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Abstract. Tropical rainforests are an important source of iso-
prenoid and other volatile organic compound (VOC) emis-
sions to the atmosphere. The seasonal variation of these com-
pounds is however still poorly understood. In this study, ver-
tical profiles of mixing ratios of isoprene, total monoter-
penes and total sesquiterpenes, were measured within and
above the canopy, in a primary rainforest in central Ama-
zonia, using a proton transfer reaction — mass spectrome-
ter (PTR-MS). Fluxes of these compounds from the canopy
into the atmosphere were estimated from PTR-MS measure-
ments by using an inverse Lagrangian transport model. Mea-
surements were carried out continuously from September
2010 to January 2011, encompassing the dry and wet sea-
sons. Mixing ratios were higher during the dry (isoprene —

2.68 + 0.9 ppbv, total monoterpenes — 0.67 0.3 ppbv; to-
tal sesquiterpenes — 0.09 + 0.07 ppbv) than the wet season
(isoprene — 1.66 4-0.9 ppbv, total monoterpenes — 0.47 £
0.2 ppbv; total sesquiterpenes — 0.03+0.02 ppbv) for all com-
pounds. Ambient air temperature and photosynthetically ac-
tive radiation (PAR) behaved similarly. Daytime isoprene
and total monoterpene mixing ratios were highest within the
canopy, rather than near the ground or above the canopy.
By comparison, daytime total sesquiterpene mixing ratios
were highest near the ground. Daytime fluxes varied signifi-
cantly between seasons for all compounds. The maximums
for isoprene (2.53+0.5umolm~=2h~1) and total monoter-
penes (1.77 & 0.05 umolm—2h~1) were observed in the late
dry season, whereas the maximum for total sesquiterpenes
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was found during the dry-to-wet transition season (0.77 +
0.1umolm=2h~1). These flux estimates suggest that the
canopy is the main source of isoprenoids emitted into the
atmosphere for all seasons. However, uncertainties in tur-
bulence parameterization near the ground could affect esti-
mates of fluxes that come from the ground. Leaf phenology
seemed to be an important driver of seasonal variation of iso-
prenoid emissions. Although remote sensing observations of
changes in leaf area index were used to estimate leaf phe-
nology, MEGAN 2.1 did not fully capture the behavior of
seasonal emissions observed in this study. This could be a re-
sult of very local effects on the observed emissions, but also
suggest that other parameters need to be better determined
in biogenic volatile organic compound (BVOC) models. Our
results support established findings that seasonality of iso-
prenoids are driven by seasonal changes in light, temperature
and leaf phenology. However, they suggest that leaf phenol-
ogy and its role on isoprenoid production and emission from
tropical plant species needs to be better understood in order
to develop mechanistic explanations for seasonal variation in
emissions. This also may reduce the uncertainties of model
estimates associated with the responses to environmental fac-
tors. Therefore, this study strongly encourages long-term
measurements of isoprenoid emissions, environmental fac-
tors and leaf phenology from leaf to ecosystem scale, with
the purpose of improving BVOC model approaches that can
characterize seasonality of isoprenoid emissions from tropi-
cal rainforests.

1 Introduction

Terrestrial vegetation emits high quantities of biogenic
volatile organic compounds (BVOCs) to the atmosphere
(Guenther et al., 2006, 2012), which are removed by oxida-
tion reactions, deposition of reaction products (Lelieveld et
al., 2008) and consumption by surfaces (Gray et al., 2014).
Emissions and subsequent transformations in the atmosphere
have been widely explored by the scientific community.
However, there is still a need for improving our understand-
ing of how BVVOC emissions and their reaction products vary
seasonally and are involved in atmosphere chemistry, biogeo-
chemical cycling and climate at local, regional, and global
scales.

Despite a large number of BVOC species that have been
identified within plants and in emissions from plants, the
largest part of the global biogenic emissions and subsequent
effect on atmospheric chemistry are thought to be associated
with isoprenoids (Laothawornkitkul et al., 2009). The iso-
prenoids are an important class of organic compounds that in-
clude isoprene (containing five carbon atoms — Cs), monoter-
penes (10 carbon atoms — Cyp), sesquiterpenes (15 carbon
atoms — Cy5), and diterpenes (20 carbon atoms — Cyg) (Guen-
ther, 2002).
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Isoprene, as the building block of the higher-order iso-
prenoids, is the dominant compound in emissions from many
landscapes and has the single largest contribution to total
global vegetation BVOC emission, with an estimated global
annual emission of about 400-600 TgC (see Table 1 of Ar-
neth et al., 2008). Even though there are more than 1000
monoterpene compounds identified in plants, only a few
(less than 12) monoterpenes comprise a large fraction of
total monoterpene emissions into the atmosphere. (Guen-
ther, 2002). Compounds such as «-pinene, t-g-ocimene,
B-pinene, limonene, sabinene, myrcene, 3-carene, cam-
phene, B-phellandrene and terpinolene dominate monoter-
pene emissions globally (Guenther et al., 2012). However,
at regional scales other monoterpene compounds may also
be important (Geron et al., 2000; Jardine et al., 2015). Only
a few (e.g., B-caryophyllene) of about 3000 sesquiterpenes
and none of the 2000 diterpenes are known to be emitted into
the atmosphere in considerable amounts (Guenther, 2002).
However, there are many compounds in the atmosphere that
are still unknown or unexplored (Goldstein et al., 2007; Park
etal., 2013), suggesting that the characterization of sesquiter-
pene emissions and other trace gases is still an open question.

Although models indicate that tropical rainforests are the
main source of isoprenoid emissions to the global atmo-
sphere (Guenther et al., 2012), estimates of global annual
emissions of isoprenoid still have large uncertainties (Guen-
ther et al., 2006). One approach to constraining these esti-
mates, specifically for isoprene, is the use of remotely sensed
concentrations of BVOC oxidation products in the atmo-
sphere in order to make top-down model estimates (Barkley
et al., 2008, 2009, 2013; Stavrakou et al., 2009, 2015). This
approach has also suggested seasonal patterns in the emis-
sions of this organic compound (Barkley et al., 2009). In ad-
dition, seasonal variations of isoprene emissions in the Ama-
zonian rainforest are suggested based on comparison of some
studies with intensive campaigns in situ (Table 1). This sea-
sonality may be driven by light and temperature seasonal
variation and leaf phenology (Barkley et al., 2009), and sea-
sonal changes in insolation is probably the main driver of leaf
phenology (Jones et al., 2014).

Therefore, the objective of this study was to quantify the
seasonal variation of mixing ratios and emissions of iso-
prene, total monoterpenes and total sesquiterpenes in a pri-
mary rainforest in central Amazonia and to correlate them to
seasonal variations of environmental (temperature and light)
and biological (leaf phenology) factors.

2 Material and methods
2.1 Site description
Isoprenoid vertical profiles were investigated at the triangular

tower (TT34 tower — 2°35.37’ S, 60°06.92" W) on a plateau
of the Cuieiras Biological Reserve, a primary rainforest re-
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Table 1. Continued.

Study Site Technical approach Isoprene Sum of Mt? Season Comments
(ppbv)  (mgm=2h~1) (ppbv)  (mgm=2h~1)
Central Amazonia
C et Cuieiras Biological Reserve GC-MS, cartridge on - 5.11 max. - 1.36 max. Dry Midday values
al. (2003) (K34-ZF2) — Manaus-Amazonas,  relaxed eddy (July 2001)
Brazil accumulation (~51m)
GC-MS, cartridge on 2.86 - 021 - Median and interquartiles
Greenberg et Balbina — tethered balloon [2.25-3.64]¢ [0.17-0.31]¢ Wet — daytime
al. (2004) ~ 100 km north of (200-1000 m) (March 1998)  (12:00-15:00, LT)
Manaus-Amazonas, Maximum midday emission
Brazil Box model - 53 - 0.23 fluxes estimated
for the ecoregion
Karl et al. (2007)®  Cuieiras Biological Reserve PTR-MS, disjunct eddy Dry Mean daytime
(C14-ZF2) covariance (~ 54 m) 18437 83+31 0.87+03 17413 (Sep 2004) (12:00-14:00, LT)
— Manaus-Amazonas, PTR-MS, mixed layer Mean daytime
Brazil gradient (up to ~ 1200 m) 55+2.6 121+£40 0.52+02 35+12 (10:00-11:30, LT)
GC-FID, cartridge on - 24+18 - 0.44+0.49
relaxed eddy (max. 6.1) (max. 1.9)
accumulation (~ 51 m)
Kuhn et Cuieiras Biological Reserve GC-FID, cartridge on - 39+4.1 - 0.43+0.65 Dry Mean daytime
al. ﬁoodn (K34-ZF2) — Manaus-Amazonas,  surface layer gradient (max. 12.8) (max. 2.1) (July 2001) (10:00-15:00, LT)
Brazil (28, 35.5,42.5,51 m)
GC-FID, cartridge samples, - 42+59 - -
mixed layer gradient (max. 15.7)
(50-3000 m)
Karl et Cuieiras Biological Reserve PTR-MS, gradient - 0.7+0.2 - - Wet Mean daytime
al. (2009) (TT34-ZF2) - flux (2, 10.9, 16.7, (Feb 2008) (11:00-17:00, LT);
Manaus-Amazonas, Brazil 23.9, 30.3, 39.8 m) flux at 35 m
Rizzo et Cuieiras Biological Reserve PTR-MS, disjunct eddy 7.8 - 0.29 - Dry Max. at early
al. (2010)¢ (C14-ZF2) - covariance (54 m) (Sep 2004) afternoon
Manaus-Amazonas, 8.4 - 0.93
- Max. at noon
Brazil
o GC-MSFID cartridge 32409 - 0.28+0.13 -
Cuieiras Biological Reserve samples at 1 m
Silva (2010) (K34-ZF2) - GC-MSFID cartridge Wet Mean daytime
Manaus-Amazonas, samples at 10m 4.6+0.94 - 1094035 - (May 2009) (07:00-17:00, LT)
Brazil GC-MSFID cartridge 6.17 +1.03 _ 0754017 _

samples at 20 m
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Table 1. Continued.

Study Site Technical approach Isoprene Sum of Mt2 Season Comments
(ppbv) (mgm=2h~1) (ppbv) (mgm=2h~1)
Western Amazonia

GC-MS, cartridge on tethered 3.31,1.39, 0.16 - 0.21, 0.06, 0.015 - Median daytime

balloon (up to 1600 m) (ground, mixed layer
and above mixed layer)

Helmig et Peru — 500 km west GC-MS, cartridge samples, - 7.4 - 0.42 July 1996
al. (1998) of Iquitos mixed layer gradient Mean daytime
GC-MS, cartridge samples, - 8.1 - 0.41
mixed layer budget
Southern Amazonia
Kesselmeier et Jaru Biological Reserve, ~GC-FID, cartridge ~4 - ~0.8 - WDTY (May 1999) Mean daytime
al. (2002) Rondénia, Brazil samples (8-52 m) ~12 - ~0.8 - DWTF (Sep-Out 1999)  (11:00-18:00, LT)
Greenberg et GC-MS, cartridge on 6.89 - 0.83 Median and interquartiles —
al. (2004) Jaru Biological Reserve,  tethered balloon [2.78-7.73]¢ [0.56-2.65]¢ daytime
Jaru-Rondbnia, Brazil (200-1000 m) Wet (Feb 1999) (12:00-15:00, LT)

Box model - 9.8 - 6.1 Maximum midday emission
fluxes estimated for
the ecoregion

Lagrangian transport _ N _ _ g

Simon et Jaru Biological Reserve,  sub-model 59 WDTS (May 1999)
al. (2005) Rondoénia, Brazil Modeling using data of _ ~82 _ _ DWTT (Sep-Out 1999) Midday values

Kesselmeier et al. (2002)

Aquino (2006)

Jaru Biological Reserve,

Brazil

GC-FID, canister
samples (50, 60 m)

45+09;40+1.2 -

Wet (Feb—May 2002)

214+20;18+18 -

WDTY (Jun 2002)

46+27,40+£25 -

Dry (Jul-Sep 2002)

34+12;3.0+£0.5 -

DWTF (Out-Nov 2002)

Mean daytime
(11:00-16:00, LT)

Note: seasons follow determination of each study. For some studies the exact times of sample collection are not available and then not reported. Statistics differed among studies. The most of studies showed mean values but others presented median values and/or just a range of all

values measured.
a _ Mt - monoterpenes;
b _ range of variation;

¢ — interquartile ranges based on median “[]”;

— studies derived from the same observational data base;

d
€ — studies derived from part of the same observational data base;
f

— DWT - dry-to-wet tran
9 - WDT - wet-to-dry transition season.
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Figure 1. Precipitation, PAR and air temperature measured at K34 tower (~ 2 km far of TT34 tower): (a) relative frequency (%) of monthly
cumulative precipitation from 1999 to 2012; (b) monthly cumulative precipitation from July 2010 to June 2011 (measured in 30 min intervals
for 24 h) (bars), and average of monthly cumulative precipitation from 1999 to 2012 (red line); (c) relative frequency of monthly PAR from
1999 to 2012 (measured every 30 min during 06:00-18:00, LT); (d) monthly average PAR from July 2010 to June 2011 (measured every
30 min during 06:00-18:00, LT); (e) relative frequency of monthly air temperature from 1999 to 2012; (f) monthly average air temperature
from July 2010 to June 2011 (measured in 30 min intervals for 24 h). Figures on the right side cover the period of this study; grey areas
represent the period of dry season; and blue line at (b) represents 100 mm month—1. Error bars represent 1 standard deviation.

serve located approximately 60 km northwest of Manaus city,
in the central Amazonian Basin, in Amazonas, Brazil (Mar-
tin et al., 2010). The vegetation in this area is considered to
be a mature terra firme rain forest (Pires and Prances, 1985),
with a leaf area index of 4.7 (Malhi et al., 2009). The di-
versity of tree species is above 200 speciesha™! (Oliveira et
al., 2008). Annual precipitation is about 2500 mm (Fig. 1a),
with December—May being the wetter period. Although se-
vere droughts impacted part of the Amazon basin in 2005
and in 2010, those droughts did not affect central Amazonia
(Marengo et al., 2008, 2011). However, micrometeorological
measurements from 1999 to 2012 showed that from August
to September the monthly cumulative precipitation can be
less than 100 mm per month (Fig. 1a), characterizing this pe-
riod as dry season. Average air temperature ranges between
24°C (in April) and 27°C (in September) (Fig. 1e). Soil
moisture near the surface is slightly reduced (by 10 %) during
the dry compared to the wet season (Cuartas et al., 2012).
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The period of this study (from 2 September 2010 to 27 Jan-
uary 2011) represents the second half of the dry season
(September 2010-October 2010), the dry-to-wet transition
season (November 2010), and the beginning of the wet sea-
son (December 2010-January 2011). The whole period of
measurements includes the period of low precipitation and
when precipitation is increasing (Fig. 1b), and when photo-
synthetically active radiation (PAR) (Fig. 1d) and air temper-
ature (Fig. 1f) are at their peaks. As October 2010 had more
precipitation only at the end of the month, for this study Oc-
tober 2010 is also considered as dry season. This is supported
by the fact that the length and intensity of the dry season
varies from year to year (da Rocha et al., 2009).

2.2 Isoprenoid measurements and data analysis

Ambient mixing ratio measurements of isoprene, total
monoterpenes and total sesquiterpenes were carried out using
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a commercial high sensitivity proton-transfer reaction mass
spectrometer (PTR-MS, IONICON, Austria). The PTR-MS
was operated in standard conditions with a drift tube voltage
of 600V and drift tube pressure of 2.0 mbar (E /N, 136 Td).
During each PTR-MS measurement cycle, the following
mass-to-charge ratios (m/z) were monitored: 21 (Hi0™),
32 (Og), 37 (H20-H30™) with a dwell time of 20 ms each;
69 (isoprene-H™), 137 (total monoterpenes-H™) and 205 (to-
tal sesquiterpenes-H™) with a dwell time of 5s each (Jar-
dine et al., 2011, 2012; Lindinger et al., 1998). The iso-
prenoid vertical profile was installed with 6 ambient air in-
lets at different tower heights (2, 11, 17, 24, 30, and 40 m).
Air was sequentially sampled during 10 min at each of the
6 heights, resulting in one complete profile every hour. Av-
erage mixing ratios were calculated for the daytime pe-
riod (10:00-16:00, LT) and for the nighttime period (22:00—
04:00, LT). Calibration slope (m, ppbv/normalized counts
per second (PTR-MS signal)) for isoprene, total monoter-
penes, and total sesquiterpenes were obtained twice in the
field using the dynamic solution injection technique (Jar-
dine et al., 2010). Solutions of isoprene, a-pinene, and B-
caryophyllene standards (> 95 % purity, Merk) in 100 mL of
cyclohexane were injected into the mixing vial at 0.5, 1.0,
2.0, and 3.0puLmin~t (30 min each flow rate) with a con-
stant dilution flow of 1.0standard L min—! ultra high purity
nitrogen passing through. The linearity of calibrations was
significant, being 2 of 0.92-0.97 for isoprene, 2 of 0.98-
0.99 for a-pinene, and r2 of 0.90-098 for B-caryophyllene.
Sample air isoprenoid mixing ratios were calculated by mul-
tiplying the calibration slope by normalized counts per sec-
ond (PTR-MS signal) (average of two calibration slopes).
Calibration slopes obtained on October 2010 were within
10% relative to those from the calibration carried out in
September 2010 (isoprene 7.2 %, «-pinene — 8.2 %, and B-
caryophyllene — 2.5 %). For 4—7 days before each isoprenoid
profile measurement period, ultra high purity nitrogen was
run into the inlet of the PTR-MS for 2 h in order to obtain the
background signals. The limit of detection for isoprene was
0.14 ppbv, 0.15 ppbv for total monoterpenes and 0.1 ppbv for
total sesquiterpenes. More details about calibration and ex-
perimental design can be obtained in Jardine et al. (2011,
2012), in which a subset of these data are already described.
While the previous study considered a subset of this data and
time period (Jardine et al., 2011, 2012), this study examines
the whole data set and focuses on seasonality of mixing ratios
and fluxes. Also, this is the first study in central Amazonia
that correlates long-term measurements of isoprenoids, light
and temperature, and leaf phenology.

2.3 lIsoprenoid gradient flux, and modeled flux
estimates — Model of Emissions of Gases and
Aerosols from Nature (MEGAN 2.1)

Fluxes of isoprene, total monoterpenes and total sesquiter-
penes — for dry, dry-to-wet transition, and wet seasons — were
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estimated using the average daytime (10:00-14:00, LT) con-
centration vertical profile throughout the canopy and apply-
ing an inverse Lagrangian transport model (ILT) (Raupach,
1989; Nemitz et al., 2000; Karl et al., 2004, 2009). The
source/sink distributions throughout the canopy were com-
puted according to Eq. (1):

C—Cret=D-8§, 1)

where C is the concentration (g m~3) vector for the six levels,
CRef is the concentration (gm~—23) at reference height (40 m),
D (m) is a dispersion matrix, and S (mgm—2h~1layer—1) is
the resulting source/sink vector. D is expressed as a func-
tion of Lagrangian timescale and profiles of the standard
deviation of the vertical wind speed (ow), which was nor-
malized to friction velocity («*). Integration over all source
and sink terms (S) yielded the canopy scale isoprenoid flux
(mgm—2h~1). To parameterize D, we use the Lagrangian
timescale (TI) parameterized according to Raupach (1989)
and the vertical profile of the standard deviation of the verti-
cal wind speed scaled to measured friction velocity. The nor-
malized turbulence profile was taken from turbulence mea-
surements inside and above the canopy at this site recorded
as part of AMAZE-08 (Amazonian Aerosol Characterization
Experiment 2008) (Karl et al., 2009). The friction velocity
was averaged for each season using daytime data (10:00-
14:00, LT) measured at a tower (K34 tower — 2°36/32.67" S,
60°12/33.48"” W) that was 2 km away from the tower where
isoprenoid profiles were measured (TT34 tower). The cal-
culation of D was based on the far- and near-field approach
described by Raupach (1989). As some model inputs (i.e.,
ow/u™) were obtained during the wet season at the TT34
tower in 2008 (Karl et al., 2009), changes in canopy struc-
ture between the two studies could potentially affect the re-
sults of this study. However, previous work carried out at the
K34 tower showed that u* along with other averaged turbu-
lence data have quite similar daytime values in both wet and
dry seasons (Ahlm et al., 2010; Araujo et al., 2002).

Once fluxes from the isoprenoid vertical profiles were ob-
tained by the ILT, they were compared with the isoprenoid
fluxes estimated by the Model of Emissions of Gases and
Aerosols from Nature (MEGAN 2.1). Isoprenoid emissions
estimated by MEGAN 2.1 are based on a simple mechanis-
tic model that takes into account the main processes driving
variations in emissions (Guenther et al., 2012). As described
by Guenther et al. (2012), the activity factor for isoprene,
monoterpenes and sesquiterpenes (y;) considers the emission
response to light (yp), temperature (yr), leaf age (ya), soil
moisture (ysm), leaf area index (LAI) and CO; inhibition
(yco,) according to Eq. (2):

vi = CceLAlypyTYAYSMYCO, 5 )

where Ccg is the canopy environment coefficient. For the
present study, the canopy environment model of Guenther
et al. (2006) was used. It has a Ccg of 0.57. MEGAN 2.1
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was run with variation in light and temperature and LAI.
Leaf age of the foliage was estimated by the model based
on changes in LAI. Soil moisture and CO3 inhibition activity
factors were assigned a value ysm = 1 and yco, = 1, respec-
tively, which assumes no variation in these parameters. More
details about the model settings can be obtained in Guenther
etal. (2012).

Photosynthetic photon flux density (PPFD) and air tem-
perature for all model runs were obtained from the K34
tower measurement time series (The Large-Scale Biosphere-
Atmosphere Experiment — LBA). LAI inputs were obtained
by satellite observations from NASA MODIS during August
2010 to January 2011. The level-4 LAI product is composited
every 8 days at 1 km resolution on a sinusoidal grid (MODIS-
NASA, 2015).

2.4 Uncertainties associated with the ILT and BVOC
emission modeling

The main source of errors for applying the ILT is related to
the parameterization of two combined effects: (1) vertical
diffusion coefficient which is based on measured o (w)/u*
profiles, and (2) the Lagrangian dispersion time scale (TI).
Moreover, some uncertainties may be due to systematic er-
ror sources with respect to (3) chemical losses and (4) the
number of source layers. The entire parameterization of com-
bined effect (1) and (2) was tested using data from an ear-
lier study (Karl et al., 2009, 2010), where a comparison
with eddy covariance measurements was available. Taking
the above conservative error assessment, the combined (ef-
fect 1 and 2) uncertainty is +/—30 %.

To account for chemistry (effect 3) we used a simple mod-
ification of the diffusion coefficient based on Hamba (1993),
relying on the fact that the chemical loss will mainly in-
fluence the far field of the parameterization. Based on es-
timated OH and measured Oz densities (Karl et al., 2009,
2010) calculated VOC fluxes were corrected accordingly.
Due to low OH and O3 densities in the canopy (<5 x
10° moleculescm—3 for OH and <10ppbv for O3) the
chemical lifetime for isoprene and monoterpenes is con-
sidered large compared to the mixing timescale, leading
to a chemistry correction on the order of <5% for iso-
prene and monoterpenes. This systematic error is included,
but relies on an estimation of OH for isoprene. The over-
all uncertainty for isoprene is calculated as 0.3-4% by
varying in-canopy OH densities between 5 x 10° and 5 x
10% moleculescm~3. It is noted that an in-canopy OH den-
sity of 5 x 10% moleculescm™3 is extremely unrealistic in
such a dense canopy and only serves as a very conserva-
tive upper limit. Those assumptions were also considered for
sesquiterpene flux estimates. However, a sensitivity test was
carried out to show if the increasing ozone concentrations
during the dry season could effectively affect sesquiterpene
lifetime and then sesquiterpene flux estimates. For this test,
sesquiterpene lifetime was changed in the ILT model using
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a range from 2 min to 8 h (upper limit used for isoprene and
monoterpene flux estimates). The lower limit (2 min) is based
on the lifetime calculated for g-caryophyllene when it is ex-
posed to 24 h average of 7 x 10! moleculescm—2 of ozone
(~ 30 ppb) (Atkinson and Arey, 2003). If all sesquiterpenes
that occur in this site have similar reactivity with ozone as 8-
caryophyllene, the overall uncertainty for sesquiterpene flux
estimates is calculated as up to 20 % by varying sesquiter-
pene lifetime from 8h to 2min. It is noted that when con-
sidering a lifetime range from 8 h to 10 min, the uncertainty
for sesquiterpene flux estimates is calculated as up to 4 %.
The 20% of uncertainty may be important only during the
dry season, when ozone mixing ratios can eventually reach
30 ppbv above canopy (40 m) around noontime.

We have also investigated the effect of (4) — the number of
source layers. If the number of selected source layers is too
small, systematic errors of the calculated integrated fluxes
arise. We have investigated this effect and found that in the
present case, 6 source layers are sufficient to capture > 90 %
of the flux. In the present setup, the ILT model does not con-
verge for more than nine layers and the numerical solution
becomes unstable. If the ILT model was initiated to only cal-
culate two source layers, the integrated flux would be un-
derestimated significantly (e.g. by up 50 %). With six source
layers we estimate a systematic error of < 10% due to this
effect. The combined effect of the systematic errors (3) and
(4) is estimated to be 5-6 %.

Random errors of the ILT parameterization for effects (1)
and (2) mostly relate to precision. Systematic errors (3)
and (4) mostly relate to accuracy of the parameterization.
While there could also be combined effects of random and
small systematic errors, that are difficult to assess, we chose
an overall conservative error estimate that should reflect pre-
cision and accuracy for effects (1) and (2), noting that the
30 % should mostly relate to precision. All the uncertainties
are 1 standard error.

With respect to uncertainties in model estimates, one of
the first quantitative estimates of biogenic VOC emissions
(Lamb et al., 1987) included an estimate of uncertainty of
210 % based on the propagation of uncertainties in emission
factors, emission algorithms, amount of biomass, and land-
use distributions. This “factor of 3” uncertainty has contin-
ued to be used as a rough assessment of the uncertainty of
biogenic VOC emission model estimates applied on regional
scales. A more recent study (Hanna et al., 2005) attempted
a comprehensive assessment of each model component and
concluded that the 95 % confidence range on the calculated
uncertainty in isoprene emission was about 1 order of magni-
tude, while the calculated uncertainty for monoterpenes and
other VOC was only 20 %. Guenther (2013) suggests that
the Hanna et al. (2005) study assigns isoprene a higher un-
certainty only because more is known about isoprene, and
so there are more parameters, and that the lack of observa-
tions for quantifying the uncertainties associated with indi-
vidual model parameters limits the usefulness of this uncer-
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tainty estimation approach and instead recommends evalu-
ations that consider the results of model comparisons with
canopy scale observations. These studies indicate that mod-
els tend to agree with observations within ~ 30 % for canopy
scale studies with site specific parameters (Lamb et al., 1996)
or for regional scale estimates with known land cover (Misz-
tal et al., 2014) and differ by as much as a factor of 2 or more
for other regional scale studies (Miller et al., 2008; Warneke
et al., 2010).

2.5 Canopy light penetration and leaf phenology

The standard canopy environment model of MEGAN 2.1 was
used to model light penetration into the canopy (Guenther
et al., 2006). Model inputs included the above-canopy PAR
measured (every 30min) at 50 m on the K34 tower for the
whole period of isoprenoid measurements as well as the es-
timated surface area density of the canopy (m?m=—2), with
measurements carried out in March 2004 using a Light De-
tection and Ranging sensor (LIDAR) in a transect on the
same plateau area of this study (Parker and Fitzjarrald, 2004).

The light penetration was modeled for five canopy layers
distributed from the canopy top to the ground surface. The
thickness of each of the five layers was determined based on
the canopy surface area density estimated for every 50 cm
from the ground surface to the top canopy (Parker and Fitz-
jarrald, 2004). The layers were distributed according to a
Gaussian curve fit to the canopy surface area densities (from
0.5 to 48 m). Light absorption was calculated as the differ-
ence in the model estimate of downward light at the top and
bottom canopy levels. This light absorption corresponded to
light that passed through the canopy vertically. Reflectance
and scattering were not considered.

Leaf phenology was estimated based on the observation of
leaf flushing events of the upper crown surfaces of 63 living
trees around the K34 tower (~ 2 km far of TT34 tower). For
this approach, it is assumed that the leaf phenology of the
upper crown surfaces of trees around both towers is similar.
For the monitoring, a system of data acquisition and storage,
based on a Stardot (model Netcam XL 3MP) camera with a
1024 x 768 resolution CMOS sensor, was installed at K34
tower, at 15-20 m above the canopy. The camera viewing
angle was south azimuth, perpendicular to the solar transit,
centered on 32° of depression and pointing out to an area of
plateau. Images were logged every 15s to a passively cooled
FitPC2i with heat-tolerant SSD drive. The whole system of
data acquisition automatically rebooted after power outages.
The images obtained by the camera covered approximately
66° horizontally and 57° vertically, fitting the forest canopy
without including any area of sky in the image. The most dis-
tant trees in the image were located 150 m from the camera.
The framework was fixed by monitoring the same 63 treetops
over 4 months of observation (October 2010-January 2011).
The analysis of images was based on the number of treetops
that showed leaf flushing within 1 month. For this, one im-
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age was selected at every 6 days, and then grouped for each
month of this study.

2.6 Satellite-derived isoprene emission estimates

Top-down isoprene emission estimates over the 0.5° re-
gion around TT34 tower were obtained by using a grid-
based source inversion scheme (Stavrakou et al., 2009) con-
strained by formaldehyde (HCHO) columns. HCHO is an in-
termediate product of the isoprene degradation process (e.g.
Stavrakou et al., 2014). It is measured by UV-visible sen-
sors, such as on the Global Ozone Monitoring Experiment
(GOME-2)/MetOp satellite launched in 2006. The source in-
version was performed using the global chemistry-transport
model IMAGESV2 (Intermediate Model of Annual and
Global Evolution of Species) run at a resolution of 2° x 2.5°
and 40 vertical levels from the surface to the lower strato-
sphere (Stavrakou et al., 2014, 2015). The priori isoprene
emission inventory is taken from MEGAN-MOHYCAN-v2
(Stavrakou et al., 2014, http://tropo.aeronomie.be/models/
isoprene.htm), and includes updates regarding isoprene emis-
sion rates from Asian tropical forests. IMAGESv2 uses
HCHO columns retrieved from GOME-2 sensor as top-
down constraints and estimates the posterior biogenic iso-
prene emission on the global scale. Note that given the early
morning (09:30) overpass time of the GOME-2 measure-
ment, and the mostly delayed production of formaldehyde
from isoprene oxidation, the top-down emission estimate is
dependent on the ability of MEGAN to simulate the diur-
nal shape of isoprene emission and on the parameterization
of chemical and physical processes affecting isoprene and
its degradation products in IMAGESV2. For this study, we
use daily (24 h) mean satellite-derived isoprene emissions de-
rived from January 2010 to January 2011. More details can
be found in Stavrakou et al. (2009, 2014, 2015) and Bauwens
et al. (2013).

3 Results and discussion
3.1 Diurnal variation of isoprenoid mixing ratios

Vertical profiles of isoprenoids were analyzed for daytime
and nighttime for all the seasons considered in this study. Iso-
prene (Fig. 2a, b, ¢) and total monoterpenes (Fig. 2d, e, f) had
higher mixing ratios during daytime (10:00-16:00, LT) than
during nighttime (22:00-04:00, LT) for all seasons, support-
ing the findings that emissions of isoprene (Alves et al., 2014;
Harley et al., 2004) and monoterpenes (Bracho-Nunez et
al., 2013; Kuhn et al., 2002, 2004a; Jardine et al., 2015) from
Amazonian plant species, at least at this site, are primarily
light-dependent and stimulated by increasing temperature.
During daytime, isoprene had a maximum mixing ratio
within the canopy. By comparison, at nighttime maximum
values occurred above the canopy, and the vertical profiles
were similar to those of nighttime air temperature (Fig. 2j,

www.atmos-chem-phys.net/16/3903/2016/


http://tropo.aeronomie.be/models/isoprene.htm
http://tropo.aeronomie.be/models/isoprene.htm

E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia 3913

50| (a) [B1S) 50| () DS 501 (g) DS 501 (i) ~—1—DS

40 40 40 : 40 . X

30 30 %#A— 30 30

20 20 %l: e 20 20

10 10 } 24 10 10

0 0

01 2 3 4 5 6 0 02505075 1 125 0 0.1 02 03 04 05 2022.52527.53032.535

Isoprene(ppbv) Total monoterpene (ppbv) Total sesquiterpene (ppbv) Air temperature (°C)
DWT —
50 () DWT 50 © DWT 50 ") 50 ) DWT
g 40 40 ' S
= 30 30 30 30
=
‘© 20 20 20 20
I
10 10 10

[
o O

0 1 2 3 4 5 6

Isoprene (ppbv) Total monoterpene (ppbv)

0 02505075 1 125

e

0 01 02 03 04 05
Total sesquiterpene (ppbv)

022.52527.53032.535
Air temperature (°C)

50(1¢) WS 50 ) WS
40 40
30 ’: 30
20 20
10 10

50| (i) ws 501 ) ws
40 : 40t 7

30 30

20 20

10 10

0
0 1 2 3 4 5 6

Isoprene (ppbv) Total monoterpene (ppbv)

0
0 02505075 1 125

Daytime

0
2022.52527.53032.535
Air temperature (°C)

0 01 02 03 04 05
Total sesquiterpene (ppbv)

Nighttime

Figure 2. Daytime (10:00-16:00, LT) and nighttime (22:00-04:00, LT) average vertical profiles of isoprene (a, b, c¢), total monoterpenes (d,
e, f), total sesquiterpenes (g, h, i), and air temperature (j, k, I) of the dry season (DS), the dry-to-wet transition season (DWT) and the wet

season (WS). Error bars represent 1 standard deviation.

k, I). As isoprene is not emitted at night, this maximum night-
time abundance of isoprene above the canopy may be due to
the daytime residual layer concentrations. In addition, iso-
prene lifetime increases during nighttime owing to the de-
crease of OH (hydroxyl radical) concentrations in the dark
(Goldan et al., 1995) in light of the low concentrations of ni-
trogen oxides (NO,) in Amazonia (< 3 ppb above the canopy
during nighttime in the dry-to-wet transition season) (An-
dreae et al., 2002). Similar results found at another site in
central Amazonia suggested that low isoprene concentrations
near the ground after sunset could be due to deposition onto
and consumption by surfaces (Yafiez-Serrano et al., 2015).
Isoprene up-take in the soil has been suggested previously
in central Amazonia (Silva, 2010), possibly because of iso-
prene microbial consumption (Cleveland and Yavitt, 1997;
Gray et al., 2014). As with isoprene, higher mixing ratios of
total monoterpenes were observed during daytime, indicating
that they are light-dependent, which agrees with the evidence
of recent photosynthetic origin of monoterpenes (Jardine et
al., 2015; Loreto et al., 1996).

The vertical profile of total sesquiterpene mixing ratios
differed from that of isoprene and total monoterpenes for all
seasons. Total sesquiterpenes had higher mixing ratios near
the ground and at the sub-canopy level (17 m) than above
the canopy (Fig. 2g, h, i) (P < 0.05). Daytime and night-
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time vertical profiles had a similar shape, but total sesquiter-
pene mixing ratios were higher during the nighttime. Even
though sesquiterpene emissions for some plant species are
both light- and temperature-dependent (Duhl et al., 2008),
results reported here indicate that sesquiterpene emissions
are not strongly light-dependent in this site, suggesting that
their daily variation is driven primarily by temperature. Since
some studies have shown that sesquiterpenes are found in the
essential oil stored in Amazonian forest trees (e.g. Lima et
al., 2005), emissions from these storage structures would not
be expected to be light-dependent. In contrast, the monoter-
penes, while also present in the essential oil of Amazonian
trees (e.g. Fidelis et al., 2012; Lima et al., 2005), appear
to be dominated by emissions that occur with no storage
(e.g. Loreto et al., 1996; Jardine et al., 2015), similar to iso-
prene emission processes. Another reason for the higher total
sesquiterpene mixing ratios at nighttime might be because of
the reduction of oxidative reactions owing to the decrease
of OH concentrations in the dark (Goldan et al., 1995) and
low concentrations of nitrogen oxides (NO,) (Andreae et
al., 2002), ozone, and nitrate (NO3) in Amazonia (Martin et
al., 2010). In addition, ozonolysis of sesquiterpenes during
daytime can reduce ambient sesquiterpene concentrations,
as previously reported for a subset of these data (Jardine et
al., 2011). With daytime ozone mixing ratios up to 40 ppbv
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Figure 3. Daytime (10:00-16:00, LT) vertical profiles of mixing ratios of isoprene, total monoterpenes and total sesquiterpenes from the
dry season to the wet season; and estimated surface area density of the canopy at this study site (ground-based measurements carried out
in March 2004 using LIDAR - Light Detection And Ranging) (Parker and Fitzjarrald, 2004) (a). Vertical profile of photosynthetic photon
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represent isoprenoid mixing ratios and estimated surface area density of the canopy, respectively. Error bars represent 1 standard deviation.

(40 m) during the dry season, sesquiterpene lifetime with re-
spect to ozonolysis above the canopy (40 m) can be 2min
during the daytime and 5min during the nighttime (Jardine
et al., 2011). Additionally, sesquiterpene concentrations can
build up near the surface, because during nighttime the stor-
age in the forest dominates (80-90%) and is significantly
larger than the turbulent flux (Karl et al., 2004).

3.2 Seasonal variation on isoprenoid mixing ratios and
emissions

Vertical profiles of isoprene had higher mean mixing ratios in
the dry season, followed by the dry-to-wet transition season
and wet season (top panel of Fig. 3a). The reduction of iso-
prene mixing ratios from the dry season to dry-to-wet transi-
tion season was up to 20 % and from dry season to wet sea-
son was up to 65 %. During the dry season, the higher mixing
ratios and emissions of isoprene have been attributed to the
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higher insolation and higher temperatures compared to the
wet season and, for this reason, higher isoprene concentra-
tions at the top of the canopy are expected. Nevertheless, in
contrast to the observations of Yafiez-Serrano et al. (2015),
who reported maximum daytime mixing ratios of isoprene at
the top of the canopy for both dry and wet seasons, this study
showed the highest isoprene mixing ratios inside the canopy
(11 m) during the dry season, with this maximum moving
to the upper canopy during the dry-to-wet transition season
(24 m).

Isoprene emissions inferred from concentration vertical
profiles were estimated to be highest in the sub-canopy
(16 m) during the dry season and in the upper canopy (28 m)
during the dry-to-wet transition season and the wet sea-
son (Fig. 4a). Even though there were differences in which
layer was the highest emitter of isoprene within the canopy,
mean isoprene emissions into the atmosphere were about the
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same for the dry season and the dry-to-wet transition season
(1.3740.7 and 1.414+0.1 mgm~—2h~1, respectively). Both of
these seasons had higher isoprene emissions than during the
wet season (0.52 + 0.1 mgm~—2h~1) (Fig. 4b).

The maximum absorption of PPFD by canopy, calculated
based on PPFD penetration profile modeled by the stan-
dard MEGAN 2.1 canopy environment model, occurred right
above the maximum of estimated surface area density of the
canopy, with the absorption of PPFD being higher during the
dry season, followed by the wet season and the dry-to-wet
transition season (Fig. 3b). This maximum PPFD absorption
at the upper canopy agreed with the maximum of isoprene
mixing ratios (top panel of Fig. 3a) and emissions (Fig. 4a)
during the dry-to-wet transition season. It differed, however,
when compared to peaks of isoprene mixing ratios and emis-
sions during the dry season and the wet season.

One reason for this difference could be the isoprene oxida-
tion in the atmosphere and within plant, especially at the top
of the canopy. During the dry season the ratio of methyl vinyl
ketone 4+ methacrolein + hydroperoxides (MVK + MAC +
ISOPOOH) (Liu et al., 2013) to isoprene was higher com-
pared to the dry-to-wet transition and the wet season (data not
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shown). This higher ratio may indicate an increased oxidative
capacity of the atmosphere during the dry season. Moreover,
a small source of MVK + MAC + ISOPOOH was observed
at the top of the canopy (Jardine et al., 2012). Under condi-
tions of high abiotic stress, as can occur in the dry season,
elevated isoprene oxidation rates in plants can be observed
and isoprene oxidation products might be directly emitted by
plants (Jardine et al., 2012).

Another important factor might be leaf phenology and/or
leaf demography. Different tree species have different iso-
prene emissions rates, and these rates depend upon the leaf
ontogenetic stage. Isoprene emitters can flush at different
canopy levels seasonally, and changes in within-canopy iso-
prene vertical profiles would be expected as a result. More-
over, as more leaf flushing was observed at the upper canopy
during the wet-to-dry transition and early dry season, this
caused leaves in the age group of 3-8 months to reach the
highest abundance in late dry season and early wet sea-
son (Nelson et al., 2014). The period with the high abun-
dance of leaves in this age group is coincident with the pe-
riod when gross ecosystem productivity and landscape-scale
photosynthetic capacity is most efficient (Restrepo-Coupe et

Atmos. Chem. Phys., 16, 3903-3925, 2016



3916 E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia

al., 2013). Here, results show maximum isoprene emission
at the upper canopy during the dry-to-wet transition season
(Fig. 4a), which is coincident with the period of high abun-
dance of healthy efficient leaves at the canopy top (Nelson et
al., 2014) and also coincident with the maximum isoprene
emission shown in young mature leaves in the dry-to-wet
transition season (Alves et al., 2014). Similarly, higher iso-
prene emissions during the late dry season have also been
related to the increase of active biomass in southern Amazo-
nia (Kesselmeier et al., 2002; Kuhn et al., 20044, b).

Although the isoprene mixing ratios reported here are
within the range of previously reported values in central
Amazonia for the dry season and the dry-to-wet transition
season (Greenberg and Zimmerman, 1984; Rasmussen and
Khalil, 1988; Zimmerman et al., 1988) and for the wet sea-
son (Yafez-Serrano et al., 2015), these results are the low-
est observed fluxes of isoprene to atmosphere reported for
the Amazonia. However, this could be due to features asso-
ciated with the site of this study, such as the relatively open
canopy caused by the proximity to a dirt road and perhaps a
relatively low fraction of isoprene emitting species. Isoprene
fluxes measured previously at the same tower site during the
wet season were similar (Karl et al., 2009).

Total monoterpenes also showed a strong seasonal varia-
tion with maximum mixing ratios during the dry-to-wet sea-
son, followed by the dry season and the wet season (mid-
dle panel of Fig. 3a). Taking mixing ratios of the dry-to-
wet transition season as a reference, total monoterpene mix-
ing ratios showed an increase of up to 20% from the dry
season to the dry-to-wet transition season, and a decrease
of up to 50% from the dry-to-wet transition season to the
wet season. Although total monoterpene mixing ratios were
somewhat higher in the dry-to-wet transition season than dur-
ing the dry season, total monoterpene fluxes inferred by the
vertical profiles were slightly higher during the dry season
(1.47+£0.06 mgm—2h~1) compared to the dry-to-wet season
(1.2940.2mgm—2h~1) (Fig. 4e), indicating that the produc-
tion is higher in the dry season and losses are also higher,
leading to lower mixing ratios. In comparison, emissions
from these two seasons were considerably higher than dur-
ing the wet season (0.36 &= 0.05mgm~2h~1) (Fig. 4e). This
again indicates that higher insolation and air temperature dur-
ing the dry season and dry-to-wet transition season compared
to the wet season increased the atmospheric concentrations
of monoterpenes and, considering the enhanced ozone mix-
ing ratios during the dry season, this may influence the sea-
sonal pattern in monoterpene ozonolysis loss rates (Jardine
et al., 2015). These results agree with branch level measure-
ments that showed higher monoterpene emissions during the
dry-to-wet transition season compared to the wet-to-dry tran-
sition season (Kuhn et al., 2004a). However, results reported
here differ from those presented for the southern Amazo-
nia, where monoterpene mixing ratios were higher during
the wet season than during the dry season (Kesselmeier et
al., 2002). Although only a few studies have been carried
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out with the objective of investigating monoterpene seasonal
variations, factors other than light and temperature might in-
fluence monoterpene emissions from vegetation, including
the oxidative capacity of the atmosphere and leaf phenology
(Kesselmeier et al., 2002; Kuhn et al., 2004a).

Total monoterpene mixing ratios and fluxes, during the
dry season and the dry-to-wet transition season, were sim-
ilar to values reported for other sites in central Amazonia
(Karl et al., 2007; Yafez-Serrano et al., 2015). However, the
monoterpene comparison of reported studies is a difficult en-
deavor given that some techniques measured total monoter-
penes and others measured some specific monoterpene com-
pounds, and also because monoterpene fragmentation during
measurements (PTR-MS) could affect the absolute values of
these compounds. Therefore, further efforts are needed in or-
der to characterize the seasonal abundance and the seasonal
species-specific compaosition of monoterpenes in the Amazo-
nia.

Average vertical profiles of total sesquiterpene mixing ra-
tios were higher in the dry-to-wet transition season, fol-
lowed by the dry season and the wet season (bottom panel
of Fig. 3a). Taking mixing ratios of the dry-to-wet transition
season as a reference, total sesquiterpene mixing ratios in-
creased up to 30 % from the dry season to the dry-to-wet tran-
sition season and decreased by up to 55 % from the dry-to-
wet transition season to the wet season. During the dry sea-
son and the dry-to-wet transition season, the maximum total
sesquiterpene mixing ratios were observed near the ground.
During the wet season, the maximum mixing ratio was at
17 m (sub-canopy). According to Jardine et al. (2011), dur-
ing the daytime many sesquiterpenes (46—61 % by mass) are
rapidly oxidized by ozone as they undergo within-canopy
ozonolysis and contribute to the scarcity of total sesquiter-
penes above and near the top of the canopy. Considering that
higher insolation and also higher ozone concentrations were
observed during the dry season (ozone daily average of ~ 23
and ~ 10 ppbv at 40 m in the dry and wet seasons, respec-
tively), an important fraction of the sesquiterpenes emitted by
vegetation could be rapidly oxidized by ozone, leading to sig-
nificantly lower mixing ratios of total sesquiterpene during
the dry season (Jardine et al., 2011), which creates a need to
account for sesquiterpene oxidation within the canopy when
calculating emission rates.

Another potential reason for higher mixing ratios of total
sesquiterpenes near the ground is that emission could come
from surface sources including litter, roots and soil microbes
and fungi. Silva (2010) presented surface BVOC emissions at
this site, and the results suggested that the litter decomposi-
tion could be an important source of sesquiterpenes to the at-
mosphere. Litter production is higher during the dry than dur-
ing the wet season (Luizéo, 1989), which could lead to higher
amounts of litter at the end of the dry season. Rain starting
to increase in the dry-to-wet transition could contribute to
more decomposition of the litter storage, which can poten-
tially increase sesquiterpene emissions during the processes
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of decomposition of dead organic matter. Although the eco-
logical functional role of these sesquiterpenes is not known,
abiotic emissions from the litter have a specific signature that
can be similar to the concentration profile in the green leaf
content (Austin et al., 2014) and in sufficient concentration
BVOCs can have the capacity of attracting and repelling soil
organisms to a specific location (Austin et al., 2014). There-
fore, higher sesquiterpene emissions from the litter could be
a signal to the fauna related to the decomposition process and
represent an important step of the biogeochemical cycling.
In contrast to the mixing ratios, the source-sink distri-
bution analysis made from the vertical profiles of total
sesquiterpenes indicated that the main source of these com-
pounds is the canopy (24 m) (Fig. 4g), and the integration
of sources and sinks showed that the highest total sesquiter-
pene emission rates going into the atmosphere was during
the dry-to-wet transition season (0.77+0.1 mgm~2h~1), fol-
lowed by the dry season (0.38-£0.2 mgm~2h~1), and the wet
season (0.3440.2mgm~—2h~1) (Fig. 4h). However, although
Nemitz et al. (2000) have suggested that limitations on the
ow/u* parameterization close to the ground do not affect the
net flux above the canopy, here we strongly suggest future
studies focus on better characterizing the turbulence and ox-
idation processes at this site, in order to verify the source-
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sink distribution of sesquiterpenes within the canopy and the
emissions from the canopy to atmosphere. This should in-
clude speciated sesquiterpene measurements in order to ac-
count for their specific reactivity with ozone and other oxi-
dants.

Relative emissions can be calculated as emissions nor-
malized to standard conditions of above-canopy PAR of
1500 pmolm—2s~1 and temperature of 30 °C. Based only on
light, temperature and LAl variation, relative emissions esti-
mated by MEGAN 2.1 were maximum during the dry sea-
son for isoprene, «-pinene, and B-caryophyllene (Fig. 4c,
f, i), when the highest light and temperature were observed.
This prediction differs from the ILT flux estimates (Fig. 4b,
e, h), which showed similar emissions between the dry
and the dry-to-wet season for isoprene and total monoter-
penes and maximum emission during the dry-to-wet season
for total sesquiterpenes. The overall uncertainties related to
ILT flux was calculated as £36 % and MEGAN estimates
are considered to be in agreement with observations when
they are within ~ 30 %. However, more observation studies
are needed in order to evaluate the degree of observation-
modeling agreement and to improve model approaches, espe-
cially for total monoterpenes and total sesquiterpenes, which
could present larger uncertainties due to the lack of infor-

Atmos. Chem. Phys., 16, 3903-3925, 2016



3918

1250~ 251

1000

N
=]
T

~

a

=)
T

[

5
T

a

o

=]
T

PAR(umol m 2 s}
5
T

Number of treetops with leaf flushing

250

)
T

L 1

ok o [N

E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia

| [

|
PAR Leaf flushing =—e=— TMt =——e— |soprene -125

Flux (mg m™2 h™Y)

Oct NovDec Jan Feb Mar Apr MayJun Jul AugSep Oct NovDec Jan Feb Mar AprMayJun Jul AugSep Oct NovDec Jan
Month (2010-2013)

Figure 6. Estimated monthly leaf flushing (light green line) (Tavares, 2013), and monthly average of PAR measured from October 2010 to
January 2013 at K34 tower (06:00-18:00, LT) (black line). For the period of this study, leaf flushing is also represented by the analysis of
canopy images for every 6 days from October 2010 to January 2011 (red circles). Monthly averages of fluxes of isoprene (dark green line)
and total monoterpenes (blue line) (estimated for 10:00-14:00, LT, at TT34 tower). Grey areas represent the period of the dry season.

mation about atmospheric concentrations and reactivity of
monoterpene and sesquiterpene chemical species in Amazo-
nia.

To compare the seasonal variation of isoprenoid emissions
with changes in environmental (light and temperature) and
biological (LAI) factors in more detail, monthly fluxes of iso-
prenoids were compared to PAR at 51 m, air temperature at
51 m, and LAI (satellite observations — MODIS) (Fig. 5). The
highest fluxes of isoprene and total monoterpene were ob-
served when PAR was at its highest (October 2010) (Fig. 5b,
¢), and when there is high abundance of healthy efficient
leaves (Nelson et al., 2014). The similarity in the behavior of
isoprene and monoterpene emissions is supported by the evi-
dence of the photosynthetic origin of monoterpenes (Jardine
et al., 2015; Loreto et al., 1996). Interestingly, in Septem-
ber 2010 total monoterpene emissions were higher than iso-
prene emissions. This could be related to the higher source
of monoterpenes in the upper canopy compared to isoprene
during this month. When there are more young leaves at the
upper canopy during the first half of the dry season (Nel-
son et al., 2014), high emissions of monoterpenes can be ex-
pected. Total sesquiterpene fluxes tracked neither PAR nor
air temperature, having the highest emission when PAR and
air temperature were decreasing (November 2010) (Fig. 5d).

Predictions from MEGAN 2.1 again differed from mea-
sured emissions (Fig. 5b, ¢, d), showing a reduction in emis-
sions from September 2010 to January 2011. Major quanti-
tative differences between ILT and MEGAN estimates can
be shown for isoprene in September, when ILT estimates
represented only 4% of the MEGAN estimates; for total
monoterpenes in December, when ILT estimates accounted
for 14% of the MEGAN estimates; and for total sesquiter-
penes in November, when ILT estimates were 232 % higher
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than MEGAN estimates. These differences may be related
to local effects, especially leaf phenology and changes in
the atmospheric oxidative capacity over the seasons. In order
to evaluate the potential effect of leaf phenology on emis-
sions, leaf flushing, PAR, isoprene and total monoterpenes at
canopy scale were compared in Fig. 6. They closely tracked
each other during the 4 months of measurements. For the
period of this study, the analysis of canopy images for ev-
ery 6 days from October 2010 to January 2011 showed a
decrease in leaf flushing from the end of the dry season to
the wet season, which was similar to the decrease of iso-
prene and total monoterpene emissions and PAR. Results
from 28 months (October 2010-January 2013) of canopy
imaging have shown that the highest number of treetops with
leaf flushing occurred during the wet-to-dry transition sea-
son (June-July), accounting for 35-50% of treetops with
leaf flushing, followed by a subsequent decrease until the end
of the wet season (Tavares, 2013) (Fig. 6). Correspondingly,
the results of the present study suggest that lowest emissions
might be expected in the June—July time period. These results
agree with those presented by Barkley et al. (2009) using re-
mote sensing, suggesting that seasonal changes in isoprene
emissions may be strongly affected by leaf phenology in the
Amazonia.

In order to verify if the seasonal trend of the isoprene
emissions observed in this study can also be observed in a
0.5° grid cell around TT34 tower, isoprene emissions es-
timated based on tower vertical profile concentrations are
compared with estimates constrained by satellite measure-
ments of HCHO in Fig. 7. The top-down estimates have
a seasonal cycle that is similar to the bottom-up approach.
Compared to the dry season, fluxes decrease by 40 % during
the wet and the wet-to-dry transition season from April to
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July (Stavrakou et al., 2015), in qualitative agreement with
the conclusions drawn in Barkley et al. (2009). The inferred
dry season isoprene flux is about twice that of the wet-to-
dry season. It peaks in September and gradually drops from
October to January (Fig. 7), as a result of decreasing temper-
ature and solar radiation, affecting the oxidation of isoprene
leading to HCHO formation. The ground-based estimates ex-
hibit a much stronger month-to-month variation, with flux es-
timates of 5 times higher in October compared to September
and December. The small increase of the flux between De-
cember and January is not observed by the satellite observa-
tions. Despite these differences, partly due to reduced repre-
sentativeness when comparing local measurements with flux
estimates from a 0.5° grid cell, this comparison shows that
both large (satellite) and small (ground-based) scales agree
that there are enhanced isoprene emissions during the dry
season followed by a reduction towards the wet season.

The results reported here are associated with a small foot-
print area. This together with the huge biodiversity of trop-
ical rainforests makes it impossible to generalize these re-
sults to the regional scale. Moreover, although some pre-
vious reports have suggested significant seasonal variations
of BVOCs based on in situ measurements in different sub-
regions of Amazonia, when those investigations (summa-
rized in Table 1) and this study were compared, high vari-
ability is apparent among values of mixing ratios and fluxes.
This variability could be due to the following: (1) different
methodologies, (2) sampling in different seasons, (3) sam-
pling in different regions (e.g., south, north, west, eastern
Amazonia), (4) sampling in different ecotones of the same
region, (5) different statistical analyses, and (6) perhaps due
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to small data sets that are not statistically significant to char-
acterize emissions of a specific site.

3.3 Comparison with model predictions of seasonal
isoprenoid emissions in Amazonia

Although the canopy scale isoprenoid emission measure-
ments presented here differed from those modeled by
MEGAN 2.1 (Figs. 4, 5), which assume that variations are
driven primarily by light, temperature and leaf area, in terms
of seasonal variation, MEGAN 2.1 estimates of isoprene
emission agreed fairly well with the satellite-derived iso-
prene emission, which suggests that other factors at this site
could influence isoprene emissions locally. As already men-
tioned, leaf phenology may cause important effects on lo-
cal emissions. As MEGAN 2.1 was driven with local vari-
ations in PAR and air temperature, and with regional varia-
tions of LAI (satellite observations at 1 km resolution), this
regional variation in LAI may not represent the local effect
of LAl variation on local emissions, since vegetation in Ama-
zonia is phenologically distinct due to the huge biodiversity
of this ecosystem (Silva et al., 2013). Furthermore, as the
canopy structure might vary seasonally due to leaf phenol-
ogy/demography, the pattern of light penetration/absorption
and then leaf temperature may change as well; thus, this, to-
gether with the differences in emissions among species and
among leaf ontogenetic stages, could have an important im-
pact on seasonal changes of local emissions.

Besides the effects of light, temperature and leaf phenol-
ogy/demography, some efforts have been made to include
effects of CO, variation (Arneth et al., 2007; Guenther et
al., 2012) as well as the link between photosynthesis and
emission (Grote et al., 2014; Morfopoulos et al., 2013, 2014;
Unger et al., 2013) into isoprene emission models at regional
and global scales. However, the current regional and global
BVOC emission models predict much smaller seasonal varia-
tions (Guenther et al., 2006, 2012; Mailler et al., 2008; Unger
etal., 2013) compared to the measurements in Amazonia (Ta-
ble 1). Furthermore, satellite observations indicate that the
current understanding of the processes controlling seasonal
variations is insufficient, and models do not simulate the un-
expected shutdown of isoprene emission in the Amazonia
during the wet-to-dry transition season (Barkley et al., 2009).

Many recently published studies have used the MEGAN
model and the majority have focused on improving our un-
derstanding of isoprene emissions. Although other models
have been developed on the basis of known biochemical pro-
cesses (Grote et al., 2014; Morfopoulos et al., 2014; Unger
et al., 2013), the general framework and processes simulated
are similar. The biochemical basis of isoprene production and
release must be further understood to develop mechanistic
explanations for variation in isoprene emission (Monson et
al., 2012), which may reduce uncertainties associated with
the responses to environmental factors.
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Seasonal variation of isoprene emissions might be ex-
plained by the change in energy supply from photosynthe-
sis throughout the seasons (e.g. Grote et al., 2014). This is
supported by the generally strong correlation between iso-
prene emission and gross photosynthetic capacity reported
for Amazonian tree species (Kuhn et al., 2004b), and by the
fact that higher demography of healthy efficient leaves (Nel-
son et al., 2014) coincides with the period of most efficient
landscape-scale photosynthesis and photosynthetic capacity
(Restrepo-Coupe et al., 2013). However, more measurements
are needed to examine this relationship which should follow
PAR variation. Additionally, since canopy structure may ex-
plain some variation in biomass growth over tropical land-
scapes due to differences in the pattern of light penetration
and absorption by the canopies (Stark et al., 2012), measure-
ments of canopy structure may also help to explain some of
the differences in isoprenoid emissions among the Amazo-
nian sub-regions.

Therefore, at least for the Amazonian rainforest, mod-
els currently do not fully capture seasonal variations in
isoprenoid emissions, especially for monoterpenes and
sesquiterpenes, which are less investigated compared to iso-
prene. The scarcity of measurements in Amazonia pre-
vents the development and evaluation of accurate model ap-
proaches. Thus, this study strongly encourages future in situ
measurements in Amazonia, including at leaf level, in order
to verify changes driven by seasonal variations in leaf area,
leaf age, phenology and emission response to soil moisture,
and the short-term and long-term temperature and light envi-
ronment.

4 Summary and conclusions

In this study, we present the first in situ measurements that
show a seasonal trend in isoprenoid emissions for a primary
rainforest of central Amazonia. Isoprenoid emissions peak at
the end of the dry season and at the dry-to-wet transition sea-
son. Under conditions of high insolation and high temper-
atures joined together with the high demography of photo-
synthetically efficient leaves (Caldararu et al., 2012; Myneni
et al., 2007; Nelson et al., 2014; Samanta et al., 2012), iso-
prenoid metabolic pathways may experience more favorable
conditions for synthesizing these compounds in the dry sea-
son and the dry-to-wet transition season. This is especially
for the case of isoprene and monoterpenes, which are light-
and temperature-dependent and are affected by the recent
production of photosynthetic substrates.

Although some studies have suggested that there are no
seasonal variations in canopy structure and greenness in
Amazonia (e.g. Morton et al., 2014), results reported here
present a seasonal variation of leaf flushing and suggest
maximum leaf demography in the late dry season, which
generally agrees with the assumption that a “greenup” dur-
ing the dry season in Amazonia may drive increasing iso-

Atmos. Chem. Phys., 16, 3903-3925, 2016

prene emissions as suggested by satellite retrievals (Barkley
et al., 2009). Moreover, this study also suggests that seasonal
changes in the atmospheric oxidative capacity could have an
important impact on the seasonality of at least some iso-
prenoid concentrations and above canopy emissions, espe-
cially for sesquiterpenes. Their quantification is challenged
by rapid atmospheric chemical reactions catalyzed by high
insolation and higher ozone concentrations in the dry season.

MEGAN 2.1 estimates did not fully capture the behavior
observed with the isoprenoid emissions based on in situ PTR-
MS measurements (inverse Lagrangian transport model).
Model emissions of isoprene and total monoterpenes were
overestimated, especially during September 2010 (dry sea-
son) and December 2010 (wet season), respectively. To-
tal sesquiterpenes were underestimated during November
2010 (dry-to-wet transition season). This difference between
MEGAN 2.1 flux estimates and fluxes estimated by the PTR-
MS vertical mixing ratio profiles could be due to experimen-
tal errors or the influence of very local effects on the seasonal
emissions measured in this site, because satellite-derived iso-
prene emissions agree fairly well with MEGAN 2.1 emission
estimates and the ground observations do not agree with the
satellite data or the model, principally in September. Perhaps
the isoprene pattern observed at the site is due to a very local
effect of leaf flushing by isoprene emitting species around
this tower, but this is not seen on the regional scale where
there are different species distributions.

Generally, current models assume that seasonal variation
of BVOC emissions in the Amazonian rainforest are primar-
ily based on light and temperature variations. These model
simulations capture only a part of the actual variation and
have uncertainties associated with the insufficient under-
standing of mechanistic processes involved in the seasonal-
ity of these compounds. Nevertheless, because the number
of measurements and sites is limited in Amazonia, there is
a scarcity of information, which hinders further model im-
provements. In summary, our results demonstrate strong sea-
sonality and suggest that important processes are taking place
during the transition seasons. Also, results reveal the need
for long-term and continuous BVOC observations from leaf
level to ecosystem level, and also suggest that standardized
measurement procedures are required in order to compare the
different Amazonian sub-regions. This may advance under-
standing of the seasonality of BVOC exchanges between for-
est and atmosphere, providing the information needed to im-
prove BVOC emission estimates for climate and air quality
modeling studies.

Acknowledgements. This work was performed at the National
Institute for Amazonian Research and at the State University
of Amazonas with funding provided by the CNPq (fellowship
provided to E. Alves by the Brazilian government), and financial
support for field work was provided by the Philecology Foundation
of Fort Worth, Texas, and the National Science Foundation through
the AMAZON-PIRE (Partnerships for International Research

www.atmos-chem-phys.net/16/3903/2016/



E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia 3921

and Education) award (0730305) and instrumentation support
(CHE 0216226). We also thank Scott Saleska for supporting this
long field campaign. This research was also supported by the
Office of Biological and Environmental Research of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231
as part of their Terrestrial Ecosystem Science Program. The
authors would like to acknowledge the advice and support from
the Large Biosphere-Atmosphere (LBA) as a part of the Green
Ocean Amazon (GoAmazon) 2014/5 project in Manaus, Brazil.
T. Stavrakou was supported by the GlobEmission project (No
4000104001/11/1-NB) of the European Space Agency.

Edited by: J. Allan

References

Ahlm, L., Nilsson, E. D., Krejci, R., Martensson, E. M., Vogt, M.,
and Artaxo, P.: A comparison of dry and wet season aerosol num-
ber fluxes over the Amazon rain forest, Atmos. Chem. Phys., 10,
3063-3079, doi:10.5194/acp-10-3063-2010, 2010.

Alves, E. G., Harley, P., Gongalves, J. F. D. C., Eduardo, C., and
Jardine, K.: Effects of light and temperature on isoprene emission
at different leaf developmental stages of Eschweilera coriacea in
central Amazon, Acta Amazonica, 44, 9-18, doi:10.1590/S0044-
59672014000100002, 2014.

Andreae, M. O., Artaxo, P., Brandao, C., Carswell, F. E., Ciccioli, P,,
da Costa, A. L., Culf, A. D., Esteves, J. L., Gash, J. H. C., Grace,
J., Kabat, P., Lelieveld, J., Malhi, Y., Manzi, A. O., Meixner,
F. X., Nobre, A. D., Nobre, C., Ruivo, M., Silva-Dias, M. A,
Stefani, P., Valentini, R., von Jouanne, J., and Waterloo, M. J.:
Biogeochemical cycling of carbon, water, energy, trace gases,
and aerosols in Amazonia: The LBA-EUSTACH experiments, J.
Geophys. Res., 107, 8066, doi:10.1029/2001jd000524, 2002.

Aquino, C. A. B.: Identificacdo de Compostos Organicos Volateis
(COVs) emitidos por Florestas na regido Amazénica, MS thesis.
Federal University of Mato Grosso, Cuiaba-MT, Brazil, 106 pp.,
2006 (in Portuguese).

Araujo, A. C., Nobre, A. D., Kruijt, B., Elbers, J. A., Dallarosa, R.,
Stefani, P.,, von Randow, C., Manzi, A. O., Culf, A. D., Gash,
J. H. C., Valentini, R., Kabat, P., and Araujo, A. C.: Comparative
measurements of carbon dioxide fluxes from two nearby towers
in a central Amazonian rainforest: The Manaus LBA site, J. Geo-
phys. Res., 107, 8090, doi:10.1029/2001jd000676, 2002.

Arneth, A., Niinemets, U., Pressley, S., Béck, J., Hari, P., Karl,
T., Noe, S., Prentice, I. C., Serca, D., Hickler, T., Wolf, A,
and Smith, B.: Process-based estimates of terrestrial ecosys-
tem isoprene emissions: incorporating the effects of a di-
rect COo-isoprene interaction, Atmos. Chem. Phys., 7, 31-53,
d0i:10.5194/acp-7-31-2007, 2007.

Arneth, A., Monson, R. K., Schurgers, G., Niinemets, U., and
Palmer, P. I.: Why are estimates of global terrestrial isoprene
emissions so similar (and why is this not so for monoterpenes)?,
Atmos. Chem. Phys., 8, 4605-4620, doi:10.5194/acp-8-4605-
2008, 2008.

Atkinson, R. and Arey, J.: Atmospheric Degradation of
\olatile Organic Compounds, Chem. Rev., 103, 4605-4638,
doi:10.1021/cr0206420, 2003.

www.atmos-chem-phys.net/16/3903/2016/

Austin, A. T., Vivanco, L., Gonzéalez-Arzac, A., and Pérez, L. I.:
There’s no place like home? An exploration of the mechanisms
behind plant litter-decomposer affinity in terrestrial ecosystems,
New Phytol., 204, 307-314, doi:10.1111/nph.12959, 2014.

Barkley, M. P., Palmer, P. I., Kuhn, U., Kesselmeier, J., Chance,
K., Kurosu, T. P,, Martin, R. V., Helmig, D., and Guenther, A.:
Net ecosystem fluxes of isoprene over tropical South America in-
ferred from Global Ozone Monitoring Experiment (GOME) ob-
servations of HCHO columns, J. Geophys. Res., 113, D20304,
doi:10.1029/2008JD009863, 2008.

Barkley, M. P., Palmer, P. I., De Smedt, I., Karl, T., Guenther,
A., and Van Roozendael, M.: Regulated large-scale annual shut-
down of Amazonian isoprene emissions?, Geophys. Res. Lett.,
36, L04803, doi:10.1029/2008GL036843, 2009.

Barkley, M. P., De Smedt, I., Van Roozendael, M., Kurosu, T. P,
Chance, K., Arneth, A., Hagberg, D., Guenther, A., Paulot, F.,
Marais, E., and Mao, J.: Top-down isoprene emissions over
tropical South America inferred from SCIAMACHY and OMI
formaldehyde columns, J. Geophys. Res.-Atmos., 118, 6849-
6868, doi:10.1002/jgrd.50552, 2013.

Bauwens, M., Stavrakou, T., Miller, J. F.,, De Smedt, I., and
Van Roosendael, M.: Satellite-based isoprene emission esti-
mates (2007-2012) from the GlobEmission projet, ACCENT-
Plus Symposium, Atmospheric Composition Change: the Euro-
pean Network, Urbino, 17-20 September 2013.

Bracho-Nunez, A., Knothe, N. M., Welter, S., Staudt, M., Costa,
W. R, Liberato, M. A. R., Piedade, M. T. F., and Kesselmeier, J.:
Leaf level emissions of volatile organic compounds (VOC) from
some Amazonian and Mediterranean plants, Biogeosciences, 10,
5855-5873, doi:10.5194/bg-10-5855-2013, 2013.

Caldararu, S., Palmer, P. I., and Purves, D. W.: Inferring Ama-
zon leaf demography from satellite observations of leaf area
index, Biogeosciences, 9, 1389-1404, doi:10.5194/bg-9-1389-
2012, 2012.

Ciccioli, P., Brancaleoni, E., Frattoni, M., Kuhn, U., Kesselmeir,
J., Dindorf, T., De Araujo, A. C., Nobre, A. D., Stefani, P., and
Velentini, R.: Fluxes of isoprenoid compounds over the tropi-
cal rainforest near Manaus during the dry season and their im-
plications in the ecosystem carbon budget and in the atmo-
spheric chemistry processes, Report Series in Aerosol Science
(62A) Proceedings of Integrated Land Ecosystem Atmosphere
Processes Study (ILEAPS) International Open Science Confer-
ence, Helsinki, Finland, 29 September-3 October, 2003.

Cleveland, C. C. and Yavitt, J. B.: Consumption of atmo-
spheric isoprene in soil, Geophys. Res. Lett., 24, 2379-2382,
doi:10.1029/97GL02451, 1997.

Cuartas, L. A., Tomasella, J., Nobre, A. D., Nobre, C. A., Hod-
nett, M. G., Waterloo, M. J., Oliveira, S. M. De, Randow,
R. D. C. Von, Trancoso, R., and Ferreira, M.: Distributed hy-
drological modeling of a micro-scale rainforest watershed in
Amazonia: Model evaluation and advances in calibration us-
ing the new HAND terrain model, J. Hydrol., 462-463, 15-27,
d0i:10.1016/j.jhydrol.2011.12.047, 2012.

da Rocha, H. R., Manzi, A. O., Cabral, O. M., Miller, S. D.,
Goulden, M. L., Saleska, S. R., R.-Coupe, N., Wofsy, S. C.,
Borma, L. S., Artaxo, P., Vourlitis, G., Nogueira, J. S., Cardoso,
F. L., Nobre, A. D., Kruijt, B., Freitas, H. C., von Randow, C.,
Aguiar, R. G., and Maia, J. F.: Patterns of water and heat flux
across a biome gradient from tropical forest to savanna in Brazil,

Atmos. Chem. Phys., 16, 3903-3925, 2016


http://dx.doi.org/10.5194/acp-10-3063-2010
http://dx.doi.org/10.1590/S0044-59672014000100002
http://dx.doi.org/10.1590/S0044-59672014000100002
http://dx.doi.org/10.1029/2001jd000524
http://dx.doi.org/10.1029/2001jd000676
http://dx.doi.org/10.5194/acp-7-31-2007
http://dx.doi.org/10.5194/acp-8-4605-2008
http://dx.doi.org/10.5194/acp-8-4605-2008
http://dx.doi.org/10.1021/cr0206420
http://dx.doi.org/10.1111/nph.12959
http://dx.doi.org/10.1029/2008JD009863
http://dx.doi.org/10.1029/2008GL036843
http://dx.doi.org/10.1002/jgrd.50552
http://dx.doi.org/10.5194/bg-10-5855-2013
http://dx.doi.org/10.5194/bg-9-1389-2012
http://dx.doi.org/10.5194/bg-9-1389-2012
http://dx.doi.org/10.1029/97GL02451
http://dx.doi.org/10.1016/j.jhydrol.2011.12.047

3922 E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia

J. Geophys. Res., 114, G00B12, doi:10.1029/2007JG000640,
2009.

Davis, K. J., Lenschow, D. H., and Zimmerman, P. R.: Bio-
genic nonmethane hydrocarbon emissions estimated from teth-
ered balloon observations, J. Geophys. Res., 99, 25587,
doi:10.1029/94JD02009, 1994.

Duhl, T. R., Helmig, D., and Guenther, A.: Sesquiterpene emis-
sions from vegetation: a review, Biogeosciences, 5, 761-777,
doi:10.5194/bg-5-761-2008, 2008.

Fidelis, C. H. V., Augusto, F., Sampaio, P. T. B., Krainovic,
P. M., and Barata, L. E. S.: Chemical characterization of rose-
wood (Aniba rosaeodora Ducke) leaf essential oil by com-
prehensive two-dimensional gas chromatography coupled with
quadrupole mass spectrometry, J. Essent. Oil Res., 24, 245-251,
doi:10.1080/10412905.2012.676770, 2012.

Geron, C., Rasmussen, R., Arnts, R. R., and Guenther, A.:
A review and synthesis of monoterpene speciation from
forests in the United States, Atmos. Environ., 34, 1761-1781,
doi:10.1016/S1352-2310(99)00364-7, 2000.

Goldan, P. D., Kuster, W. C., Fehseneld, F. C., and Montzka,
S. A.: Hydrocarbon measurements in the southeastern United
States: The Rural Oxidants in the Southern Environment
(ROSE) Program 1990, J. Geophys. Res., 100, 25945,
doi:10.1029/95JD02607, 1995.

Goldstein, A. H. and Galbally, I. E.: Known and Unexplored Or-
ganic Constituents in the Earth’s Atmosphere, Environ. Sci.
Technol., 41, 1514-1521, doi:10.1021/es072476p, 2007.

Gray, C. M., Monson, R. K., and Fierer, N.: Biotic and abiotic
controls on biogenic volatile organic compound fluxes from a
subalpine forest floor, J. Geophys. Res. Biogeo., 119, 547-556,
d0i:10.1002/2013JG002575, 2014.

Greenberg, J. P. and Zimmerman, P. R.: Nonmethane hydrocarbons
in remote tropical, continental, and marine atmospheres, J. Geo-
phys. Res., 89, 4767, d0i:10.1029/JD089iD03p04767, 1984.

Greenberg, J. P., Guenther, A. B., Petron, G., Wiedinmyer, C., Vega,
0., Gatti, L. V, Tota, J., and Fisch, G.: Biogenic VOC emissions
from forested Amazonian landscapes, Glob. Change Biol., 10,
651-662, doi:10.1111/j.1365-2486.2004.00758.x, 2004.

Grote, R., Morfopoulos, C., Niinemets, U., Sun, Z., Keenan, T. F.,
Pacifico, F., and Butler, T.: A fully integrated isoprenoid emis-
sions model coupling emissions to photosynthetic characteris-
tics, Plant Cell Environ., 37, 1965-80, doi:10.1111/pce.12326,
2014.

Guenther, A.: The contribution of reactive carbon emissions from
vegetation to the carbon balance of terrestrial ecosystems,
Chemosphere, 49, 837-44, doi:10.1016/S0045-6535(02)00384-
3, 2002.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I.,
and Geron, C.: Estimates of global terrestrial isoprene emissions
using MEGAN (Model of Emissions of Gases and Aerosols from
Nature), Atmos. Chem. Phys., 6, 3181-3210, doi:10.5194/acp-6-
3181-2006, 2006.

Guenther, A. B.: Upscaling biogenic volatile compound emissions
from leaves to landscapes, in Biology, controls and models of
tree volatile organic compound emissions, edited by: Niinemets,
U. and Monson, R. K., Springer, Berlin, 391-414, 2013.

Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T.,
Duhl, T., Emmons, L. K., and Wang, X.: The Model of Emissions
of Gases and Aerosols from Nature version 2.1 (MEGANZ2.1): an

Atmos. Chem. Phys., 16, 3903-3925, 2016

extended and updated framework for modeling biogenic emis-
sions, Geosci. Model Dev., 5, 1471-1492, doi:10.5194/gmd-5-
1471-2012, 2012.

Hamba, A.: Modified K model for chemically reactive species in
the planetary boundary layer, J. Geophys. Res., 98, 5173-5182,
d0i:10.1029/92JD02511, 1993.

Hanna, S. R., Russel, A. G., Wilkinson, J. G., Vukovich, J., and
Hansen, D. A.: Monte Carlo estimation of uncertainties in BEIS3
emission outputs and their effects on uncertainties in chemi-
cal transport model predictions. J. Geophys. Res., 110, D01302,
doi:10.1029/2004JD004986, 2005.

Harley, P., Vasconcellos, P., Vierling, L., Pinheiro, C. C. d. S,,
Greenberg, J., Guenther, A., Klinger, L., Almeida, S. S. d,,
Neill, D., Baker, T., Phillips, O., and Malhi, Y.: Variation
in potential for isoprene emissions among Neotropical forest
sites, Glob. Change Biol., 10, 630-650, doi:10.1111/j.1529-
8817.2003.00760.x, 2004.

Helmig, D., Balsley, B., Kuck, R., Jensen, M., Smith, T., and Birks,
J. W.: Vertical profiling and determination of landscape fluxes of
biogenic nonmethane hydrocarbons within the planetary bound-
ary layer in the Peruvian Amazon, J. Geophys. Res., 103, 519—
532, doi:10.1029/98JD01023, 1998.

Jacob, D. J. and Wofsy, S. C.: Photochemistry of biogenic emis-
sions over the Amazon forest, J. Geophys. Res., 93, 1477-1486,
d0i:10.1029/JD093iD02p01477, 1988.

Jardine, A. B., Jardine, K. J., Fuentes, J. D., Martin, S. T.,
Martins, G., Durgante, F., Carneiro, V., Higuchi, N., Manzi,
A. O., and Chambers, J. Q.: Highly reactive light-dependent
monoterpenes in the Amazon, Geophys. Res. Lett., 42, 1-8,
doi:10.1002/2014GL 062573, 2015.

Jardine, K., Yafiez Serrano, A., Arneth, A., Abrell, L., Jardine, A.,
van Haren, J., Artaxo, P., Rizzo, L. V., Ishida, F. Y., Karl, T.,
Kesselmeier, J., Saleska, S., and Huxman, T.: Within-canopy
sesquiterpene ozonolysis in Amazonia, J. Geophys. Res., 116,
D19301, doi:10.1029/2011jd016243, 2011.

Jardine, K. J., Henderson, W. M., Huxman, T. E., and Abrell, L.:
Dynamic Solution Injection: a new method for preparing pptv—
ppbv standard atmospheres of volatile organic compounds, At-
mos. Meas. Tech., 3, 1569-1576, doi:10.5194/amt-3-1569-2010,
2010.

Jardine, K. J., Monson, R. K., Abrell, L., Saleska, S. R., Ar-
neth, A., Jardine, A., Ishida, F. Y., Serrano, A. M. Y,
Artaxo, P, Karl, T., Fares, S., Goldstein, A., Loreto, F.,
and Huxman, T.: Within-plant isoprene oxidation confirmed
by direct emissions of oxidation products methyl vinyl ke-
tone and methacrolein, Glob. Change Biol., 18, 973-984,
doi:10.1111/j.1365-2486.2011.02610.x, 2012.

Jones, M. O., Kimball, J. S., and Nemani, R. R.: Asynchronous
Amazon forest canopy phenology indicates adaptation to both
water and light availability, Environ. Res. Lett., 9, 124021,
doi:10.1088/1748-9326/9/12/124021, 2014.

Karl, T., Potosnak, M., Guenther, A. B., Clark, D., Walker, J., Her-
rick, J. D., and Geron, C.: Exchange processes of volatile organic
compounds above a tropical rain forest: Implications for model-
ing tropospheric chemistry above dense vegetation, J. Geophys.
Res., 109, D18306, doi:10.1029/2004JD004738, 2004.

Karl, T., Guenther, A., Yokelson, R. J., Greenberg, J., Poto-
snak, M., Blake, D. R., and Artaxo, P.: The tropical forest
and fire emissions experiment: Emission, chemistry, and trans-

www.atmos-chem-phys.net/16/3903/2016/


http://dx.doi.org/10.1029/2007JG000640
http://dx.doi.org/10.1029/94JD02009
http://dx.doi.org/10.5194/bg-5-761-2008
http://dx.doi.org/10.1080/10412905.2012.676770
http://dx.doi.org/10.1016/S1352-2310(99)00364-7
http://dx.doi.org/10.1029/95JD02607
http://dx.doi.org/10.1021/es072476p
http://dx.doi.org/10.1002/2013JG002575
http://dx.doi.org/10.1029/JD089iD03p04767
http://dx.doi.org/10.1111/j.1365-2486.2004.00758.x
http://dx.doi.org/10.1111/pce.12326
http://dx.doi.org/10.1016/S0045-6535(02)00384-3
http://dx.doi.org/10.1016/S0045-6535(02)00384-3
http://dx.doi.org/10.5194/acp-6-3181-2006
http://dx.doi.org/10.5194/acp-6-3181-2006
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.1029/92JD02511
http://dx.doi.org/10.1029/2004JD004986
http://dx.doi.org/10.1111/j.1529-8817.2003.00760.x
http://dx.doi.org/10.1111/j.1529-8817.2003.00760.x
http://dx.doi.org/10.1029/98JD01023
http://dx.doi.org/10.1029/JD093iD02p01477
http://dx.doi.org/10.1002/2014GL062573
http://dx.doi.org/10.1029/2011jd016243
http://dx.doi.org/10.5194/amt-3-1569-2010
http://dx.doi.org/10.1111/j.1365-2486.2011.02610.x
http://dx.doi.org/10.1088/1748-9326/9/12/124021
http://dx.doi.org/10.1029/2004JD004738

E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia 3923

port of biogenic volatile organic compounds in the lower at-
mosphere over Amazonia, J. Geophys. Res., 112, D18302,
doi:10.1029/2007JD008539, 2007.

Karl, T., Guenther, A., Turnipseed, A., Tyndall, G., Artaxo, P., and
Martin, S.: Rapid formation of isoprene photo-oxidation prod-
ucts observed in Amazonia, Atmos. Chem. Phys., 9, 7753-7767,
doi:10.5194/acp-9-7753-2009, 2009.

Karl, T., Harley, P., Emmons, L., Thornton, B., Guenther, A.,
Basu, C., Turnipseed, A., and Jardine, K.: Efficient Atmospheric
Cleansing of Oxidized Organic Trace Gases by Vegetation, Sci-
ence, 330, 816-819, doi:10.1126/science.1192534, 2010.

Kesselmeier, J., Kuhn, U., Wolf, A., Andreae, M., Ciccioli, P., Bran-
caleoni, E., Frattoni, M., Guenther, A., Greenberg, J., De Castro
Vasconcellos, P., de Oliva, T., Tavares, T., and Artaxo, P.: Atmo-
spheric volatile organic compounds (VOC) at a remote tropical
forest site in central Amazonia, Atmos. Environ., 34, 4063-4072,
d0i:10.1016/S1352-2310(00)00186-2, 2000.

Kesselmeier, J., Kuhn, U., Rottenberger, S., Biesenthal, T., Wolf,
A., Schebeske, G., Andreae, M. O., Ciccioli, P., Brancaleoni, E.,
Frattoni, M., Oliva, S. T., Botelho, M. L., Silva, C. M. A., and
Tavares, T. M.: Concentrations and species composition of atmo-
spheric volatile organic compounds (VOCs) as observed during
the wet and dry season in Ronddnia (Amazonia), J. Geophys.
Res., 107, 8053, doi:10.1029/2000JD000267, 2002.

Kuhn, U., Rottenberger, S., Biesenthal, T., Wolf, A., Schebeske, G.,
Ciccioli, P., Brancaleoni, E., Frattoni, M., Tavares, T. M., and
Kesselmeier, J.: Isoprene and monoterpene emissions of Amazo-
nian tree species during the wet season: Direct and indirect in-
vestigations on controlling environmental functions, J. Geophys.
Res., 107, 8071, doi:10.1029/2001jd000978, 2002.

Kuhn, U., Rottenberger, S., Biesenthal, T., Wolf, A., Schebeske,
G., Ciccioli, P., Brancaleoni, E., Frattoni, M., Tavares, T. M.,
and Kesselmeier, J.: Seasonal differences in isoprene and
light-dependent monoterpene emission by Amazonian tree
species, Glob. Change Biol., 10, 663-682, d0i:10.1111/j.1529-
8817.2003.00771.x, 2004a.

Kuhn, U., Rottenberger, S., Biesenthal, T., Wolf, A., Schebeske,
G., Ciccioli, P., and Kesselmeier, J.: Strong correlation between
isoprene emission and gross photosynthetic capacity during leaf
phenology of the tropical tree species Hymenaea courbaril with
fundamental changes in volatile organic compounds emission
composition during early leaf development, Plant Cell Environ.,
27, 1469-1485, doi:10.1111/j.1365-3040.2004.01252.x, 2004b.

Kuhn, U., Andreae, M. O., Ammann, C., Araijo, A. C., Branca-
leoni, E., Ciccioli, P., Dindorf, T., Frattoni, M., Gatti, L. V,,
Ganzeveld, L., Kruijt, B., Lelieveld, J., Lloyd, J., Meixner, F. X.,
Nobre, A. D., Pdschl, U., Spirig, C., Stefani, P., Thielmann, A,
Valentini, R., and Kesselmeier, J.: Isoprene and monoterpene
fluxes from Central Amazonian rainforest inferred from tower-
based and airborne measurements, and implications on the at-
mospheric chemistry and the local carbon budget, Atmos. Chem.
Phys., 7, 2855-2879, doi:10.5194/acp-7-2855-2007, 2007.

Lamb, B., Guenther, A., Gay, D., and Westberg, H.: A National In-
ventory of Biogenic Hydrocarbon Emissions, Atmos. Environ.,
21, 1695-1705, doi:10.1016/0004-6981(87)90108-9, 1987.

Lamb, B., Pierce, T., Baldocchi, D., Allwine, E., Dilts, S., West-
berg, H., Geron, C., Guenther, A., Klinger, L., Harley, P., and
Zimmerman, P.: Evaluation of forest canopy models for estimat-

www.atmos-chem-phys.net/16/3903/2016/

ing isoprene emissions, J. Geophys. Res., 101, 22787-22797,
doi:10.1029/96JD00056, 1996.

Laothawornkitkul, J., Taylor, J. E., Paul, N. D., and Hewitt, C. N.:
Biogenic volatile organic compounds in the Earth system, New
Phytol., 183, 27-51, doi:10.1111/j.1469-8137.2009.02859.x,
2009.

Lelieveld, J., Butler, T. M., Crowley, J. N., Dillon, T. J., Fis-
cher, H., Ganzeveld, L., Harder, H., Lawrence, M. G., Martinez,
M., Taraborrelli, D., and Williams, J.: Atmospheric oxidation
capacity sustained by a tropical forest, Nature, 452, 737-40,
doi:10.1038/nature06870, 2008.

Lima, P. M., Zoghbi, G. B., Andrade, E. H. A, Silva, T. M., and
Fernandes, C. S.: Constituintes volateis das folhas e dos galhos
de Cinnamomum zeylanicum Blume (Lauraceae), Volatile con-
stituents from leaves and branches of Cinnamomum zeylanicum
Blume (Lauraceae), Acta Amazonica, 35, 363-366, 2005.

Lindinger, W., Hansel, A., and Jordan, A.: On-line monitoring of
volatile organic compounds at pptv levels by means of proton-
transfer-reaction mass spectrometry (PTR-MS) medical appli-
cations, food control and environmental research, Int. J. Mass
Spectrom., 173, 191-241, doi:10.1016/S0168-1176(97)00281-4,
1998.

Liu, Y. J., Herdlinger-Blatt, 1., McKinney, K. A., and Martin, S. T.:
Production of methyl vinyl ketone and methacrolein via the hy-
droperoxyl pathway of isoprene oxidation, Atmos. Chem. Phys.,
13, 5715-5730, doi:10.5194/acp-13-5715-2013, 2013.

Loreto, F., Ciccioli, P., Cecinato, A., Brancaleoni, E., Frattoni, M.,
Fabozzi, C., and Tricoli, D.: Evidence of the Photosynthetic Ori-
gin of Monoterpenes Emitted by Quercus ilex L. Leaves by 13C
Labeling, Plant Physiol., 110, 1317-1322, 1996.

Luizdo, F. J.: Litter production and mineral element input to the
forest floor in a central Amazonian forest, GeoJournal, 19, 407—
417, 1989.

Malhi, Y., Aragdo, L. E. O. C., Metcalfe, D. B., Paiva, R., Que-
sada, C. A., Almeida, S., Anderson, L., Brando, P., Chambers,
J. Q., da Costa, A. C. L., Hutyra, L. R., Oliveira, P., Patifio, S.,
Pyle, E. H., Robertson, A. L., and Teixeira, L. M.: Comprehen-
sive assessment of carbon productivity, allocation and storage in
three Amazonian forests, Glob. Change Biol., 15, 1255-1274,
doi:10.1111/j.1365-2486.2008.01780.x, 2009.

Marengo, J. A., Nobre, C. A., Tomasella, J., Oyama, M. D., Sam-
paio de Oliveira, G., de Oliveira, R., Camargo, H., Alves, L. M.,
and Brown, I. F.: The Drought of Amazonia in 2005, J. Climate,
21, 495-516, do0i:10.1175/2007JCL11600.1, 2008.

Marengo, J. A., Tomasella, J., Alves, L. M., Soares, W. R., and Ro-
driguez, D. A.: The drought of 2010 in the context of historical
droughts in the Amazon region, Geophys. Res. Lett., 38, 1-5,
doi:10.1029/2011GL047436, 2011.

Martin, S. T., Andreae, M. O., Althausen, D., Artaxo, P., Baars, H.,
Borrmann, S., Chen, Q., Farmer, D. K., Guenther, A., Gunthe,
S. S., Jimenez, J. L., Karl, T., Longo, K., Manzi, A., Miller, T.,
Pauliquevis, T., Petters, M. D., Prenni, A. J., Péschl, U., Rizzo,
L. V., Schneider, J., Smith, J. N., Swietlicki, E., Tota, J., Wang,
J., Wiedensohler, A., and Zorn, S. R.: An overview of the Ama-
zonian Aerosol Characterization Experiment 2008 (AMAZE-
08), Atmos. Chem. Phys., 10, 11415-11438, doi:10.5194/acp-
10-11415-2010, 2010.

Misztal, P. K., Karl, T., Weber, R., Jonsson, H. H., Guenther,
A. B., and Goldstein, A. H.: Airborne flux measurements of bio-

Atmos. Chem. Phys., 16, 3903-3925, 2016


http://dx.doi.org/10.1029/2007JD008539
http://dx.doi.org/10.5194/acp-9-7753-2009
http://dx.doi.org/10.1126/science.1192534
http://dx.doi.org/10.1016/S1352-2310(00)00186-2
http://dx.doi.org/10.1029/2000JD000267
http://dx.doi.org/10.1029/2001jd000978
http://dx.doi.org/10.1111/j.1529-8817.2003.00771.x
http://dx.doi.org/10.1111/j.1529-8817.2003.00771.x
http://dx.doi.org/10.1111/j.1365-3040.2004.01252.x
http://dx.doi.org/10.5194/acp-7-2855-2007
http://dx.doi.org/10.1016/0004-6981(87)90108-9
http://dx.doi.org/10.1029/96JD00056
http://dx.doi.org/10.1111/j.1469-8137.2009.02859.x
http://dx.doi.org/10.1038/nature06870
http://dx.doi.org/10.1016/S0168-1176(97)00281-4
http://dx.doi.org/10.5194/acp-13-5715-2013
http://dx.doi.org/10.1111/j.1365-2486.2008.01780.x
http://dx.doi.org/10.1175/2007JCLI1600.1
http://dx.doi.org/10.1029/2011GL047436
http://dx.doi.org/10.5194/acp-10-11415-2010
http://dx.doi.org/10.5194/acp-10-11415-2010

3924 E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia

genic isoprene over California, Atmos. Chem. Phys., 14, 10631-
10647, doi:10.5194/acp-14-10631-2014, 2014.

MODIS-NASA: Leaf Area Index — Fraction of Photosyntheti-
cally Active Radiation 8-Day L4 Global 1km, available at:
https://Ipdaac.usgs.gov/dataset_discovery/modis/modis, (last ac-
cess: 25 July 2015), 2015.

Monson, R. K., Grote, R., Niinemets, U., and Schnitzler, J.-P.:
Modeling the isoprene emission rate from leaves, 195, 541-559,
doi:10.1111/j.1469-8137.2012.04204.x, 2012.

Morfopoulos, C., Prentice, I. C., Keenan, T. F., Friedlingstein,
P., Medlyn, B. E., Pefiuelas, J., and Possell, M.: A uni-
fying conceptual model for the environmental responses of
isoprene emissions from plants, Ann. Bot., 112, 1223-1238,
d0i:10.1093/aob/mct206, 2013.

Morfopoulos, C., Sperlich, D., Pe, J., Filella, I., Llusi, J., Possell,
M., Sun, Z., Prentice, I. C., and Medlyn, B. E.: A model of
plant isoprene emission based on available reducing power cap-
tures responses to atmospheric CO5, New Phytol., 203 , 125-
139, d0i:10.1111/nph.12770, 2014.

Morton, D. C., Nagol, J., Carabajal, C. C., Rosette, J., Palace,
M., Cook, B. D., Vermote, E. F., Harding, D. J., and North,
P. R. J.: Amazon forests maintain consistent canopy structure
and greenness during the dry season, Nature, 506, 221-224,
doi:10.1038/nature13006, 2014.

Muller, J.-F., Stavrakou, T., Wallens, S., De Smedt, I., Van Roozen-
dael, M., Potosnak, M. J., Rinne, J., Munger, B., Goldstein, A.,
and Guenther, A. B.: Global isoprene emissions estimated using
MEGAN, ECMWEF analyses and a detailed canopy environment
model, Atmos. Chem. Phys., 8, 1329-1341, doi:10.5194/acp-8-
1329-2008, 2008.

Myneni, R. B., Yang, W., Nemani, R. R., Huete, A. R., Dickin-
son, R. E., Knyazikhin, Y., Didan, K., Fu, R., Negron Juérez,
R. I., Saatchi, S. S., Hashimoto, H., Ichii, K., Shabanov,
N. V, Tan, B., Ratana, P., Privette, J. L., Morisette, J. T., \er-
mote, E. F., Roy, D. P, Wolfe, R. E., Friedl, M. A., Run-
ning, S. W., Votava, P., El-Saleous, N., Devadiga, S., Su, Y.,
and Salomonson, V. V: Large seasonal swings in leaf area of
Amazon rainforests, P. Natl. Acad. Sci. USA, 104, 4820-4823,
doi:10.1073/pnas.0611338104, 2007.

Nelson, B., Tavares, J., Wu, J., Valeriano, D., Lopes, A., Maros-
tica, S., Martins, G., Prohaska, N., Albert, L., De Aradjo, A.,
Manzi, A., Saleska, S., and Huete, A.: Seasonality of central
Amazon Forest Leaf Flush using tower mounted RGB Camera,
AGU Fall Meeting, San Francisco, California, 15-19 December
2014, B11G-0107, 2014.

Nemitz, E., Sutton, M. A., Gut, A., San José, R., Husted, S.,
and Schjoerring, J. K.: Sources and sinks of ammonia within
an oilseed rape canopy, Agr. Forest Meteorol., 105, 385-404,
d0i:10.1016/S0168-1923(00)00205-7, 2000.

Oliveira, A. N., Braule, M., Ramos, P., Couto, L. B., and Sahdo,
R. M.: Composicdo e diversidade floristico-estrutural de um
hectare de floresta densa de terra firme na Amazodnia, Acta Ama-
zonica, 38, 627-642, doi:10.1590/S0044-59672008000400005,
2008.

Park, J.-H., Goldstein, A. H., Timkovsky, J., Fares, S., Weber, R.,
Karlik, J., and Holzinger, R.: Active atmosphere—ecosystem ex-
change of the vast majority of detected volatile organic com-
pounds, Science, 341, 643-647, doi:10.1126/science.1235053,
2013.

Atmos. Chem. Phys., 16, 3903-3925, 2016

Parker, G. and Fitzjarrald, D. R.: Canopy structure and radiation
environment metrics indicate forest developmental stage, distur-
bance, and certain ecosystem functions, I11 LBA Scientific Con-
ference, 27-29 July 2004, Braz. Minist. of Sci. and Technol.,
Brasilia, Brazil, 2004.

Pires, J. M. and Prance, G. T.: Key environments: Amazonia, in:
Vegetation types of the Brazilian Amazonia, edited by: Prance,
G. T. and Lovejoy, T. E., Pergamon, New York, 1985.

Rasmussen, R. A. and Khalil, M. A. K.: Isoprene over
the Amazon Basin, J. Geophys. Res., 93, 1417,
doi:10.1029/JD093iD02p01417, 1988.

Raupach, M.: Applying Lagrangian Fluid Mechanics to infer
scalar source distributions from concentration profiles in plant
canopies, Agr. Forest Meteorol., 47, 85-108, doi:10.1016/0168-
1923(89)90089-0, 1989.

Restrepo-Coupe, N., da Rocha, H. R., Hutyra, L. R., da Araujo,
A. C., Borma, L. S., Christoffersen, B., Cabral, O. M. R. R.,
de Camargo, P. B., Cardoso, F. L., da Costa, A. C. L., Fitz-
jarrald, D. R., Goulden, M. L., Kruijt, B., Maia, J. M. F. F,
Malhi, Y. S., Manzi, A. O., Miller, S. D., Nobre, A. D.,
von Randow, C., S§ L. D. A, Sakai, R. K., Tota, J., Wofsy,
S. C., Zanchi, F. B., and Saleska, S. R.: What drives the
seasonality of photosynthesis across the Amazon basin? A
cross-site analysis of eddy flux tower measurements from the
Brasil flux network, Agr. Forest Meteorol., 182-183, 128-144,
doi:10.1016/j.agrformet.2013.04.031, 2013.

Rinne, H. J. ., Guenther, A. B., Greenberg, J. P., and Harley, P. C.:
Isoprene and monoterpene fluxes measured above Amazonian
rainforest and their dependence on light and temperature, Atmos.
Environ., 36, 2421-2426, doi:10.1016/S1352-2310(01)00523-4,
2002.

Rizzo, L. V. V., Artaxo, P, Karl, T., Guenther, A. B. B,
and Greenberg, J.: Aerosol properties, in-canopy gradi-
ents, turbulent fluxes and VOC concentrations at a pris-
tine forest site in Amazonia, Atmos. Environ., 44, 503-511,
doi:10.1016/j.atmosenv.2009.11.002, 2010.

Samanta, A., Knyazikhin, Y., Xu, L., Dickinson, R. E., Fu, R.,
Costa, M. H., Saatchi, S. S., Nemani, R. R. and Myneni,
R. B.: Seasonal changes in leaf area of Amazon forests from
leaf flushing and abscission, J. Geophys. Res., 117, G01015,
d0i:10.1029/2011JG001818, 2012.

Silva, C. P.: Estudos observacionais das principais fontes de emis-
sdo de compostos organicos volateis (VOC) em floresta intacta
de terra firme na Amazonia Central, MS thesis, National Insti-
tute for Amazon Research, Manaus-AM, Brazil, 91 pp., 2010 (in
Portuguese).

Silva, F. B., Shimabukuro, Y. E., Aragdo, L. E. O. C., Ander-
son, L. O., Pereira, G., Cardozo, F., and Arai, E.: Corrigen-
dum: Large-scale heterogeneity of Amazonian phenology re-
vealed from 26-year long AVHRR/NDVI time-series, Environ.
Res. Lett., 8, 029502, doi:10.1088/1748-9326/8/2/029502, 2013.

Simon, E., Meixner, F. X., Rummel, U., Ganzeveld, L., Ammann,
C., and Kesselmeier, J.: Coupled carbon-water exchange of
the Amazon rain forest, Il. Comparison of predicted and ob-
served seasonal exchange of energy, CO», isoprene and ozone
at a remote site in Ronddnia, Biogeosciences, 2, 255-275,
d0i:10.5194/bg-2-255-2005, 2005.

Stark, S. C., Leitold, V., Wu, J. L., Hunter, M. O., de Castilho, C. V,
Costa, F. R. C., McMahon, S. M., Parker, G. G., Shimabukuro,

www.atmos-chem-phys.net/16/3903/2016/


http://dx.doi.org/10.5194/acp-14-10631-2014
https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd15a2
http://dx.doi.org/10.1111/j.1469-8137.2012.04204.x
http://dx.doi.org/10.1093/aob/mct206
http://dx.doi.org/10.1111/nph.12770
http://dx.doi.org/10.1038/nature13006
http://dx.doi.org/10.5194/acp-8-1329-2008
http://dx.doi.org/10.5194/acp-8-1329-2008
http://dx.doi.org/10.1073/pnas.0611338104
http://dx.doi.org/10.1016/S0168-1923(00)00205-7
http://dx.doi.org/10.1590/S0044-59672008000400005
http://dx.doi.org/10.1126/science.1235053
http://dx.doi.org/10.1029/JD093iD02p01417
http://dx.doi.org/10.1016/0168-1923(89)90089-0
http://dx.doi.org/10.1016/0168-1923(89)90089-0
http://dx.doi.org/10.1016/j.agrformet.2013.04.031
http://dx.doi.org/10.1016/S1352-2310(01)00523-4
http://dx.doi.org/10.1016/j.atmosenv.2009.11.002
http://dx.doi.org/10.1029/2011JG001818
http://dx.doi.org/10.1088/1748-9326/8/2/029502
http://dx.doi.org/10.5194/bg-2-255-2005

E. G. Alves et al.: Seasonality of isoprenoid emissions from a primary rainforest, Amazonia 3925

M. T., Lefsky, M. A., Keller, M., Alves, L. F., Schietti, J.,
Shimabukuro, Y. E., Branddo, D. O., Woodcock, T. K., Higuchi,
N., de Camargo, P. B., de Oliveira, R. C., Saleska, S. R., and
Chave, J.: Amazon forest carbon dynamics predicted by profiles
of canopy leaf area and light environment, Ecol. Lett., 15, 1406—
14, doi:10.1111/j.1461-0248.2012.01864.x, 2012.

Stavrakou, T., Miller, J.-F., De Smedt, 1., Van Roozendael,
M., van der Werf, G. R., Giglio, L., and Guenther, A.
Global emissions of non-methane hydrocarbons deduced from
SCIAMACHY formaldehyde columns through 2003-2006, At-
mos. Chem. Phys., 9, 3663-3679, doi:10.5194/acp-9-3663-2009,
20009.

Stavrakou, T., Miller, J.-F., Bauwens, M., De Smedt, I.,
Van Roozendael, M., Guenther, A., Wild, M., and Xia, X.:
Isoprene emissions over Asia 1979-2012: impact of climate
and land-use changes, Atmos. Chem. Phys., 14, 4587-4605,
doi:10.5194/acp-14-4587-2014, 2014.

Stavrakou, T., Miller, J.-F., Bauwens, M., De Smedt, |.,
Van Roozendael, M., De Maziere, M., Vigouroux, C., Hen-
drick, F., George, M., Clerbaux, C., Coheur, P.-F., and Guen-
ther, A.: How consistent are top-down hydrocarbon emissions
based on formaldehyde observations from GOME-2 and OMI?,
Atmos. Chem. Phys., 15, 11861-11884, doi:10.5194/acp-15-
11861-2015, 2015.

Stefani, P.: Preliminary assessment of VOC fluxes from a primary
rain forest performed in the LBA site at Manaus, LBA First
Scientific Conference, 2-4 June 2000, Braz. Minist. of Sci. and
Technol., Belém, Brazil, 2000.

Tavares, J. V.: Green-up na Estacdo Seca da Amazbnia Cen-
tral: Padrdes sazonais da fenologia foliar de uma floresta de
terra firme, MS thesis, National Institute for Amazon Research,
Manaus-AM, Brazil, 40 pp., 2013 (in Portuguese).

www.atmos-chem-phys.net/16/3903/2016/

Trostdorf, C. R., Gatti, L. V., Yamazaki, A., Potosnak, M. J., Guen-
ther, A., Martins, W. C., and Munger, J. W.: Seasonal cycles
of isoprene concentrations in the Amazonian rainforest, Atmos.
Chem. Phys. Discuss., 4, 1291-1310, doi:10.5194/acpd-4-1291-
2004, 2004.

Unger, N., Harper, K., Zheng, Y., Kiang, N. Y., Aleinov, I., Arneth,
A., Schurgers, G., Amelynck, C., Goldstein, A., Guenther, A.,
Heinesch, B., Hewitt, C. N., Karl, T., Laffineur, Q., Langford,
B., A. McKinney, K., Misztal, P., Potosnak, M., Rinne, J., Press-
ley, S., Schoon, N., and Serca, D.: Photosynthesis-dependent
isoprene emission from leaf to planet in a global carbon-
chemistry-climate model, Atmos. Chem. Phys., 13, 10243-
10269, doi:10.5194/acp-13-10243-2013, 2013.

Warneke, C., Gouw, J. A., Del Negro, L., Brioude, J., Mckeen, S.,
Stark, H., Kuster, W. C., Goldan, P. D., Trainer, M., Fehsenfeld,
F. C., Wiedinmyer, C., Guenther, A. B., Hansel, A., Wisthaler,
A., Atlas, E., Holloway, J. S., Ryerson, T. B., Peischl, J., Huey,
L. G, and Hanks, A. T. Case: Biogenic emission measure-
ment and inventories determination of biogenic emissions in
the eastern United States and Texas and comparison with bio-
genic emission inventories, J. Geophys. Res., 115, DOOF18,
d0i:10.1029/2009JD012445, 2010.

Yafez-Serrano, A. M., Ndlscher, A. C., Williams, J., Wolff, S.,
Alves, E., Martins, G. A., Bourtsoukidis, E., Brito, J., Jardine,
K., Artaxo, P., and Kesselmeier, J.: Diel and seasonal changes
of biogenic volatile organic compounds within and above an
Amazonian rainforest, Atmos. Chem. Phys., 15, 3359-3378,
doi:10.5194/acp-15-3359-2015, 2015.

Zimmerman, P. R., Greenberg, J. P., and Westberg, C. E.: Mea-
surements of atmospheric hydrocarbons and biogenic emission
fluxes in the Amazon Boundary layer, J. Geophys. Res., 93, 1407,
d0i:10.1029/JD093iD02p01407, 1988.

Atmos. Chem. Phys., 16, 3903-3925, 2016


http://dx.doi.org/10.1111/j.1461-0248.2012.01864.x
http://dx.doi.org/10.5194/acp-9-3663-2009
http://dx.doi.org/10.5194/acp-14-4587-2014
http://dx.doi.org/10.5194/acp-15-11861-2015
http://dx.doi.org/10.5194/acp-15-11861-2015
http://dx.doi.org/10.5194/acpd-4-1291-2004
http://dx.doi.org/10.5194/acpd-4-1291-2004
http://dx.doi.org/10.5194/acp-13-10243-2013
http://dx.doi.org/10.1029/2009JD012445
http://dx.doi.org/10.5194/acp-15-3359-2015
http://dx.doi.org/10.1029/JD093iD02p01407

	Abstract
	Introduction
	Material and methods
	Site description
	Isoprenoid measurements and data analysis
	Isoprenoid gradient flux, and modeled flux estimates -- Model of Emissions of Gases and Aerosols from Nature (MEGAN 2.1)
	Uncertainties associated with the ILT and BVOC emission modeling
	Canopy light penetration and leaf phenology
	Satellite-derived isoprene emission estimates

	Results and discussion
	Diurnal variation of isoprenoid mixing ratios
	Seasonal variation on isoprenoid mixing ratios and emissions
	Comparison with model predictions of seasonal isoprenoid emissions in Amazonia

	Summary and conclusions
	Acknowledgements
	References

