Vantaa, Finland) were measured at the 32-m height.
Ambient O3 mixing ratios (49i, Thermo Fisher Scientific, Waltham, MA)
were measured at a frequency of 1 Hz. A Proton Transfer Reaction Mass
Spectrometer (PT-RMS, Ionicon Analytik, Innsbruck, Austria) measured
isoprene, aggregated monoterpene, and the sum of methyl-vinyl ketone
and methacrolein (MVK + MACR) mixing ratios. Both instruments
shared a common gas sampling inlet equipped with a rain-shield and
placed at zh;! = 1.14 and were housed in a temperature-controlled
shed, located 5 m from the tower. Air samples were drawn at a rate of
12 L min~! through a 1-u m pore size Teflon filter and through a
3/8-inch outer diameter Teflon tube that was shielded from sunlight.
Photosynthetically active radiation (PAR) was measured at zh;1 =
1.46, and air temperature was recorded at zh,! = 1.46,1.21,0.8,0.44,
0.15. Ambient air pressure as well as turbulent fluxes of sensible and
latent heat (zh;! = 1.46) were averaged in 30-min intervals. Additional
details on the study site, measurements, and postprocessing of data are
provided elsewhere (Fuentes et al., 2016).

2.2. Large eddy simulation

A description of the governing equations and the main features of the
LES are provided here and additional details are reported elsewhere
(Chamecki et al., 2008, 2009; Pan et al., 2014). For incompressible flows
(V-u = 0), the filtered momentum and air mass conservation equations
were solved to obtain the three dimensional wind field (u):

ou
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Terms on the right hand side of Equation (1) represent the resolved
pressure gradient force, buoyancy force, subgrid-scale (SGS) force, and
the drag force exerted by the forest canopy (represented as a porous
medium with negligible fractional solid volume). Hereafter, p is air
density, p is resolved modified pressure (as it also includes the SGS
turbulent kinetic energy), P is the mean pressure used to impose a mean
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pressure gradient to drive the flow, 6, is virtual potential temperature, g
is the gravitational acceleration, 7 is the SGS stress tensor, and angle
brackets indicate average over horizontal planes. Following Shaw and
Schumann (1992), the canopy drag (d) was determined as

d=Cy (P a(z))-(|ufu), 2

where Cyis a constant drag coefficient (form drag), P is a diagonal tensor
that projects the total leaf area density onto planes perpendicular to each
of the three spatial dimensions (Pan et al., 2014), and a(z) is the plant
area density assumed to be reasonably approximated by the leaf area
density. This study assumed a random orientation of leaves (Py =P, =P,
= 1/2) and a horizontally homogeneous distribution of LAI for each
layer with C4 = 0.4. The temporal change of virtual potential tempera-

ture 0, was expressed as a filtered advection-diffusion equation

% + V- (ﬁb}) =— Wiy, +H, )

where 7, is the SGS buoyancy flux, and H is a source term representing
the total buoyancy flux from the forest canopy to overlying air layers.
Similarly, filtered advection-diffusion-reaction equations were solved
for each gaseous chemical species, J;

%—«—V-(ﬁfi):— N, + Ci + E; — D;, @
where 7,, is the SGS flux for the chemical species, C; represents the gas
net loss or gain due to chemical reactions, and E; and D; represent gas
emission and deposition, respectively. The filtered equations were
closed through SGS momentum fluxes that were determined using the
scale dependent Lagrangian dynamic Smagorinsky model (Bou-Zeid
et al., 2004). Scalar SGS-fluxes were estimated based on the SGS eddy
viscosity and a constant SGS Schmidt number (Sc; = 0.8). Equations (1)
and (3) were discretized using a pseudo-spectral approach in the hori-
zontal directions and a second-order centered finite-difference scheme
in the vertical. Equations for the gases were discretized using the finite
volume method with the third-order upwind advection scheme SMART
(Gaskell and Lau, 1988). The time integration of the LES was advanced
through the second-order Adam-Bashforth scheme (Peyret and Taylor,
2012). Lateral boundary conditions were periodic for momentum and all
scalars. The upper boundary condition was no-stress/no-flux while a
wall model based on Monin-Obukhov similarity (Foken, 2006) was used
for the lower boundary condition situated at the forest floor.

2.2.1. Emissions of biogenic hydrocarbons

The Model of Emissions of Gases and Aerosols from Nature (MEGAN)
version 2.1 (Guenther et al., 2012) was used to estimate emissions of
isoprene and monoterpene as a function of leaf area density, tempera-
ture, and PAR in the canopy. Vertically resolved emissions (Ei(z)) for a
given gas species (i) were estimated for each plant functional type using
(Guenther et al., 2006):

Ei(2) = Cee € 1p(2) 77(2) ¥4 Ysu Yco, a(2)- )]

In Equation (5), C. is a canopy environment model dependent factor
(here C.e = 0.17 is adopted to adjust emissions to observed ambient gas
levels (Kuhn et al., 2007; Karl et al., 2007)), ¢; is a plant species specific
emission factor. The yp(2z) and y7(z) functions consider the influences of
PAR and temperature on emissions of isoprene and monoterpenes. As
documented by previous field studies (Rinne et al., 2002; Kuhn et al.,
2002; Jardine et al., 2015a), in the Amazon emissions of monoterpenes
also depend on PAR levels. The activity factors of leaf age (ya), soil
moisture (ysp), and carbon dioxide inhibition on hydrocarbon
emissions(yc,,) were assumed to equate unity as done by Alves et al.
(2016). The vertically resolved temperature and PAR functions, y7(z)
and yp(2), modulating basal emissions were calculated following Equa-
tions 3-11 in Guenther et al. (2012). A two-stream radiative transfer
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module (Sellers, 1985; Gu, 1999; Moon et al., 2020) was used to esti-
mate PAR for shaded and sunlit leaves. Fractions of sunlit leaves were
determined assuming exponential decreases in such foliage with cu-
mulative leaf area as in Dai et al. (2004). Basal emission of isoprene was
based on ¢z, = 7.0 mg m~2 h™! and emissions of monoterpenes were
calculated as the sum of eight monoterpenes listed in the MEGAN
formulation (Guenther et al., 2012) and identified in the studied forest
canopy (Jardine et al., 2015a). Emission profiles (Fig. 1) were calculated
using Equation (5) every 30 min during the day and linearly interpolated
for times in between. To avoid the repeated execution of the canopy
radiative transfer algorithm within the LES, the BVOC emissions were
computed offline and externally imposed on the LES.

2.2.2. Summary of reactions involving isoprene and monoterpenes

The third research objective was achieved by estimating the oxida-
tion of isoprene and monoterpenes in and above the rainforest canopy,
utilizing a condensed photochemical mechanism (Table S1). Based on
the initial gas concentrations, the mechanism calculates formation and
destruction of HO, NO3, and O3 due to photooxidation of BVOCs. The
HO initiates the oxidation of isoprene (ISOP) and monoterpenes (MON),
resulting in the formation of peroxyl radicals (RO, TPO2), R9 and R28.
As done in previous studies (e.g., Van Stratum et al., 2012), the reaction
of ISOP with O3 is not included in the chemical mechanism due to the
extremely low reaction coefficient (kog,, = 1.30 x

10~'7 cm3 molec™! s~1). Monoterpenes also react with NOs to form free
radicals (TPO2), R30. The ozonolysis of monoterpenes generates HO,
methyl vinyl keone (MVK), and hydroperoxyl radicals (HO,), see R29 in
Table S1. The ROy and TPOs are short-lived and in the presence of NO
can produce NOy, HO2, MVK, HO, and formaldehyde (CH30), R15 and
R31. Additional reactions involving MVK with HO generate HO2 and
CH50, R10, which can undergo photolysis to generate HO,, R6. Also, the
reaction of CHoO with HO produces HO3, R16, which subsequently
combines with NO to generate HO plus NOs. In low-NO environments (i.
e., [NO] < 30 parts per trillion (ppt)), the HO, can react with O3 to form
HO whereas the reaction of HO, with NO dominates and produces HO
and NO; in NO-laden air masses (Atkinson, 2000). The photolysis of NO
generates NO and ground-triplet state atomic oxygen (O(3P)), which
readily combines with O5 to produce Os, R5. Therefore, this summary of
reactions (R9 to R34) indicates that one key role of BVOCs is to convert
NO to NOj, which is the key precursor of Os. The condensed photo-
chemical mechanism (Table S1) is an enhanced version of the one
described in Heus et al. (2010) and tested for isoprene chemistry in
numerical simulations applied above the Amazon rainforest
(Vila-Guerau de Arellano et al., 2011). The isoprene mechanism is based
on the one reported by Geiger et al. (2003) and Ouwersloot et al. (2013).
Monoterpenes are represented as a single chemical species as imple-
mented in the Model for Ozone and Related chemical Tracers (MOZART)
version 4 (Emmons et al., 2010) and used by Su et al. (2016). An implicit
two-step chemical solver is applied to estimate rates of reactions
(Verwer, 1994; Verwer and Simpson, 1995). Vila-Guerau de Arellano
et al. (2011) and Su et al. (2016) reported that equilibrium HO con-
centrations in the current chemical mechanism are 30-50% higher than
in the more complete chemical mechanisms due to the unaccounted NOy
sinks in species such organic nitrates (RONO>).

2.3. Numerical simulation setup

The modeling domain was 3584 x 1792 x 1120 m® and was dis-
cretized by 164 x 82 x 320 grid points in the streamwise, crosswise, and
vertical direction, respectively. The vertical resolution was set as Az =
3.5 m, which yielded ten layers in the canopy. The horizontal model
resolution was Ax = Ay = 21.85 m, which corresponded to an aspect
ratio of Ax/Az = 2x. The simulation time step was 0.04 s and the
chemical mechanism was called every 8 simulation steps. The Coriolis
effect was neglected due to the field site’s proximity to the Equator. The
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Fig. 1. a) Incoming solar radiation, b) air temperature, c) wind speed, d) integrated emissions of isoprene and monoterpenes, e) isoprene emission density, and f)
monoterpene emission density from 6:00 h to 12:00 h (yellow to dark red) on September 14, 2014. Shaded circles represent select times when data are plotted. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

LAI was set to 6.0 using the vertical leaf area distribution measurements
(Tota et al., 2012). Simulations were forced by imposing time dependent
mean pressure gradient and heat sources designed to match observed
conditions. Simulations from 6:00 h (sunrise) to 12:00 h (all times are
given in local time) on September 21, 2014 are included in this manu-
script. After sunrise, the pressure gradient driving the flow increased so
that diurnal cycle of the friction velocity (u+) at the canopy top closely
matched observed values. The mean pressure gradient was determined

from the mean force balance dP/dx = pu?/Z; (Z; is the depth of the
convective boundary layer). Due to the time lag required for the flow
field to respond to changes in the pressure gradient forcing, the time
evolution of the forcing had to be adjusted (see Supplement for details).
Vertically-resolved kinematic heat fluxes (w'¢,) from eddy covariance
measurements were temporally smoothed (using a linear fit) and verti-
cally interpolated to the numerical grid levels to produce buoyancy
fluxes, Bsmooth(2, ). In the lower half of the canopy (z/h. < 0.5) fluxes
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were set to zero as observed daytime fluxes were negligible. The heat
source, H, in Equation (3) was specified as H(z, t) = Bsmooth(2, t)/dz.
Similarly to H, the in-canopy water vapor source was specified assuming
a constant Bowen ratio in the vertical as determined from above-canopy
measurements (Fuentes et al., 2016).

Upper air sounding data taken at a site 20 km away from the tower
were used to initialize the LES. The 6, profile was constant for the first
50 m above ground and then 6, increased by the gradient of d0,/dz =
0.024 K m~! between 50 and 150 m and 00,/0z = 0.016 K m~! above
150 m. The initial surface temperature was set to 299 K and the specific
humidity profile was set to 17.0 g kg ™! below 150 m and 13.0 g kg™*
above 150 m. Ozone levels were initialized at 8 ppb at the surface and
then linearly increased by 0.056 ppb m™! until they reached a constant
level above 450 m. Concentrations of chemical species were initialized
as constant values within the entire domain (a value of zero was chosen
unless indicated in Table 1). Due to the unpolluted conditions at the
study site, NO, was set to 0.1 ppb with 0.1 ppb of NO near the surface.
The soil NO source of 5 x 10~ ppb m s~! was considered (Vila-Guerau
de Arellano et al., 2011). Ozone deposition to the canopy was modeled
following Wolfe and Thornton (2011). Isoprene deposition to the ground
surface was considered through a deposition velocity, Vgep = 2.7 mm s7!
(Gordon et al., 2014). At the ground, zero flux of monoterpenes was
assumed. Three numerical simulations were performed. The first simu-
lation (hereafter labeled as Iso) included emissions and chemistry of
isoprene only (R1 — R27, Table S1). The Iso scenario was done to sepa-
rate the influences of isoprene sinks associated with HO production from
ozonelysis of monoterpnes. There are monoculture forested ecosystems
that only emit isoprene (Fuentes et al., 1999). The second simulation
combined isoprene and monoterpenes (Mon), R28 — R34. In this simu-
lation, monoterpenes were represented by a single chemical species
whose reactivity (ko,,.,, = 1.82 x10716 cm3molec ' s!) was calcu-
lated as the weighted geometric mean of the composition of mono-
terpenes observed at the study site (Jardine et al., 2015a). The third
simulation (Pin) assumed that the emitted monoterpenes had the reac-
tivity of a-pinene (ko,,, = 8.09 x10717 cm® molec™! s7!) as assumed in
other atmospheric chemistry models (Emmons et al., 2010). Finally, for
the purposes of assessing the importance of chemistry versus transport of
monoterpenes, non-reactive tracers were also included in the simula-
tions. These were referred to as passive monoterpenes (Monpgs), but
their emission and deposition were estimated in the same manner as the
reactive chemical species.

2.4. Fluxes and budgets of isoprene and monoterpenes

The LES results were analyzed for the canopy region (0 < z < h).
Average gas mixing ratios within the canopy volume were obtained from
Equation (4) by calculating averages over horizontal planes (temporal
averages were also obtained over periods of 10 min). Resulting averages
were vertically integrated to derive the change of gas mixing ratio with

time (%), given by

Table 1
Data used to initialize the vertical profiles in the LES domain.
Variable Height Value Unit
0, z < 50 299.1 K
A6,/Az 50m <z <150 m 0.024 Km™!
Ab,/Az z>150 m 0.016 Km™!
q z < 150 17.0 gkg!
z > 150 13.0 gkg!
(o} 2 < 450 m 8 +0.056 ppbm ! z ppb
z > 450 m 331 ppb
NO z <150 m 0.1 ppb
NO, 0.1 ppb

CH4 1724.0 ppb
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Here (1j)can = h; 1 fé’ ({j)xy dz is the mean gas mixing ratio inside the
canopy, (1;)y is the horizontally-averaged mixing ratio, Fj(hc) is the total
gas flux at the top of the canopy (including contributions from resolved
and SGS fluxes). The hydrocarbon flux at the surface was assumed to be
zero. The isoprene surface deposition was prescribed as Vgep = 2.7 mm
s~! (Gordon et al., 2014; Nguyen et al., 2015) and the deposition of
monoterpenes was set to zero.

3. Results and discussion
3.1. Canopy emissions of isoprene and monoterpenes

During the rainy season in the central Amazon, prevailing atmo-
spheric conditions from sunrise to local noontime kept recurring day
after day. Afternoons became predominantly cloudy and rainfall events
mostly occurred during 14:00 to 16:00 local h (Fuentes et al., 2016;
Vila-Guerau de Arellano et al., 2020). Because the principal goal of this
study was to estimate the in-canopy oxidation rates of isoprene and
monoterpenes, the numerical model simulations focused on a repre-
sentative day (September 14, 2014) during the start of the rainy season.
Sunny conditions dominated the period of the numerical simulations,
with maximum incoming solar irradiance reaching nearly 1200 W m ™2
around 11:00 h. Clouds appeared around 11:00 h and reduced the
incoming sunlight levels during the last hour of simulations (Fig. 1a). Air
temperature varied from 23 (at 6:30 h) to 32 °C (at 12:00 h) while wind
speed remained below 3.5 m s} (Fig. 1b and ¢). Computed emissions of
isoprene and monoterpenes increased after sunrise and reached values
of 8.0 and 1.5 mg m2 h™! at 12:00 h (Fig. 1d), respectively. Emission
rates (Fig. 1d) were in good agreement with previously reported
canopy-scale fluxes in the central Amazonia region (Rinne et al., 2002;
Kuhn et al., 2007). Isoprene emission density profiles changed rapidly
with canopy depth (Fig. 1e), reaching maximum values of 0.4 mg m™>
h™! around 12:00 h at z h_' = 0.6 where the greatest amount of active
biomass was present and most PAR interception occurred. As emissions
of monoterpenes were dependent of PAR, the bulk of emissions origi-
nated from deeper in the forest canopy (z h;! > 0.4), with maximum
emission density values of 0.075 mg m~> h™! (Fig. 1f).

The thermodynamic conditions of the convective ABL exerted con-
trol on the vertical distribution of isoprene and monoterpenes. The LES-
chemistry coupled model provided high-resolution temporal Z; varia-
tions. Under the assumed atmospheric thermodynamic conditions,
simulated Z; rapidly changed over the course of the morning hours and Z;
values ranged from 200 m at 8:00 h to approximately 760 m at 12:00 h
(Fig. 2 a). Simulated Z; values at 11:00 h and 14:00 h were comparable
to mixed layer depths of 491 + 133 m and 813 + 128 m, respectively,
observed 24 km away from the study site during the wet season (Fisch
et al., 2004). Additional details on the atmospheric boundary layer
thermodynamic evolution as well as turbulence statistics are provided in
the Supplement (Figs. S1-S4). Meanwhile, canopy emissions of isoprene
and monoterpenes contributed to rapid increases in mixing ratios of the
gases in the convective boundary layer. Most of the emitted hydrocar-
bons remained in the convective boundary layer, with mixing ratios
close to zero ppb in the entrainment zone above the mixed layer (Fig. 2b
and c). Isoprene mixing ratios in the ABL exhibited a high sensitivity to
variations in Z; (Wei et al., 2018), so that even small perturbations in the
dynamics of the convective boundary layer considerably impacted the
vertical distribution and mixing ratios of isoprene and monoterpenes.
While nearly constant 6, prevailed in the well mixed boundary layer
above the canopy (Fig. 2a), isoprene (Iso, Fig. 2b) and monoterpene
(Mon, Fig. 2c) levels revealed strong vertical gradients in response to the
source strength of the gases in the canopy, and the ensuing turbulent
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Fig. 2. Horizontally averaged profiles of instantaneous a) virtual potential temperature (6,) in degrees Kelvin (K) and mixing ratios in ppb of b) isoprene, c)
monoterpenes (Mon), and d) passive monoterpenes (Mon) at 8:00 (black), 10:00 (blue), and 12:00 h (red) on September 14, 2014. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

transport and air chemistry. The cases of Iso and Mon exhibited greatest
gas gradients near the forest canopy and the magnitude of gradients
increased with height in the upper ABL in response to the gas transport
to the free atmosphere and the downward transfer of air parcels nearly
devoid of isoprene and monoterpenes from aloft to the top of the mixed
layer. Within the mixed layer, the Iso and Mon cases showed relatively
invariant gas mixing ratios with altitude due to the effective

atmospheric turbulent transport. The appreciable differences estimated
between the vertical distribution of Mon and Monpys (Fig. 2d) near the
forest canopy resulted due to the higher reactivity associated with the
Mon case.

Simulated ambient levels of isoprene, monoterpenes, and O3 were
contrasted with observations to ascertain the fidelity of LES outputs. At
the canopy top (h.), during 6:00 to 9:00 h temporal patterns of simulated
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isoprene (Fig. 3a) closely matched observations. Thereafter, estimated
levels of isoprene progressively diverged from observations and reached
maximum discrepancies around 12:00 h, leading to approximately 30%
higher isoprene mixing ratios than observations. Modeled mono-
terperpene mixing ratios overestimated the observations (Figure 3b).
Differences between simulated and observed monotepene levels steadily
increased as simulations proceeded, reaching nearly 35% higher
monoterpenes mixing ratios than observations (Figures 3b). Previous
studies (Alves et al., 2016) also found greater estimated monoterpene
mixing ratios than observations, with higher mixing ratios of total
monoterpenes estimated during daytime in response to the
light-dependent emissions (Rinne et al., 2002; Kuhn et al., 2002; Jardine
et al.,, 2015a), and the likely inadequate representation the actual
light-dependent behavior of monoterpene emissions in low light con-
ditions in the morning hours. As demonstrated in previous studies (Kuhn
etal., 2007; Alves et al., 2016), emissions of isoprene and monoterpenes
were likely overestimated in response to variations in the basal emis-
sions throughout the canopy environment. Also, mixing ratios of
isoprene and monoterpenes were sensitive to variations in the values of
Z; (Wei et al., 2018) so that underestimation of simulated mixing-layer
heights in the LES may be responsible for the overestimation of above
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canopy isoprene and monoterpene mixing ratio. Simulated temporal
variations of O3 mixing ratio at the canopy top closely matched obser-
vations (Figure 3c), with LES results underpredicting O3 by an average
of 5%. At z h;l = 1.14, the O3 levels varied from 12 to 24 ppb over the
course of the simulation period (Figure 3c). Once the influences of
chemical reactions were integrated for the full canopy, the Iso, Mon, and
Pin scenarios produced similar patterns in ambient gas levels at the
canopy top (Fig. 3).

3.2. Processes controlling canopy budgets of isoprene and monoterpenes

Emissions and turbulent transport dominated the processes control-
ling the isoprene budget in the rainforest canopy. At midday, isoprene
emissions contributed to 80 ppbv h™! whereas turbulent transport car-
ried 75 ppbv h™! out of the canopy. On average, surface deposition and
air chemistry accounted for 1-2% and < 5% of the total isoprene budget
destroyed in the canopy (Fig. 4a), respectively. The condensed photo-
chemical mechanism (Table S1) employed to investigate chemical re-
actions in the canopy did not consider the influences of HO recycling
associated with isoprene oxidation (Taraborrelli et al., 2012; Fuchs
et al., 2013). The small chemical loss resulted because most of the
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Fig. 4. Computed budgets of gases at the canopy top. a) Terms in the canopy budget for a) isoprene and b) monoterpenes (Mon case). Budget terms include air
chemistry (Rcan), flux across canopy top (F(h.)), change in gas storage (d< y >/dt), canopy emission (Ec4,), and surface deposition (D¢qn), which was calculated as
the residual of the other terms. Positive values indicate accumulation in the control volume. ¢) Terms (air chemistry, transport, storage, and surface deposition) of the
ozone canopy budget. d) Rates of ozone destruction due to reactions with nitric oxide (NO), nitrogen dioxide (NO,), and mmonoterpenes (Mon). e) Terms (air
chemistry, transport, and storage) of the hydroxyl radical budget. f) Rates of hydroxyl radical destruction or formation due to reactions with isoprene, monoterpenes,
and ozonolysis of monoterpenes on September 14, 2014. Shaded circles represent select times when data are plotted.

isoprene was emitted in the forest crown (Fig. 1e) where air turbulence
became strongest and median air parcel residence times varied from
seconds to 10 min (Gerken et al., 2017). Such time scales were much
shorter than the isoprene lifetime of about 1.0 h due to the HO reaction.
In addition, limited isoprene emissions occurred in the lower region of
the forest canopy (Fig. 1e) where actinic irradiance (Moon et al., 2020)
and oxidant levels (Freire et al., 2017) ordinarily remained low to drive
isoprene chemical reactions. Similar patterns in the budget terms

prevailed for monoterpenes, with emissions and turbulent transport
contributing with 8.5 and 7.5 ppbv h! (Fig. 4b), respectively. For the
Mon case, in-canopy oxidation removed approximately 5-10% of
emitted monoterpenes. In contrast, for the Pin scenario, reactions
destroyed 3-5% of emitted gases due to the lower reactivity (for
a-pinene) assumed in the photochemical mechanism (see Fig. S5 of the
Supplement). Compared to isoprene, the greater chemical loss occurred
because emissions of monoterpenes prevailed throughout the canopy
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(Fig. 1f) where air parcels remained long enough to allow chemical re-
actions to occur and generate HO, thereby producing a positive feedback
loop to augment chemical reactions involving HO in the full canopy
volume. Previous studies (Makar et al., 1999; Stroud et al., 2005;
Fuentes et al., 2007) reported similar results for monoterpenes in
temperate forests. Hence, one conclusion is that chemical processing in
tropical, dense forests consumes appreciable amounts of monotertpenes
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(Figure 4b) and needs to be considered in numerical models designed to
determine BVOC budgets.

Ozone and HO dominated the oxidation of monoterpenes whereas
HO controlled the isoprene chemistry in the forest canopy. Based on the
individual terms of the mass budget relationship (6), turbulent transport
and surface deposition accounted for 38% and 35% of the Oz budget
(Fig. 4c), respectively. These results agreed with earlier findings (Freire
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Fig. 5. a) Vertical variation of hydroxyl radical sink due to reaction with isoprene (Sinkgo s50p) and b) source of hydroxyl radical due to rozonolysis of monoterpenes
(Sourcego mon)- €) Comparison of source and sink strength of hydroxyl radical as a function of canopy depth. d) The absolute ratio of hydroxyl radical sink due to
reaction with isoprene to average ambient hydroxyl radical concentration as a function of canopy depth for 08:00, 10:00, and 12:00 h on September 14, 2014. Shaded
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et al., 2017). On average, the O3 sink due to chemical reactions in the
canopy represented 5% of the canopy budget. The small chemical O3
sink (Fig. 4c) resulted largely in response to the low NO levels (< 0.5
ppb) and relatively slow rate of Oz reaction with isoprene (ko,,, =

1.30 x 10~'7 cm3 molec ! s~1), which was the dominant hydrocarbon
in the forest canopy (Fuentes et al., 2016). The Os plus NO reaction only
consumed 0.5 ppb h™! whereas reactions with monoterpenes removed
03 molecules at the rate of 0.4 ppb h™! (Fig. 4d). Trace NO, levels (< 0.1
ppb) prevailed in the forest canopy. As a result, the sink for O3 due to
reaction with NO, reached nearly 0 ppb h™! (Fig. 4d). Sesquiterpenes
were not considered in the photochemical mechanism, but such gases
could represent a significant sink for O3 within the canopy due to their
rapid ozonelysis (Jardine et al., 2011, 2015a) whose reactivity value
could be as high as ko,,,, = 1.16 x 10~1*cm® molec™' s~! for the f —
caryophyllene (C15Hz24) molecule.

In the case of HO, chemical reaction rates nearly balanced the net
turbulent (upward and downward) transport, each budget term
amounting to absolute values of approximately 350 radicals cm™> s~ .
As expected, the storage term remained close to zero radicals cm > s~ in
response to the rapid formation and destruction of HO (Fig. 4 e). Indi-
vidual reactions revealed the salient HO sinks and sources (contributions
of select individual reactions were estimated indirectly from the reaction
constants and modeled concentrations). For example, the reaction rate
of monoterpenes with HO (R28) produced 1.8 x 10° radicals cm ™2 s~!
whereas the reaction rate of isoprene with HO (R9) consumed 3.0 x 108
radicals cm > s7! (Fig. 4 f). The HO source from the ozonolysis of
monoterpenes in the rainforest closely agreed with previous estimates of
10° radicals cm ™2 s7! (Gerken et al., 2016). The HO formation or con-
sumption rates occurred while averaged mixing ratios of monoterpenes
and isoprene reached 1 and 10 ppb, respectively, with prevailing NO
levels of < 0.5 ppb in the forest canopy. The abundance of isoprene
dominated the HO sink in the upper canopy. Due to the high reactivity of
monoterpenes with Os, the HO source from the reaction of mono-
terpenes with O3 (R29) greatly exceeded the HO sink from the reaction
of monoterpenes with HO (R28). In the forest canopy, O3 and mono-
terpenes had much greater mixing ratios than HO levels and also had
greater lifetimes. Therefore, the magnitude of the estimated HO source
became less affected by competing reactions than the HO sink from
isoprene reactions. This finding highlights the crucial role of mono-
terpenes in maintaining a photochemically active forest environment
through the generation of HO.

3.3. Vertical variability of HO source and sinks in the forest canopy

Source and sink of HO resulting from the oxidation of isoprene and
monoterpenes exhibited strong vertical variations in the forest canopy.
The LES results showed that HO concentrations associated with isoprene
reaction (R9) increased (i.e., became more negative) with time of day
and decreased with canopy depth (Fig. 5 a). Maximum HO consumption
occurred around 12:00 h when the destruction rate reached —4.0 x 108
radicals cm~>s~! in the upper (z/h, > 0.85) canopy. At the canopy depth
of z/h, = 0.25, the HO destruction rate was 50% lower than the values
determined in the forest crown in response to the reduced actinic irra-
diance flux due to canopy shading, which reduced photochemical pro-
duction of HO (R1 + R2), and limited isoprene emissions. In contrast,
the HO formation rate resulting from oxidation of monoterpenes (Mon,
Pin) increased with time of day and canopy depth (Fig. 5 b). Despite the

comparatively low ambient Os levels in Amazonia ([O3] ~ 10 ppb)
during the wet season (Dias-Junior et al., 2017), the ozonelysis of
monoterpenes (R29) yielded maximum HO formation rates ranging
from +2.0 x 10° radicals cm > 5! in the lower canopy to + 1.3 x 10°
radicals cm ™3 s71 in the forest crown around 12:00 h. Compared to the
Pin scenario, the Mon case contributed to greater HO yield (see the
Supplement) due to the higher O3 reactivity for the assumed average

monoterpene  (ko,,,., = 1.82x 107 versus ko,,, = 8.09x
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1017 ¢cm3 molec ™! s~1). The HO formation rates (Fig. 5a, b) were
computed while the range of NO levels prevailed < 0.5 ppb. However, as
confirmed by previous studies (Rohrer et al., 2014; Vila-Guerau de
Arellano et al., 2011; Wei et al., 2018), HO yields strongly depend on
NOx concentrations. As revealed by the fraction of HO production from
oxidation of monoterpenes (R28, R29) to HO consumption by isoprene
(R9), sources and sinks of HO remained closely in balance at canopy
depths z/h, < 0.25 (Fig. 5c). In addition, the absolute ratio of HO
destruction rate (involving the isoprene reaction) to the simulated HO
concentration (|Sinkpo,, | /[HO]), which was a measured of HO reactivity
in the canopy, exhibited minor variations with canopy depth. The
LES-derived HO reactivity values for isoprene varied from 10 s~! at
08:00 h to 40 s~! at 12:00 h. The computed reactivity values were
similar to the daytime quantities of 10-30 s ! observed in an Amazonian
rainforest during the dry season (Nolscher et al., 2016a,b). Overall, the
oxidation of monoterpenes in the lower forest canopy (z/h. < 0.25)
generated enough HO to balance the HO needed to drive the isoprene
reaction (Fig. 5). Because the Amazon rainforest emits a plethora of
reactive sesquiterpenes (not considered in this study) and monoterpenes
(Jardine et al., 2015a), the HO production from oxidation of emitted
hydrocarbons can be greater than the values (Fig. 5) reported in this
study. Additionally, HO yields from ozonelysis of monoterpenes and
sesquiterpenes can be expected to greatly vary in response to increases
in NOx levels associated with biomass burning and/or regional air
pollution (Wei et al., 2019). In the central Amazon, sesquiterpenes (such
as f-caryophyllene, a-humulene, a-copaene) can reach mixing ratios of
0.5 ppb in the crown of the rainforest (Jardine et al., 2011).

4. Summary and conclusions

Based on the three posed research questions, several conclusions
were derived. First, emissions, turbulent transport, surface deposition,
and chemical reactions governed temporal and spatial patterns of
isoprene and monoterpenes in and above the rainforest. Despite suffi-
cient active biomass distributed throughout the canopy volume,
approximately 85% of isoprene emissions came from the upper (z/h. >
0.40) canopy. Maximum isoprene emission density reached 400 pg m >
h~!atz/h, ~ 0.60 around noontime. In part, the greater emissions in the
forest crown occurred because the high leaf area density in the upper
canopy intercepted most of the incoming photosynthetically active ra-
diation needed to promote isoprene emissions. In contrast, emissions of
monoterpenes occurred throughout the forest canopy in response to the
suitable conditions (e.g., temperature) to drive emissions. The greatest
emission density of monoterpenes was 75 pg m > h™! at z/h, ~ 0.60
around noontime. The unusually high emission densities gave rise to
maximum ambient levels of isoprene and monoterpenes of 8 and 0.8
ppb, respectively, at z/h. = 1.14. Mixing ratios of isoprene and mono-
terpenes remained effectively dispersed in the mixed layer but rapidly
decreased with altitude in the upper region of the convective boundary
layer, attaining mixing ratio values close to zero ppb just above the
entrainment zone.

Second, chemical reactions and surface deposition destroyed some
isoprene and monoterpenes in the forest canopy. Under the influences of
observed ozone (<25 ppb) and nitric oxide (<0.5 ppb) levels, isoprene
destruction due to the chemical reactions amounted to < 5% of the
canopy emissions. The reaction with the hydroxyl radical dominated the
chemical sink of isoprene in the canopy. The small chemical loss resulted
because most of the emitted isoprene occurred in the upper canopy
where air parcel residence times were substantially shorter than the
isoprene lifetime. In addition, while substantial isoprene levels persisted
in the forest canopy, the low ozone (directly) and nitric oxide (indi-
rectly) levels limited the isoprene chemical sink. In the case of mono-
terpenes, chemical reactions destroyed approximately 10% of the total
canopy emissions. The ozonelysis of monoterpenes became the domi-
nant chemical sink in the canopy. Because emissions of monoterpenes
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took place throughout the canopy and air parcels in the lower canopy
had longer residence times, the molecules had greater likelihood to
partake in chemical reactions before the gases were exported out of the
forest canopy.

Third, concomitant and copious emissions of isoprene and mono-
terpenes within the tropical forest canopy mixed and interacted with
ozone and hydroxyl radical to create a unique chemical environment.
While both ozone and hydroxyl radical contributed to the oxidation of
isoprene and monoterpenes, their role for in-canopy air chemistry was
fundamentally different. Ozone was principally carried from aloft into
the canopy through turbulent transport whereas hydroxyl radical was
continuously produced, destroyed, and recycled in the rainforest can-
opy. Decreasing actinic fluxes due to shading in the dense canopy
reduced light-dependent hydroxyl radical formation rates in the lower
air canopy layers. At the same time, the ozonelysis became the most
important chemical sink of monoterpenes and contributed to the for-
mation of hydroxyl radical whose yield reached =~2 x

10° radicals cm 3 s~1. Therefore, in dense forest canopies with co-lo-
cated emissions of isoprene and monoterpenes, the oxidation of hydro-
carbon molecules can produce sufficient hydroxyl radical levels to
maintain a photochemically active environment. The degree of photo-
chemical activity in the canopy would substantially depend on the levels
of both ozone and nitrogen oxides, and reactivity of emitted hydrocar-
bon molecules.
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