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Abstract. Speciated monoterpene measurements in rainfor-
est air are scarce, but they are essential for understanding
the contribution of these compounds to the overall reactiv-
ity of volatile organic compound (VOC) emissions towards
the main atmospheric oxidants, such as hydroxyl radicals
(OH), ozone (O3) and nitrate radicals (NO3z). In this study,
we present the chemical speciation of gas-phase monoter-
penes measured in the tropical rainforest at the Amazon Tall
Tower Observatory (ATTO, Amazonas, Brazil). Samples of
VOCs were collected by two automated sampling systems
positioned on a tower at 12 and 24 m height and analysed
using gas chromatography—flame ionization detection. The
samples were collected in October 2015, representing the
dry season, and compared with previous wet and dry sea-
son studies at the site. In addition, vertical profile measure-
ments (at 12 and 24 m) of total monoterpene mixing ratios
were made using proton-transfer-reaction mass spectrome-
try. The results showed a distinctly different chemical spe-
ciation between day and night. For instance, a-pinene was
more abundant during the day, whereas limonene was more

abundant at night. Reactivity calculations showed that higher
abundance does not generally imply higher reactivity. Fur-
thermore, inter- and intra-annual results demonstrate similar
chemodiversity during the dry seasons analysed. Simulations
with a canopy exchange modelling system show simulated
monoterpene mixing ratios that compare relatively well with
the observed mixing ratios but also indicate the necessity of
more experiments to enhance our understanding of in-canopy
sinks of these compounds.

1 Introduction

Isoprenoids such as isoprene (CsHg), monoterpenes
(C10H16) and sesquiterpenes (C15H4) are considered to be
key contributors to the production of biogenic secondary
organic aerosol (SOA), which affects cloud condensation
nuclei production (Engelhart et al., 2008; Jokinen et al.,
2015; Poschl et al., 2010). While isoprene is a globally
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significant source of SOA (Claeys et al., 2004), its presence
can also inhibit SOA formation under certain conditions
(Kiendler-Scharr et al., 2009). By virtue of their lower
volatility and higher ozone reactivity, monoterpenes and
sesquiterpenes are strong sources of secondary organic
aerosol (SOA) through the generation of low-volatility
oxidation products formed via ozonolysis and hydroxyl
radical oxidation (Bonn and Moortgat, 2003; Zhao et al.,
2015).

The main source of monoterpenes in the global atmo-
sphere is emission from vegetation, with smaller contribu-
tions from soil (Kesselmeier and Staudt, 1999; Kuhn et al.,
2002; Ormeno et al., 2007). Synthesis of the monoterpene
species occurs via the non-mevalonate pathway within the
plant chloroplast (Kesselmeier and Staudt, 1999; Lichten-
thaler, 1999; Schwender et al., 1996), which explains the
light dependency also known to determine isoprene synthe-
sis and emission. These commonly emitted compounds have
been identified as important signalling compounds through
plant—plant, plant—insect or plant—microbe interactions (Ger-
shenzon, 2007; Gershenzon and Dudareva, 2007; Kishimoto
et al., 2006; Maag et al., 2015) and they are thought to pro-
tect photosynthetic membranes against abiotic stresses (Jar-
dine et al., 2017; Penuelas and Llusia, 2002; Vickers et al.,
2009).

Despite having a common sum formula, variations in the
molecular structure of the various monoterpenes result in
large variations (over 2 orders of magnitude) of their reac-
tion rate coefficients with the hydroxyl radicals (OH), ozone
(03) and nitrate radicals (NO3). This leads to different im-
plications for the efficiency of SOA formation (Hallquist et
al., 2009; Kiendler-Scharr et al., 2009; Mentel et al., 2009;
O’Dowd et al., 2002). In most cases, SOA products are
poorly characterized due to a scarcity of measurements (Mar-
tin et al., 2010).

Considering the overall size of the Amazon rainforest
(5.4 million km? in 2001; Malhi et al., 2008) and the sig-
nificant contribution of biogenic volatile organic compound
(BVOC) emissions from this vast forest to the global volatile
organic compound (VOC) budget (globally 1000 Tg of car-
bon yr‘l; Guenther et al.,, 2012), measurements of total
monoterpene emissions and mixing ratios from this ecosys-
tem are scarce (Greenberg and Zimmerman, 1984; Helmig
et al., 1998; Jardine et al., 2015, 2011, 2017; Karl et al.,
2007; Rinne et al., 2002; Yadez-Serrano et al., 2015). Spe-
ciated measurements are even more rare (Jardine et al., 2015,
2017; Kesselmeier et al., 2002; Kuhn et al., 2004). How-
ever, this information is essential for our understanding of
the functioning of the Amazon rainforest in atmospheric
chemistry—climate interactions. Knowledge of these pro-
cesses also serves to improve predictions of future changes in
atmospheric composition and to assess the impact of changes
in regional emissions and land use on the global climate
caused by Amazon deforestation.
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In this study, we evaluate measurements of speciated rain-
forest monoterpene mixing ratios as a function of height
in the canopy, season and diel cycle. This evaluation in-
cludes a comparison with a canopy exchange modelling
system (MLC-CHEM, Multi-Layer Canopy Chemistry Ex-
change Model) to support analysis of the measured temporal
variability in speciated rainforest monoterpene mixing ratios
inside the tropical rainforest canopy. The MLC-CHEM was
also selected since it has been already extensively applied
for site- to global-scale studies on atmosphere—biosphere ex-
change for tropical rainforests (Ganzeveld et al., 2002, 2008;
Ganzeveld and Lelieveld, 2004; Kuhn et al., 2010).

2 Methodology
2.1 Site

The site chosen for this study was the Amazon Tall Tower
Observatory, ATTO (Andreae et al., 2015). This site is lo-
cated in central Amazonia (02°08.647'S, 58°59.992' W),
150 km north-east of the closest large city, Manaus, Brazil.
Due to the prevailing north-easterly wind direction, the in-
fluence of the Manaus plume is negligible and the measure-
ments at this site can be considered to reflect pristine tropi-
cal forest conditions affected by air masses that have passed
over about 1000 km of undisturbed rainforest. The site is
equipped with a 325 m tall tower as well as two smaller tow-
ers. This study was carried out on the INSTANT tower, an
80 m walk-up tower located 600 m from the tall tower in an
easterly direction. Sampling was performed on this tower be-
low the canopy top (mean canopy height 35 m) at two differ-
ent heights (12 and 24 m). For a comprehensive site descrip-
tion, see Andreae et al. (2015).

2.2 Air sampling

Collection of ambient air samples on adsorbent tubes, for
subsequent analysis by a gas chromatography—flame ioniza-
tion detector (GC-FID), was conducted with two automated
cartridge samplers, described in earlier studies (Kesselmeier
et al., 2002; Kuhn et al., 2002, 2005), positioned at 12 and
24 m on the INSTANT tower. The samplers consist of two
main units, a cartridge magazine that holds the adsorbent-
filled tubes and the control unit timing the process and
recording the data. This latter unit also houses the pumps
(Type N86KT, KNF Neuberger, Freiburg, Germany), pres-
sure gauges, mass flow controllers and power supply. The
cartridge magazine is equipped with solenoid valves con-
trolling the inlet and outlet of up to 20 individual sampling
adsorbent tubes. The system is a constant-flow device, with
one cartridge position per loop used as a bypass for purging
the system. Due to the compact weatherproof housings and
the low power consumption, we were able to position one
sampler at 24 m and the other one at 12 m, attached to the
INSTANT tower booms with commercially available 50 mm
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aluminium clamps. The adsorbent tubes used for VOC sam-
pling were filled with 130 mg of Carbograph 1 (90m?g~1!)
followed by 130 mg of Carbograph 5 (560 m? g~!) sorbents.
The size of the Carbograph particles was in the range of 20—
40 mesh. Carbographs 1 and 5 were provided by L. A.R.A
s.r.l. (Rome, Italy) (Kesselmeier et al., 2002). The samples
were collected from 17 to 20 October 2015. Samples were
taken for 30 min every hour at a flow of 200cm? min~!
(STP), leading to a collection of 6 L of air in each cartridge
using the automatic sampler. Additional sampling was per-
formed at 24 m with a GSA SG-10-2 personal sampler pump
during the years 2012-2014. These earlier samples were col-
lected in the same type of adsorbent tubes as for the auto-
matic sampler and were filled at 167 cm® min~! (STP) air
flow for 20 min. These additional measurements took place
on 19 and 28 November 2012; 1, 3 and 4 March 2013; 11-14
June 2013; 22, 25 and 26 September 2013 and on 17 and 21
August 2014.

2.3 Instruments used for chemical analysis

2.3.1 Gas chromatography—flame ionization detector
(GC-FID)

After collection, the adsorbent tubes were analysed at the
Max Planck Institute for Chemistry (MPIC), employing
the gas chromatography method, using a flame ionization
detector (GC-FID, Model AutoSystem XL, Perkin Elmer
GmbH, Germany) for identification and quantification of the
monoterpene species. Helium was used as the carrier gas, and
separation occurred on a 100 m HP-1 column with 0.22 mm
inner diameter, coated with the non-polar dimethylpolysilox-
ane as the stationary phase. The compound mixture col-
lected in the adsorbent tubes was discharged into the gas
stream with the help of a two-step desorption system (Model
ATDA400, Perkin Elmer, Germany). The samples were cry-
ofocused in a cold trap at —30 °C filled with Carbograph 5,
providing better defined peaks in the chromatograms. Af-
terwards the cold trap was heated to 280 °C and the pre-
concentrated sample injected onto the column. The follow-
ing temperature programme was used: —10 to 40°C at
20°Cmin~!, 40 to 145°C at 1.5°C min~! and 145 to 220°C
at 30°Cmin~!. The separated compounds were quantified
with a flame ionization detector (FID). Identification was
achieved through spiked injection of pure compounds. For
a more detailed description, see Kesselmeier et al. (2002).
Calibration for VOCs containing no heteroatoms was
achieved by using a standard gas mixture of isoprene and
several n-alkanes (n-pentane, n-hexane, n-heptane, n-octane,
n-nonane, and n-decane) (Apel-Riemer Environmental Inc.,
USA). In this case, it is assumed that the “effective carbon
number” (Sternberg et al., 1962) is equal to the real carbon
number of the molecules (Komenda, 2001), yielding a sig-
nal response that is proportional to the real carbon number.
The monoterpenes identified and quantified were «-pinene,
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camphene, sabinene, B-pinene, myrcene, «-phellandrene, 3-
carene, «-terpinene, p-cymene, limonene and y -terpinene.
Isoprene was also quantified. The detection limit for the GC-
FID was 2 ppt (Bracho-Nunez et al., 2011).

2.3.2 Proton-transfer-reaction mass spectrometer
(PTR-MS)

Online total monoterpene mixing ratios were determined
by a quadrupole proton-transfer-reaction mass spectrome-
ter, PTR-MS (Ionicon Analytic, Austria). The PTR-MS was
operated under standard conditions (2.2 mbar drift pressure,
600V drift voltage, with an E/N of 142 Townsend (Td)). In
addition to weekly humidity-dependent calibrations, hourly
background measurements were performed with a catalytic
converter (Supelco, Inc. with platinum pellets heated to
>400°C). A gravimetrically prepared multicomponent stan-
dard for calibration was obtained from Apel & Riemer Envi-
ronmental, USA. The measurements were carried out at two
different heights (12 and 24 m), with the PTR-MS switching
sequentially between each height at 2 min intervals. The inlet
lines were made of PTFE (9.5 mm OD), insulated and heated
to 50 °C, and had PTFE particle inlet filters at the intake end.
The compounds of interest for this study were isoprene (m/z
69) and the sum of monoterpenes (m/z 137). The limit of
detection of the PTR-MS for total monoterpenes was 0.1 and
0.2 ppb for isoprene, determined as 3o of the background
noise. More information about the gradient system and PTR-
MS operation at ATTO can be found elsewhere (N6lscher et
al., 2016; Yanez-Serrano et al., 2015).

2.4 Multi-Layer Canopy Chemistry Exchange Model
(MLC-CHEM)

To analyse the magnitude and temporal variability of the ob-
served monoterpene concentrations inside and above the for-
est canopy, we applied the Multi-Layer Canopy Chemistry
Exchange Model (MLC-CHEM), driven by the observed
micro-meteorology and ozone surface layer mixing ratios.
The MLC-CHEM was originally developed and imple-
mented in a single-column model. It is set up also in a global
chemistry- and climate-modelling system to assess the role
of canopy processes in local- to global-scale atmosphere—
biosphere exchange of nitrogen oxides (Ganzeveld et al.,
2002, 2008; Kuhn et al., 2010). The model’s generalized
representation of chemistry, dry deposition, emissions and
turbulent mixing allows the role of canopy interactions in
determining atmosphere—biosphere exchange fluxes and in-
canopy and surface layer mixing ratios of e.g. ozone (O3),
nitrogen oxides (NO, ) and BVOCs to be studied. The BVOC
emissions are calculated according to MEGAN (Guenther et
al., 2006), considering the vertical distribution of biomass
and direct as well as diffuse radiation to calculate leaf-scale
BVOC emissions. The current implementation of canopy
chemistry in the MLC-CHEM considers, in addition to stan-
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dard photochemistry involving O3, NO,, methane (CH4) and
carbon monoxide (CO), the role of non-methane hydrocar-
bons including isoprene, and a selection of hydrocarbon oxi-
dation products such as formaldehyde, higher aldehydes and
acetone. Oxidation of the monoterpenes by OH, O3 and NO3
is taken into account, but the role of the monoterpene oxida-
tion products in photochemistry is not considered in the cur-
rent implementation of the chemistry scheme in the MLC-
CHEM. For this study, we have extended the MLC-CHEM
to consider, besides the compounds «-pinene and S-pinene
and the observed monoterpene species «-terpinene, limonene
and myrcene that are already included. The monoterpene
basal leaf-scale monoterpene emission factors have been se-
lected such that the model simulates monoterpene mixing
ratios of comparable magnitude compared to the campaign-
average observed mixing ratios. In the evaluation of simu-
lated and observed mixing ratios we mainly focus on com-
parison of the simulated and observed temporal variabil-
ity being determined by the differences in canopy pro-
cesses for contrasting nocturnal and daytime conditions.
For the model simulation, the basal emission factors were
0.18ugCg~'h~! for a-pinene, 0.04ugCg='h~! for g-
pinene, 0.11ugCg~'h™! for a-terpinene, 0.9 ugCg~'h~!
for limonene and 0.18ug C g~' h~! for myrcene. Note the
selected relative high basal emission flux for limonene is re-
quired to arrive at simulated mixing ratios comparable to the
observed ones. Regarding the physical sinks, dry deposition
of gases including the BVOC compounds depends on their
uptake resistances calculated according to Wesely’s (1989)
parameterization, which estimates these uptake resistances
based on the compounds’ solubility and reactivity.

The simulations with the MLC-CHEM were constrained
with the observed surface layer net radiation (above the
canopy only), wind speed, relative humidity and O3 mix-
ing ratios as well as the temperatures measured above and
inside the canopy (eight different heights including 12 and
24 m) from 17 to 20 October 2015, coinciding with the mea-
surement dates. These simulations represent a set-up of the
MLC-CHEM distinguishing six canopy levels with a canopy
height of 30 m, implying canopy layers with a thickness of
5 m. Furthermore, we assumed a leaf area index of 5 m? m—2
and a leaf area density profile such that about 70 % of this
biomass is present in the top 15 m of the canopy, as previ-
ously observed at other tropical rainforest sites (Nolscher et
al., 2016). Monoterpene emissions by vegetation were sim-
ulated using a temperature-only dependent emission flux as
a function of the amount of biomass in each layer and the
measured canopy temperature profiles interpolating between
the 0.4 and 26 m temperature sensors. Meteorological obser-
vations for 18 October were missing and therefore the MLC-
CHEM was constrained for this day by first-order estimates
of the diurnal cycles in radiation, air and surface tempera-
tures, relative humidity and wind speed comparable to the
previous and subsequent days’ meteorological conditions.
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3 Results and discussion
3.1 Time series and diel cycles

The continuous online PTR-MS measurements were com-
pared with offline GC-FID samples over the course of 3 days
in October 2015 (Fig. 1). The close agreement between the
two measurement techniques provides confidence that almost
all monoterpenes present in ambient air at the site were be-
ing measured. Note that in this comparison, p-cymene (an
aromatic monoterpene) was removed from the calculations
as the PTR-MS does not detect it on m/z 137. The observed
differences in the monoterpene chemodiversity in the rain-
forest canopy atmosphere were regarded to be driven by dif-
ferences in emission, reactivity with the oxidizing species,
physical removal processes and turbulent mixing conditions.

The total monoterpene mixing ratios were higher dur-
ing the day, when temperature and solar radiation were at
their maxima. Most of the observed distinct diurnal cycle
in total monoterpene mixing ratios could be attributed to
a-pinene, which was the dominant species during daytime
(09:00 to 17:00), with mixing ratios as large as (average £
standard deviation) 0.33 £0.04 and 0.38£0.21 ppb at 12
and 24 m respectively, and 0.15 £ 0.05 and 0.11 £ 0.06 ppb
for the night (20:00 to 05:00) at 12 and 24 m. The sec-
ond most abundant monoterpene species was limonene, with
observed average daytime mixing ratios of 0.18 £0.09 and
0.19 +£0.12 ppb at 12 and 24 m, respectively, and 0.18 +0.01
and 0.14 & 0.07 ppb for the night-time at 12 and 24 m.

When comparing our results to previously published stud-
ies, we observed consistent differences with other regions
of the Amazon rainforest. For instance, Kesselmeier et
al. (2002) studied the seasonal monoterpene speciation in
the Rondonia rainforest in southern Amazonia. Even though
they found the same monoterpene species as presented in this
study, their individual abundances were very different com-
pared to the mixing ratios for the dry season at the ATTO
site. a-Pinene and limonene were much higher at ATTO than
in Rondonia, whereas camphene was substantially lower. In
the case of B-pinene, the abundance measured at ATTO was
much lower than at other Amazonian sites (Andreae et al.,
2002; Karl et al., 2007). Given that emission patterns are
highly dependent on species, environmental conditions and
stresses, these differences underline that it cannot be assumed
that the same speciation and emission rates of monoterpenes
exist throughout the vast Amazon basin.

Furthermore, the difference between the 12 and 24 m
height total monoterpene mixing ratios was minor given the
variance of the measurements, but there was a tendency for
the difference to be more pronounced during night-time (Ta-
ble 1). These more pronounced differences between the mea-
surement heights could also be due to an enhanced sensitiv-
ity of nocturnal mixing ratios to small changes in source and
sink terms for the suppressed mixing conditions prevailing
during the night-time.
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Figure 1. Graph showing the speciated monoterpene mixing ratios measured hourly from 17 to 20 October 2015 for 24 m (b) and 12 m (c).
The colours on the stacked bar plot indicate the different monoterpene species as they are denoted in the legend. The black line represents
the PTR-MS total monoterpene mixing ratio, with a gap of data on the 19 October 2015. Temperature at 80 m is shown as the red thick line,

and photosynthetically active radiation at 39 m is shown by the shaded areas (a).

Table 1. Average mixing ratio with standard deviation in ppb at 24 and 12 m of the measured monoterpene species from 17 to 20 October
2015 as determined by the GC-FID analysis. The daytime period was chosen from 09:00 to 17:00 and the night-time period from 20:00 to
05:00 (local time). “BLD” stands for values below the detection limit. “MT sum” stands for the sum of monoterpenes.

Compound Day 12m Night 12m Day24m  Night 24m
a-pinene 0.33£0.04 0.15£0.05 0.38+£0.21 0.114+0.06
Limonene 0.18+0.09 0.18+0.10 0.19£0.12 0.1440.07
Myrcene 0.16 +0.14 0.12+0.09 0.09+0.04 0.07+0.06
P-cymene 0.07£0.03 0.04 £0.01 0.08£0.04 0.04+0.02
B-pinene 0.08 £0.03 0.06 £0.03 0.05+£0.03 0.0440.02
Camphene 0.03+£0.03 0.02£0.01 0.03+£0.02 0.01+0.01
a-terpinene 0.03£0.02 0.03 £0.02 0.01£0.02 0.02£0.02
y-terpinene 0.02+0.01 0.01+£0.01 0.01£0.01 0.01+0.01
3-carene 0.001 £0.003  0.003£0.008 0.003+0.011 0 or BLD
a-phellandrene 0 or BLD 0 or BLD 0 or BLD 0 or BLD
Sabinene 0 or BLD 0 or BLD 0 or BLD 0 or BLD
MT sum — GC-FID 0.91+0.10 0.62+0.19 0.82+0.34 0.45+0.13
MT sum — PTR-MS 0.96 +£0.27 0.54+0.17 0.77+£0.22 0.56+0.16
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Figure 2. Average diel cycles for a-pinene (a), limonene (b), myrcene (c), p-cymene (d), S-pinene (e) and a-terpinene (f) mixing ratios for
24 m (dashed line) and 12 m (thick line). In the background, average diel cycles of isoprene mixing ratios as measured by the GC-FID are
shown for 24 m (light green) and 24 m (dark green). Error bars represent the standard deviation of the averages.

The continuous online measurements by the quadrupole
PTR-MS indicated a clear diurnal cycle in the measured mix-
ing ratios of the sum of monoterpenes, which has been re-
ported previously from this site (Yafiez-Serrano et al., 2015).
In order to assess the effect of each individual monoterpene
species, we further investigated their diurnal cycles as ob-
tained by the offline GC-FID samples. The measured diel cy-
cles for the most relevant monoterpene species at the ATTO
site were very similar at both heights. We also compared the
measured diel cycle of isoprene as measured by the GC-FID
with the observed diel cycle for the different monoterpene
species for 12 and 24 m. The compounds that showed a di-
urnal cycle similar to isoprene were «-pinene and p-cymene
(Fig. 2). This could be due to the emission of «-pinene and
p-cymene being dependent on light and temperature, analo-
gous to isoprene. However, during the night, both monoter-
penes were also present, albeit at lower mixing ratios, and the
nocturnal mixing ratios of the monoterpenes did not decrease
as much as isoprene. This has also been noted in previous
studies (Yanez-Serrano et al., 2015).

Despite the higher mixing ratios of limonene compared to
other monoterpene species (other than «-pinene), it was not
possible to distinguish any clear diel pattern in the average
data for this species (see Fig. 2). B-Pinene and «-terpinene
likewise showed no obvious diel pattern in the rainforest air
but were found to be above the detection limit of the GC-FID
of 2 ppt.

In contrast to plant species of cooler climates, such as
spruce, which emit terpenes from pools (Ghirardo et al.,
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2010; Lerdau et al., 1997), Amazonian plant species have
been found to show an emission dependency on light and
temperature (Bracho-Nunez et al., 2013; Jardine et al., 2015;
Kuhn et al., 2002, 2004). This could partly explain the di-
urnal pattern of @-pinene mixing ratios, which exhibit some
relation to a light- and temperature-dependent emission flux
(Kuhn et al., 2002; Rinne et al., 2002; Williams et al., 2007).
However, this behaviour was not observed for all monoter-
pene species. Therefore, the observed diurnal cycles of some
monoterpene species might be related to a stronger tempera-
ture response.

3.2 Chemodiversity

The chemical speciation (or chemodiversity) of monoter-
penes relates to the relative abundances of the different
monoterpene species in the sampled air. ¢-Pinene, limonene,
myrcene, p-cymene and S-pinene represented more than
85 % of the total monoterpene mixing ratio (Fig. 3). Dur-
ing the day (09:00 to 17:00) o-pinene had an average abun-
dance (averagetstandard deviation) of 46 =25 and 36 =4 %
of the total monoterpene mixing ratios at 24 and 12 m, re-
spectively, and it was the dominant monoterpene in this study
overall. However, during the night (20:00 to 05:00), its rel-
ative abundance dropped to 25 & 13 and 25 +9 % at 24 and
12 m, respectively. In contrast, limonene made up 23 + 15
and 20 £ 10 % of the monoterpenes at 24 and 12 m, respec-
tively, by day, and increased during night-time to 33 + 15 and
26£16 % at 24 and 12m. Thus, there was a tendency to-
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Figure 3. Pie charts representing the daytime (a, ¢) and night-time (b, d) average monoterpene species’ abundances from 17 to 20 October
2015, with the average percentages and standard deviations at 24 (a, b) and 12 m (¢, d). The day period was from 09:00 to 17:00 and the

night period was from 20:00 to 05:00.

wards some differences in monoterpene species’ abundances
between day- and night-time. These were mainly due to the
nocturnal decreases in a-pinene and the nocturnal relative in-
crease in limonene. It is plausible that the observed decrease
in o-pinene mixing ratios could be due to decreased vegeta-
tion emission, as reduced chemical destruction due to very
low OH concentrations at night would lead to an increase in
the nocturnal @-pinene mixing ratios.

Even though there were clear differences between the ab-
solute and relative abundances of some monoterpene species
during the day and night, there were no clear changes in
the vertical gradients (e.g. for a-pinene, night-time averages
were 0.15 £ 0.05 ppb for 12m and 0.11 £ 0.06 ppb at 24 m).
For the day, the apparent difference in the abundance of o-
pinene was due to a single outlier data point covering 30 min
at noon on 19 October 2015 at 24 m, when the a-pinene mix-
ing ratio doubled. This increase could not be explained, al-
though it could be related to a strong change in wind speed
an hour before the measurement, when the wind was blowing
from the north. In general, our observations indicate that the
abundance of monoterpene species does not vary much over
the heights selected (12 and 24 m) within the canopy. This
is consistent with the results by Kesselmeier et al. (2000),
where the monoterpene composition at the rainforest floor
was comparable to the above-canopy composition at their
site.
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3.3 Reactivity

The variability of the oxidants (OH, O3 and NO3) present
in the Amazon air is important when considering the im-
pact that monoterpenes can have on the oxidative regime
in the Amazon region and Brazil in general. Hydroxyl rad-
icals are produced mainly during the day via ozone pho-
tolysis. Low levels of OH can also be generated by the re-
action of ozone with doubly bonded species (e.g. monoter-
penes and sesquiterpenes), even at night. In this assessment,
we considered the monoterpene contributions to OH reac-
tivity by day only. In contrast, NO3 is photolytically de-
stroyed during the day but can become significant at night,
so we assessed the impact of monoterpenes on NO3 reac-
tivity at night. Even though in the Amazon rainforest ozone
levels are low (~ 10-20ppb) compared to other areas of
the world (e.g. Williams et al., 2016), ozone is nevertheless
present, and some monoterpenes are extremely reactive to-
wards ozone. Table 2 gives an overview of the lifetime and
reactivity (which is defined as the reaction rate constant (0x-
idant i.e. OH)*[monoterpene species]) to 1ppb of all the
investigated monoterpene species for these three oxidants.
For calculating the lifetime of the different monoterpenes
as presented in Table 2, typical oxidant concentrations for
the Amazon rainforest conditions were used. For OH a mean
value of 7 x 10° molecules cm ™~ was used as being represen-
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Table 2. Lifetime of the different monoterpene species related to OH, O3 and NOj3 for the OH daytime conditions at 24 and 12 m. In addition,
the normalized reactivity to 1 ppb of the different monoterpene species is calculated.

Monoterpenes  Formula Lifetime (minutes) Normalized reactivity
investigated to 1 ppb g1

OH 03 NO3 | OH 03 NO3
a-pinene CioHis 449 615 250 | 142 23x10°° 0.17
Camphene CioHig 447 57422 2461 | 143 2.4x1078 0.02
Sabinene CioHig 400 623 155 | 1.60 22x107° 0.27
B-pinene CioHig 320 3445 618 | 200 4.0x 1077 0.07
Myrcene CioHie 71 110 141 | 898 1.3x107 0.30
a-phellandrene  CjgHje 132 17 21 | 484 81x107° 1.96
3-carene CioHjg 271 1397 170 | 237 9.9x 1077 0.24
a-terpinene CioHje 103 2 11 | 624 56x10~* 3.76
p-cymene CioHi4 1577  >90000 >90000 | 041 13x1072 27x107
Limonene CioHig 145 246 127 | 441 56x107° 0.33
y-terpinene CioHie 140 369 53 | 457 38x107° 0.78
Isoprene CsHg 238 4069 238 | 269 34x1077 0.02

tative of the site (Spivakovsky et al., 2000). For ozone reac-
tivity calculations, 12 ppb was used, as this mixing ratio was
observed during the measurement period. NO3 mixing ratios
were taken from the MLC-CHEM simulations that predicted
mixing ratios of ~ 0.4 ppt.

While «-pinene, limonene and myrcene were the most
abundant species, their relative contribution to total monoter-
pene reactivity was not proportional to their abundances. The
most abundant monoterpene, ¢-pinene, was not the domi-
nant sink for the oxidants. In particular, «-terpinene dom-
inated ozone reactivity associated with monoterpene abun-
dance both during the day and night, as well as the nocturnal
nitrate reactivity, despite the low mixing ratios measured for
this compound (Table 2).

The monoterpene ozone reactivity was comparable be-
tween day (1.37 x 1076 s~ 1) and night (1.12x 10705~ ). @~
Terpinene dominated the monoterpene—ozone chemistry, fol-
lowed by myrcene and limonene. Despite the relatively high
abundance of a-pinene (46 £ 25 %; average mixing ratio and
standard deviation during the day was 0.34 +0.04 ppb at
12m), its contribution to ozone reactivity with respect to
other monoterpene species was only 11 +7 and 3+ 1% at
24 m, during the day and night, respectively, and 2 & 1 % for
both day and night at 12 m (Fig. 4). As previously noted, the
differences in ozone reactivity between heights were negligi-
ble for the night and slightly higher at 24 m during the day.
As ozone mixing ratios are quite similar for both heights dur-
ing the day and night (11.4 ppb at 12 m and 10.4 ppb at 24 m
during the night, and 16.1 ppb at 12m and 15.6 at 24 m dur-
ing the day), the higher abundance of «-pinene during the
day and the lower «-terpinene mixing ratios at 24 m during
the day mainly explain these changes in monoterpene—ozone
reactivity. It is important to note that these results are de-
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rived from a relative abundance analysis, and unmeasured
monoterpene species could change the proportions, although
given the close similitude between PTR-MS and GC-FID
measurements shown in Fig. 1, this is unlikely. On the other
hand, very reactive species, which could dominate reactiv-
ity, may be present in very low concentrations, for which our
measurements’ capabilities would not allow detection.

The monoterpene reactivity towards the NO3 radical dur-
ing the night was also dominated by a-terpinene (40 436
and 42127 %, for 24 and 12m, respectively), although
contributions of limonene (304 13 and 25 4 14 %, for 24
and 12m, respectively), a-pinene (11+6 and 1144 %,
for 24 and 12 m, respectively), and myrcene (13 + 11 and
16 £12 %, for 24 and 12 m, respectively) were also signif-
icant. No significant differences between the reactivities at
different heights were observed, suggesting a rather homo-
geneous chemical regime regarding monoterpene chemical
destruction within the canopy (from 12 to 24 m). However,
note that this finding reflects the use of a single simulated
NOs3 mixing ratio due to the absence of direct measurements
in the Amazon rainforest, which prevents us from drawing
any further conclusions. Our OH reactivity estimates demon-
strate the important role of myrcene, with its higher reactiv-
ity towards OH due to its acyclic nature, especially at 12m,
where myrcene was more abundant. The total OH reactivity
for the sum of monoterpenes was calculated to be 2.4 and
3.4s~! for 24 and 12 m, respectively.

As demonstrated in this data set, chemically speciated
measurements are very important for understanding how
monoterpenes affect Amazon air chemistry, dependent on the
time of day and season, as each monoterpene species has a
different reactivity. Therefore, a lower abundance of a cer-
tain monoterpene species could not necessarily be related to
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reactivities from 17 to 20 October 2015, with the average percentages and standard deviations (only for night, d and h), for 12m on the
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a lower vegetation emission but also to a higher reactivity
with atmospheric oxidants. Despite the small amount of «-
terpinene present in the atmosphere, it can profoundly affect
reactivity due to its fast reaction rate (its lifetime, accord-
ing to the oxidant mixing ratios stated above, can be 103, 2
and 11 min to OH, O3 and NOs;, respectively; Neeb et al.,
1997). In terms of total OH reactivity accounted for by the
monoterpenes, the values of this study are very low com-
pared to the total OH reactivity measurements by Nolscher
et al. (2016), with a mean total OH reactivity for the dry
season of 32s~!, mostly dominated by isoprene chemistry.
This suggests that the monoterpenes contributed only a small
fraction to the total OH reactivity at the ATTO site during
the investigated time period. This study demonstrates that
the abundance does not relate to the importance in chemi-
cal reactivity, and species that are usually not considered by
atmospheric chemistry models due to their modest mixing
ratios might actually play a dominant role in the monoter-
pene atmospheric chemistry. Therefore, it is questionable to
generalize the representation of terpene chemistry in models
(Hallquist et al., 2009) using one or two monoterpene species
only.

The gas-phase oxidation of the monoterpenes in the Ama-
zon has numerous impacts on the environment, including
the production of a multitude of new compounds that are
generally longer lived than the primary emissions, increas-
ing the lifetimes and particle production potential of cer-
tain compounds by suppressing oxidant availability. More-
over, production of OH due to the ozonolysis of monoter-
penes is known to occur (Paulson et al., 1999). The produc-
tion strength varies depending on the position of the dou-
ble bonds, if there is more than one (Herrmann et al., 2010).
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Furthermore, the products of the reaction can be manifold.
For instance, when a-pinene is oxidized by OH, especially at
low nitrogen oxide mixing ratios, pinonaldehyde is formed
in high yields (Eddingsaas et al., 2012). Chemical process-
ing of a-pinene can also result in a further production of dif-
ferent monoterpenes such as the reaction of «-pinene with
nitrate during the night, which can lead to the formation of
p-cymene (Gratien et al., 2011).

The implications of the measured monoterpene abun-
dances for SOA formation at the ATTO site are difficult to
quantify because the SOA formation yield is dependent on
many factors. For example, it depends on the pre-existing
organic aerosol mass into which these products can be ab-
sorbed (Griffin et al., 1999), and thus the SOA yield can vary
between regions with similar monoterpene mixing ratios and
different aerosol mass loadings. It also varies strongly be-
tween different oxidants and terpene species. For instance,
a-pinene forms negligible aerosol mass under NO3 oxida-
tion (Fry et al., 2014), whereas there is production of organic
aerosols when the oxidation of a-pinene involves O3 (Ehn
et al.,, 2014) and OH (Eddingsaas et al., 2012). Monoter-
penes containing endocyclic double bonds (e.g. a-pinene,
3-carene) or open chains (e.g. myrcene) tend to form less
aerosol mass from ozonolysis than monoterpenes with exo-
cyclic double bonds (e.g. B-pinene, sabinene; Hatakeyama
et al., 1989; Hoffmann et al., 1997). Following the equation
established by Bonn et al. (2014, Eq. 5 in text), we were
able to estimate the potential aerosol particle number forma-
tion rate initiated by monoterpene species only (1 x 107 to
5x1073 cm™3 s~! at 24 m) assuming steady-state conditions
for radicals. Those were found to be approximately 2 or-
ders of magnitudes smaller than the calculated potential new
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Figure 5. Monoterpene mixing ratio chemical speciation during the seasons of measurement. In (a), the monthly average of temperature (in
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displayed in millimetres per month (bars). In (b), the different monoterpene species are differentiated by colours, stacked together, adding
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aerosol particle formation rate caused by oxidation products
of sesquiterpenes. Our calculations assume mixing ratios of
sesquiterpenes of 0.2 ppb, revealing potential formation rates
of 1 x 1073 and 4.5 x 1073 cm™3 s~! at 24 m based on pre-
vious measurements in the Amazon (Jardine et al., 2011),
which are remarkably smaller than observed at mid-latitude
conditions (Bonn et al., 2014). Furthermore, the level of NO
present (nitric oxide) also affects the potential aerosol growth
(Wildt et al., 2014) and yield (Sarrafzadeh et al., 2016) at low
BVOC/NO, ratios. As the theory assumes contributions of
larger organic peroxy radicals (RO;), which are destroyed by
reactions, e.g. with NO, increasing NO, at a constant BVOC
mixing ratio will decrease the BVOC/NOy ratio and lead to
a decline in SOA yield. Our calculations showed this effect,
with a change of NO from 0.2 to 1 ppb, leading to a decrease
in the formation rate at a diameter of 3 nm. This interdepen-
dence calls for a consistent consideration of the BVOC and
NO, exchange in aerosol formation and growth studies.

3.4 Seasonality

By examining GC-FID data collected in previous campaigns,
an intra- and inter-annual comparison can be made. Total
monoterpene averages for each season were calculated from
11:00 to 16:00 at 24 m. Based on these data, we distinguished
the monoterpene mixing ratios representative of the dry sea-
son, the wet season and the wet—dry transition. The dry sea-
son conditions were represented by measurements collected
in November 2012, September 2013 and August 2014, and
the measurements from this study were collected in Octo-
ber 2015. The wet season measurements were collected in
March 2013 and the wet—dry transition measurements were
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collected in June 2013. For the dry season conditions, the
total monoterpene mixing ratios were substantially higher
(1.02 ppb) compared to the observed monoterpene mixing
ratios in the wet season (0.14 ppb) and the wet—dry transi-
tion season (0.18 ppb) (Fig. 5). This coincides with the occur-
rence of the highest radiation levels and temperatures as well
as the lowest precipitation during these dry season measure-
ment campaigns. During the wet season, the total monoter-
pene mixing ratios were lowest, while during the transition
season in June, they were slightly higher.

For each season, an average monoterpene chemodiversity
distribution is shown in Fig. 5. During the dry seasons, the
chemodiversity seems relatively similar (39.4 +4 % for «-
pinene, 20.3 £ 3 % for limonene), whereas it slightly changes
during the wet season and dramatically changes during the
wet—dry transition. The reason for this difference in June
could be related to changes in the phenology, as demon-
strated at a central Amazonian site (Alves et al., 2016; Lopes
et al., 2016). Furthermore, during the dry season of 2015, a
very strong El Nifio event took place, leading to extremely
dry conditions observed region-wide (Jardine et al., 2017).

It has been shown previously that the amounts and specia-
tion of monoterpenes vary strongly according to plant species
and leaf developmental stage. For instance, Bracho-Nunez et
al. (2011) found young leaves of some Mediterranean plant
species to emit more «-pinene and mature leaves to emit e-
ocimene, z-ocimene and myrcene, but not a-pinene. Some
species have been found to be higher emitters of «-pinene
(i.e. Hevea spruceana), whereas others are higher emitters of
myrcene (i.e. Quercus coccifera Bracho-Nunez et al., 2013).
The leaf developmental stage is also important, as reported
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for flushing young leaves emitting monoterpenes, in con-
trast to the isoprene emission of mature leaves of the same
plant species (Kuhn et al., 2004). Such a behaviour could
explain the lower mixing ratios and different chemodiversity
found in June. During this time of the year, leaf flushing takes
place in the central Amazon region (Alves et al., 2016; Lopes
et al., 2016). Under these conditions, lower «-pinene mix-
ing ratios were found as compared to the dry season, when
young leaves reach mature levels. Therefore, the seasonal-
ity in Amazon forest monoterpene emissions might depend
more on the changes in aggregated canopy phenology than
on the seasonality of climate drivers (Wu et al., 2016). Our
study shows that chemodiversity remains relatively constant
during at least the dry seasons but changed between differ-
ent seasons. Therefore, the implications for the atmosphere
are different for each monoterpene species. Kesselmeier et
al. (2002) also showed this type of behaviour in their study,
in which they did not find a strong difference in total mixing
ratios, but different chemodiversity between seasons, likely
expressing differences in seasonal plant developments and
atmospheric reactivities, which should be accounted for in
model implementations at the ATTO site.

3.5 Modelling analysis

To further support our analysis of the observed magnitude as
well as temporal variability in the monoterpene mixing ra-
tios inside the forest canopy, we used the MLC-CHEM (1) to
explore how well the model represents the measured mixing
ratios and (2) to assess the role of the different in-canopy pro-
cesses in explaining the diel cycle of the observed monoter-
pene mixing ratios at the ATTO site.

From Fig. 6, which shows a comparison of the simu-
lated (12.5 and 22.5m) and observed (12 and 24 m) speci-
ated monoterpene mixing ratios from 17 to 20 October 2015,
it can be inferred that the simulated speciated monoterpene
mixing ratios are of comparable magnitude to the measured
observations. This comparison regarding the magnitude of
observed and simulated mixing ratios serves mainly to assess
the validity of the required selection of basal emission fluxes
for the different monoterpene compounds. A more relevant
result seems to be the overall quite good agreement between
the simulated and observed temporal variability in monoter-
pene mixing ratios. Note that we also conducted a simula-
tion in which we applied temperature- and light-dependent
monoterpene emission flux. However, those simulations did
not follow the observed magnitudes and temporal variability
as well as the model simulations considering monoterpene
emissions that only depend on temperature.

The generally quite good agreement between the simu-
lated and observed monoterpene mixing ratios, except for
an overestimation of simulated «-pinene mixing ratios for
17 October, expresses the overall result of temporally varying
emissions, in-canopy chemistry, turbulent mixing and depo-
sition. The latter also involves a potentially important role in
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the deposition to wet leaf surfaces (the inferred wet surface
uptake resistances for the monoterpenes are ~ 300sm™!,
similar to values reported by Zhou et al. (2017)); the MLC-
CHEM uses relative humidity as a proxy for the fraction of
the leaf surface being wet (Lammel, 1999; Sun et al., 2016).
This results in substantially smaller estimates of canopy wet-
ness on 17 October compared to the following days, which
partly explains the simulated high «-pinene mixing ratios.
The simulated «-pinene mixing ratios for 18-20 October,
with inferred wet surface fractions up to 1 during the night
and ~ 0.5 during daytime, are in much better agreement
with the observations. Regarding the comparison of the sim-
ulated observed mixing ratios for some of the other monoter-
penes, the simulated B-pinene, limonene and myrcene mix-
ing ratios, especially at 12.5m seem to capture the ob-
served temporal variability quite well. Note that this result
for limonene reflects the use of a high leaf basal emission
factor (0.9 ug C g~' h™!) required to simulate mixing ratios
reaching up to 0.4 ppb. These MLC-CHEM simulations were
also used to infer how much of the actual emission flux es-
capes the canopy, expressed by the calculated atmosphere—
biosphere limonene flux divided by the canopy emission flux
of limonene. This ratio reaches a maximum value of 0.5
around noon, implying that these model simulations indi-
cate that at the middle of the day, about 50 % of the emitted
limonene is removed inside the canopy by in-canopy oxida-
tion and deposition. During night-time, this ratio reaches a
minimum < 0.1, indicating simulation of very efficient in-
canopy removal.

These modelling results should be interpreted with cau-
tion, also given that some of the simulated processes can-
not be evaluated due to missing observations of canopy wet-
ness as well as the uptake efficiency of monoterpenes by
wet surfaces. It should be considered that the simulated re-
moval of monoterpenes by wet canopy surfaces could also
compensate for a misrepresentation of other canopy pro-
cesses, e.g. reduced emissions from wet canopy surfaces or
an underestimation of the oxidation efficiency. Further anal-
ysis of the model-simulated process tendencies (Ganzeveld
et al., 2008) indicates only small changes in the simulated
source of the monoterpenes over the 4-day period. Regard-
ing the sink of, for example, a-pinene, chemical destruction
of a-pinene oxidation by Oz, OH and NOs3 appears to be a
relative small term, with the overall sink being dominated
by deposition to wet surfaces, showing quite large tempo-
ral variability. Consequently, the agreement between simu-
lated and observed temporal variability in monoterpene mix-
ing ratios that is quite reasonable indicates that deposition
to wet surfaces may play an important role in monoterpene
atmosphere—biosphere exchange. This should be further cor-
roborated, calling for experiments to determine the actual ef-
ficiency (and mechanisms) of the uptake of monoterpenes by
wet canopy surfaces.
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4 Conclusions

This study presents an analysis of the measured monoter-
pene chemodiversity at the Amazon tropical forest measure-
ment site, ATTO. The results showed a distinctly different
chemical speciation between day and night, whereas there
were few vertical differences in speciation within the canopy
(12 and 24 m). Furthermore, inter- and intra-annual results
demonstrate similar chemodiversity during the dry seasons
analysed, but a change of chemodiversity with season, simi-
lar to the seasonal measurements performed by Kesselmeier
et al. (2002). Furthermore, reactivity calculations demon-
strated that higher abundance of a monoterpene species does
not automatically imply higher reactivity, as the most abun-
dant compounds may not be the most atmospheric chemi-
cally relevant compounds, or the relative contribution of dif-
ferent monoterpenes may change with time. Our calculations
support the view that the role of canopy exchange may be
erroneously estimated when not taking speciation-based re-
activity in models into account. Moreover, simulations with
a canopy exchange modelling system to assess the role of
canopy interactions compared relatively well with the ob-
served temporal variability in speciated monoterpenes but
also indicate the necessity of more experiments to enhance
our understanding of in-canopy sinks of these compounds.
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