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Model Inputs and Set-up
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Figure S1: Driving data for simulations of November 2013, taken from observations at 55 m for
(a) wind direction, (b) friction velocity (u.), (c) photosynthetically active radiation (PAR). The
vertical wind deviation () in (d) is from November 2015.
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Figure S2: Driving data for simulations of November 2015, taken from observations at 55 m for
(a) wind direction including the directions that biomass burning advection was triggered in the
simulations (pink shading), (b) friction velocity (u,), (c) photosynthetically active radiation
(PAR) and (d) vertical wind deviation (ay,).
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Figure S3: oy at 21 m calculated using Eq. 2 (red dashed line) from above canopy measurements
at 55 m (black solid line). Calculated oy is close to observed values (grey solid line) at 21 m.
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Table S1: Reaction rate of sesquiterpenes with oxidants in FORCAST v2.
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Figure S4: Daytime (06:00 — 18:00 LT) mean vertical profiles of (a) eddy diffusivity coefficient
K, (b) PAR extinction through the canopy and (c) leaf area density (LAD).



Sensitivity Tests for Parameter Selection

Emission factors from tropical forests and vertical mixing parameterizations remain highly
uncertain and vary by location. We identify emission factors that best reproduce published
observations and assess the sensitivity of canopy Oz and NOy exchange to these parameters.

Table S2 summarizes the parameter values tested in 3-day sensitivity studies, with the final
selection indicated (grey shading). The BVOC emission factors and mixing schemes are then
compared against literature observations. Finally, this analysis evaluates whether their
uncertainty significantly influences model results.

A2 () =34 @"—2"*#h/*"'1 1".)96) AESH.)—BL(>)
) 220N (Y et 2#H=
<#$%.T)’(_.') -2 = 2t <H$H"*),(—".)
T R ety -
v\ +! ) .
: ' — 1940
ON: 0.08 DEFAULT: NO=0.05 /Tl =4
A-pin:0 A-pin:0.021
D-1im:0 D-1im:0.017
OFF: 0 DEFAULT x2: NO=0.1 /Tl =2
A-pin:0 A-pin:0.042
D-1im:0 D-1im:0.034
LIGHT- NO=1.5 /Tl =1.6
DEPENDENT:
A-pin:0.4 A-pin:0
D-1im:0 D-1im:0.017
T/Tl=1.2

Table S2: Parameter values tested in the sensitivity studies. Grey shading identifies the parameter
that provides the best match to observations. Temperature sensitive emission factors are at 25°C.
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In situ measurements of sesquiterpene concentrations at an Amazon site showed elevated
sesquiterpene concentrations at night, in contrast to monoterpene emissions (see Sensitivity Test
2), suggesting sesquiterpene emissions are temperature-dependent (Jardine et al. 2011). These
measurements were taken in 2010 during the dry season at the TT34 flux tower.

We use the approximate mean day and night vertical profiles recorded by Jardine et al. (2011,
Fig. 3b) to identify an emission parameter that best reproduces these observations. The
variability in sesquiterpene concentration with location and season is unknown, so the
uncertainty in this emission factor is also unknown.

Figure S5 shows that the approximate concentration profile is reproduced above 10 m during the
daytime and above 15 m during the nighttime. High concentrations observed close to the forest
floor could be indicative of soil emissions of sesquiterpenes (e.g., Bourtsoukidis et al. 2018) but
we exclude this from our preliminary study.
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Figure S5: Vertical profile evaluation of sesquiterpene concentrations at different heights for day
and night for simulations (red solid lines) and observations from Jardine et al. (2011) (black
dashed line). The grey horizontal line indicates the canopy height.
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Monoterpenes have been recorded in the Amazon in an abundance of varieties. Whilst a-pinene
and limonene are the most abundant, they account for less than 75% of recorded species (Yanes-
Serrano et al., 2018). For simplicity, we only include these species in the model.

Default settings of FORCAST v2 include temperature-dependent only emissions of a-pinene and
limonene with emission factors of 0.021 and 0.017, respectively. The daily mean emission using
these values is low compared to observed emissions from other tropical locations (Fig. S6), so
we also test a doubling of the emission factors. We find observed diurnal cycles of monoterpene
concentration from October 2015 (Gomes-Alves et al., 2023) are not well represented; simulated
concentrations build-up overnight due to continued night-time emission at high temperature (Fig.
S7). Several studies (e.g. Jardine et al. 2018), have suggested that a-pinene, in addition to other
monoterpenes, has a light dependence in tropical tree species. We therefore include a light
dependent emission factor for a-pinene and find better representation of the diurnal
concentrations (Fig. S7).
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Figure S6: (a) Measured isoprene and monoterpene daytime (6:00 - 18:00) mean emission flux
from studies of tropical species (Jardine et al., 2018) in comparison to emissions in this study
(cross markers). (b) Diurnal mean emission rates of monoterpenes in the sensitivity tests.
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Figure S7: (a) Vertical profile evaluation at different heights and along the vertical profile for day
and night. The grey horizontal line indicates the canopy height. (b) — (¢) Hourly mean total
monoterpene evaluation compared to observations at 73 m, 25 m, 12 m and 1.5 m, respectively.
Horizonal lines and shading show the daily mean standard deviation.
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Observed soil NO emission fluxes in undisturbed tropical forests span a large uncertainty range
from 3 to 100 ug m hr'! (Bakwin et al., 1990, Erikson et al., 2002; Rummel et al., 2002; Lee et
al., 2024). Most models of soil NO estimate values of 3 — 7 pg m™ hr'! (Yan et al., 2005; Yienger
and Levy 1995) for tropical soils (Fig. 8). We select an emission factor of 0.1 nmol m? s for an
average emission of 9 ugN m hr'!. This is at the upper end of previously simulated ranges
(Yienger and Levy, 1995; Hudman et al., 2012) as suggested by Lee et al. (2024) but towards the
lower end of a large range in observed NO emissions from tropical soils (Lee et al., 2024).
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Figure S8: Simulated diurnal mean emission rates of soil NO in the sensitivity tests.
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Vertical mixing is an important control on concentrations and micrometeorological gradients.
Within column models, a variety of parameterizations exist, the most widely used being the
Monin-Obukhov similarity theory (MOST). MOST has shown remarkable ability to represent
turbulent exchange in the boundary layer in steady state conditions, and over horizontally
homogeneous and flat surfaces (ref.). The framework relies on a small set of parameters to define
a universal scaling length (L), which allows turbulence characteristics to be expressed as a
function of height.

Despite its broad use, MOST exhibits limitations under certain conditions, such as during
intermittent turbulence. The ideal conditions for MOST are far from what occurs in the Amazon
rainforest (Zahn et al., 2016; Chor et al., 2019; Dias-Junior et al., 2019), yet it remains the best
available parametrization in most cases. In FORCAST v2, MOST theory is used above the
canopy.

Below the canopy, the decline in mixing closer to the ground (a result of surface friction and
interception by the canopy) is calculated using K-theory (Raupach et al., 1989), where K is the
eddy diffusivity coefficient and larger values of K indicate greater mixing. K(h) is first calculated
at the canopy height (h) using observations:

K(h) =TIl x O'W(h)z x R Eq S1

__03xh

uy

Tl

Eq. S2

As with MOST theory, K-theory is a simplification of true turbulence, not least because counter-
gradient flow is known to occur (Oliveira et al., 2020). In addition, traditional K-theory does not
account for ‘near-field effects’, which describes changes to conditions close to an emissions
source or boundary, especially from a non-uniform source. Raupach et al. (1989) account for this
near-field effect with an R factor, which is employed in the FORCAsT model:

"#
1-e%%x (t—-T11) O

R = Eq. S3

(T-Tl x e3§®' 0
where 77 represents a Lagrangian timescale scaling factor (with u, taken as the above-canopy
value and fixed across heights). While the parameterisation of 77 in Eq. S2 is commonly used,
alternative formulations have been proposed in the literature (e.g. Freire et al., 2017).

As described in the main text, the value 1/T1 is not constrained but is necessary for the
calculation of the R factor. Raupach et al. (1989) originally suggest t/T1 = 1.1, while Wei et al.
(2021) use 1/T1 = 4, which equates to a negligible reduction in K, reflecting the open canopy
structure at the UMBS site.



The response of K is non-linear with changing t/T1; with ©/T1 =1.2 the mixing is strongly reduced
and once 1/T1 =4, R is close to 1. The change in mixing between 1/T1 =1.6 and 4 does not result
in significant changes in chemical profiles of O3, isoprene, sesquiterpenes or NOx (Fig. S9). 1/T1
=1.2 is an extreme case as gas species accumulate to unreasonable concentrations within the
canopy, and it should therefore be considered an unlikely scenario (Fig. S9). We choose t/T1
=1.6 as it best represents the low concentrations of gas species in the lower canopy.

It should also be noted that changing the vertical profile of 6w will produce different
concentration profiles, so in that regard we have not fully explored the uncertainties in mixing.
Although the UMBS site found no significant improvement when testing other expressions for
Ow(z) Within the canopy compared to a linear decrease, likely linked to the generally well-mixed
conditions in the temperate forest (Wei et al., 2021), our simulations are sensitive to the changes
in o> with height, especially close to the surface. Observations in the literature (Santana et al.,
2018; Freire et al., 2017) suggest mixing reduces rapidly within the Amazon rainforest canopy,
such that the lower canopy is almost entirely separated from above. However, with only one in-
canopy observation, it is not possible to conclusively determine the variation of oy at all model
levels. Therefore, we highlight the necessity for measurements at more heights within the
canopy.
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Figure S9: Daytime vertical mean profiles for (a) the eddy diffusivity parameter K with different
values of ©/T1 and the resulting changes in trace gas profiles for (b) O3, and (c) isoprene. The

equivalent night time profiles are shown for (d) the eddy diffusivity parameter K, (e) O3, and (f)
isoprene. The optimum value is ©/TI=1.6 (dark green line). The grey horizontal line indicates the

canopy height.



Model evaluation
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Figure S10: (a) Hourly O3 concentrations organized by wind direction in November and (b) a
density plot of daily mean O3z concentrations in November measured at 36 m at ATTO for years
2013 — 2019 (https://www.attodata.org/).
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Figure S12: (a) Vertical profile evaluation of wind speed at different heights for day and night
for simulations (coloured lines) and observations in 2013 (black solid line) and 2015 (grey
solid line). Horizonal lines and shading show the daily mean standard deviation. (b) and (c)
show the time series evaluation at 36 m for the simulation period for (b) 2013 and (c) 2015.
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Fig. S13: Emission rates of (a) isoprene and (b) sesquiterpenes in 2015 (teal solid line) and 2013
(red solid line), presented as vertical profiles for day and night.
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Figure S14: Mean O3 diurnal cycle showing net chemistry (P-L) (dark green), deposition
(light green) and storage within the canopy (pink) for (a) 2013, (b) 2015 including advection,

(c) 2015 without advection. The sum of all terms (green solid line) is the total flux into the
canopy.
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Figure S17: Time series of NOx escape efficiency and K parameter for (a) 2013 and (b) 2015.
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The dashed line in (b) gives the net canopy exchange when advection is included.
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