
A field campaign reveals that the Amazon rain forest produces enough chemical species to 

undergo oxidation and generate aerosols, which can activate into cloud condensation nuclei 

and potentially influence cloud formation.
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of rain forest–emitted hydrocarbons using an array 
of sensors deployed within and above the canopy 
(Fig. 1), ii) to determine the chemical processing of 
rain forest–emitted hydrocarbons due to reactions 
with ozone and hydroxyl within the forest, and iii) to 
study the gas-to-particle conversion and associated 

T he objectives of this article are to describe the  
 principal features of a field campaign in the  
 central Amazonia rain forest of Brazil and to 

highlight the key findings to date. The field project 
was designed i) to investigate the influences of atmo-
spheric turbulence on the transport and distribution 
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cloud condensation nuclei yield during both wet and 
dry seasons in the central Amazon. This article is part 
of the GoAmazon project, whose research objectives 
and field deployments of ground- and airborne-based 
observing systems are described in Martin et al. (2016).

The Amazon rain forest experiences mass, mo-
mentum, and energy exchanges that directly influ-
ence deep atmospheric convection. These exchanges 
lead to teleconnections with other regions and are an 
important part of the Earth’s climate system (Nobre 
et al. 1991; Werth and Avissar 2002). By virtue of 
its expansive and somewhat intact forests endowed 
with diverse plant species, the Amazon emits many 
different hydrocarbon compounds in large amounts 
(e.g., Guenther et al. 1995; Zimmerman et al. 1988; 
Kesselmeier et al. 2002; Kuhn et al. 2002; Jardine 
et al. 2011; Jardine et al. 2015), including isoprene, 
monoterpenes, sesquiterpenes, and oxygenated hy-
drocarbons. In the presence of nitrogen oxides, the 
photooxidation of plant-emitted hydrocarbons can 
enhance the formation of oxidants, acids, and aerosols 
(Fuentes et al. 2000). Hydrocarbons can react with 
ozone, hydroxyl, and nitrate radicals, leading to the 
formation of oxidants and secondary organic aerosols 
(SOAs) that represent a substantial fraction of the 
aerosol loadings in the Amazon (Andreae et al. 2004; 
Pöschl et al. 2010). SOAs can activate and become 
cloud condensation nuclei (CCN) in the presence of 
sulfuric or nitric acid.

In the Amazon region, aerosol concentrations re-
main relatively low (Andreae et al. 2002; Martin et al. 
2010). These low aerosol concentrations, particularly 
during the wet season, cause the Amazonian cloud 
microphysical processes to exhibit similar traits to 
tropical marine environments (Roberts et al. 2001) 
and as such it is hypothesized to behave as a “green 
ocean” (Williams et al. 2002). Features such as bio-
mass burning, predominantly during the dry season, 
can perturb the conditions exemplified during the 
wet season, resulting in seasonal dynamics of green 
ocean characteristics that remain partially under-
stood (Machado et al. 2014). Questions still remain as 
to whether sufficient CCN are formed in the absence 
of biomass burning to influence convective precipita-
tion during both wet and dry seasons.

Forest–atmosphere interactions, as depicted in 
Fig. 1, control both the flux and the chemistry of rain 
forest–emitted hydrocarbons and the oxidative state 
of the troposphere and, thus, need to be investigated 
to better understand the large-scale processes impact-
ing tropical convection and precipitation processes. 
At the leaf and plant levels, hydrocarbon emissions 
are controlled by foliage temperature, soil moisture 

content, incident photosynthetic active irradiance, and 
phenology. Turbulent motions then govern the atmo-
spheric transport of these compounds from sites of gas 
emission to the canopy air space and eventually to the 
overlying atmospheric boundary layer (ABL). Leaf area 
and its vertical distribution, tree density, and sensible 
and latent heat fluxes exert control on the intensity 
of the turbulence within and immediately above the 
canopy (Finnigan 2000). As a result of characteristi-
cally high leaf area indices (>4 m2 m−2), mature rain 
forests experience low vertical velocity fluctuations as 
expressed by the mean standard deviation of the verti-
cal velocity σw in the lower region of the canopy (e.g., 
Kruijt et al. 2000). However, energetically strong eddies 
intermittently penetrate the canopy top (Fig. 1) and 
promote enhanced exchanges of air masses between 
the forest and the overlying atmosphere (Kaimal and 
Finnigan 1994). Air parcel sweeps into the canopy 
and ejections from the canopy are common features 
in tall forests (Fig. 1). In-canopy levels of turbulence 
yield air parcel residence times on the order of min-
utes (Strong et al. 2004; Fuentes et al. 2007), which 
are comparable to the lifetimes of plant-emitted hy-
drocarbons. In addition, forest–atmosphere coherent 
exchanges of momentum and mass, as quantified by 
the duration of an ejection-sweep cycle, are also on 
the order of minutes (Dupont and Brunet 2009; Katul 
et al. 2006). Hence, depending on air parcel residence 
times, some fraction of locally emitted hydrocarbons 
can be chemically destroyed before gases are vented 
out of the canopy (Fuentes et al. 2007) and eventually 
into the overlying atmospheric boundary layer (Fig. 1). 
Because of the complex interplay of these processes and 
the wide distribution of residence time scales, it is nec-
essary to resolve intermittent and localized coherent 
motions within and above tropical forest canopies to 
understand the chemistry of the atmospheric bound-
ary layer in the Amazon. It is envisaged that coupled 
turbulence–atmospheric chemistry models can be im-
proved by resolving forest–atmosphere hydrocarbon, 
heat, and moisture exchanges.

Once air parcels are ejected out of the canopy 
(Fig. 1), concentrations of reactive trace gases and 
aerosols in the atmospheric boundary layer are modu-
lated by entrainment of free-atmospheric air at the top 
of the boundary layer and synoptic-scale advection. 
Mixing within the atmospheric boundary layer and 
across its upper interface tends to drive reactive con-
stituents away from chemical equilibrium. Therefore, 
the aerosol vertical distribution within the daytime 
atmospheric boundary layer is determined by aerosol 
formation, deposition onto the forest canopy, turbu-
lent transport characteristics within the boundary 
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Fig. 1. An illustration of the processes associated with BVOC emissions, 
SOAs, and CCN formation, and the setup of instruments used to study pho-
tooxidation, chemical processing, and the transport of atmospheric constitu-
ents in a remote Amazonian rain forest. The vertical dashed line represents 
a characteristic daytime profile of the virtual potential temperature [θυ(z)] 
and the horizontal dashed line represents the top of the ABL.

layer, and escape from the 
atmospheric boundary layer 
capping inversion (Fig. 1). 
These processes frame the 
overarching theme of the 
field project described in 
this manuscript.

RESEARCH SITE DE-
SCRIPTION AND IN-
STRUMENTATION. The 
field campaign took place 
at the Cuieiras Biological 
Reserve (−2.60191° latitude, 
−60.2093° longitude; Fig. 2). 
The site is located approxi-
mately 60 km north-north-
west of the city of Manaus 
and is managed by the Bra-
zilian National Institute for 
Amazon Research (INPA). 
A 50-m-tall tower (known 
as the K34 tower) served 
as a platform to mount in-
struments to investigate at-
mospheric turbulence and 
chemistry within and above 
the rain forest. The research site is in a dense rain forest 
with maximum tree heights ranging from 30 to 40 m. 
The leaf area index is estimated between 6.1 (Marques 
Filho et al. 2005) and 7.3 m2 m−2 (Tóta et al. 2012), 
depending on measurement method and site location.

Measurements were made from April 2014 to 
January 2015. To investigate the air turbulence within 
and above the forest canopy, nine triaxial sonic an-
emometers (model CSAT3, Campbell Scientific, Inc., 
Logan, Utah) were deployed on the meteorological 
tower (Fig. 2) and one on a nearby 3-m subcanopy 
tower. Sonic anemometers provided zonal u, meridi-
onal υ, and vertical w wind speed, as well as virtual 
sonic temperature [Tυ; it is the temperature calculated 
from the speed of sound provided by the sonic an-
emometer; Kaimal and Gaynor (1991)]. With these 
measurements (Table 1), turbulence statistics (e.g., 
σw) within the canopy (or roughness) sublayer can be 
determined (Kruijt et al. 2000). Likewise, forest–at-
mosphere exchanges of momentum (τ = ρu*

2, where u* 
is the friction velocity at the canopy top, and 

 u* = ′ ′( ) + ′ ′( )





u w w
2 2 1 4

υ
/

, 

where primes represent deviations from the mean 
values) and sensible heat H were calculated. Sonic 

anemometers at the lower- and uppermost levels were 
accompanied with infrared gas analyzers (models LI-
7500A and LI-7200, LI-COR Inc., Lincoln, Nebraska) 
to provide the information necessary to calculate 
the latent heat LE and carbon dioxide flux densities 
near the forest floor and above the canopy. The sur-
face energy balance components, including the net 
radiation (RNet; model CNR1, Kipp & Zonen, Delft, 
the Netherlands) were measured at 1.5 m above the 
forest floor and at 39 m above the ground. Soil heat 
f lux plates (model HFP01SC, Huksef lux Thermal 
Sensors B.V., Delft, the Netherlands) were placed 
at different depths (Table 1) to provide energy flux 
densities into the soil.

Atmospheric trace gases and aerosols were 
sampled at 40 m above the ground. Ambient levels 
of ozone, nitrogen oxides [NOx = NO (nitric oxide) 
+ NO2 (nitrogen dioxide)], sulfur dioxide (SO2), 
and carbon monoxide (CO; models 49i, 42i-TL, 43i-
TLE, and 48i; Thermo Fisher Scientific, Waltham, 
Massachusetts) were measured continuously at the 
frequency of 1 Hz. A high-sensitivity Proton Transfer 
Reaction Mass Spectrometer (PTR-MS; Ionicon 
Analytik GmbH, Innsbruck, Austria) provided hy-
drocarbon species and concentrations from the air 
intake placed 40 m above the ground. Because the 
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Fig. 2. (top) A panoramic view of the rain forest. (bottom left) Ten 3D sonic 
anemometers were deployed on a 50-m tower to study air turbulence. 
(bottom center left) Net radiation measurements were made 1.5 m above 
the forest floor and at 39 m above the ground to study the surface energy 
balance. (bottom center right) Sonic anemometers at the lower- and upper-
most levels were accompanied with gas analyzers to provide information for 
calculating evapotranspiration near the forest floor and above the canopy. 
(bottom right) An air inlet, placed at 40 m above the ground, allowed air 
sampling for trace gases above the forest.

PTR-MS only characterizes compounds and fractions 
of compounds by molecular weight, the identities of 
the hydrocarbons measured should be considered 
putative with the exception of isoprene [with mass 
m and charge number of ions z ratio, m/z, of 69] and 
monoterpenes (m/z of 137) that were validated using 
a gas chromatograph equipped with a mass selective 
(MS) detector (GC-MS). Concentrations of measured 
compounds were determined using a dynamic dilu-
tion technique that was applied before, during, and 
after the measurement campaign. We used a com-
mercial gas standard in high-purity air (Apel-Riemer 
Environmental, Inc., Boulder, Colorado) containing 
15 different compounds at mixing ratios of ~500 ppbv 
and diluted the standard using zero air via a catalytic 
converter (Restek, Inc., Bellefonte, Pennsylvania) and 
a series of mass flow controllers. After subtracting 
zero air from the measured counts per second, the 
average normalized counts per second (ncps), which 
were normalized by both m/z 21 and 37, were plotted 
against the gas mixing ratio at four different levels. 
The calibration factor (ncps/ppbv ± uncertainty) 
was then applied to our field measurements after 
subtracting intermittent zeros in order to obtain 
final concentration values. A fast mobility particle 

sizer (model 3091, TSI Inc., 
Shoreview, Minnesota) and 
a cloud condensation nuclei 
counter (CCN-100, Droplet 
Measurement Technologies 
Inc., Boulder, Colorado) 
recorded aerosol size and 
concentration and CCN 
number concentrations at 
40 m above the forest cano-
py (Fig. 3; Table 1).

The investigation of can-
opy-level processes is linked 
to the thermodynamic state 
of the atmospheric bound-
ary layer. Such links were 
determined using a tethered 
balloon that was capable 
of providing atmospheric 
profiles of temperature, rela-
tive humidity, ozone, and 
aerosol concentrations for 
air layers extending from 
the surface to 1,000 m above 
the ground (Fig. 1).

The datasets (Table 1) 
described above already ex-
ist on common repositories 

(https://psu.app.box.com/f iles/0/f/3492243782 
/NewGoAmazon). Once graduate students com-
plete their preliminary analyses, the datasets and 
associated documentation will be placed on publicly 
accessed data banks, including the Department of 
Energy’s Atmospheric Radiation Measurement 
(ARM) archives (www.archive.arm.gov/discovery/#v 
/home/s/) and Fluxnet (http://fluxnet.ornl.gov/). In 
the meantime, readers interested in seeking to use 
the resulting datasets may contact the correspond-
ing author to get copies of required information with 
support of the coauthors.

OVERVIEW OF RESULTS. During 2014, the study 
site recorded a total rainfall of approximately 2,000 mm, 
with a clear seasonality in rainfall patterns. Monthly 
rainfall exceeded 250 mm from January through May 
but was as little as 50 mm during June–October. Mean 
monthly air temperature patterns exhibited a seasonal 
variation of less than 2°C, with the monthly average 
air temperature reaching 27°C (Fig. 4a). In addition to 
seasonal variations, there was a distinct diel pattern 
of air temperature and rainfall. The average range of 
the daily temperature cycle above the forest canopy 
often exceeded 6°C (Fig. 4b), larger than the annual 
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Table 1. Description of instruments employed during the field campaign and the environmental vari-
ables measured. The instruments were operated during the entire period (Jun 2014–Jan 2015) unless 
otherwise noted in the comments column.

Instrument Variable

Measurement 
frequency 

(Hz)
Height or 
depth (m) Comments

Meteorological sensors

Time domain 
reflectometers

Volumetric soil moisture 
content

1 −0.5 to −0.75

Heat flux plates Soil heat flux 1 −0.05

Thermistor Soil temperature 1 −0.5 to −0.75

Infrared thermometer Surface temperature 1 2.0, 34.9

Wetness sensor Leaf wetness 1 0.6, 1.9

Sonic anemometer Wind velocity, (u, υ, w), and 
virtual temperature (Tυ)

20 1.5, 7.0, 13.5, 18.4, 
22.1, 24.5, 31.6, 
34.9, 40.4, 48.2

Pyranometer Incoming solar irradiance 1 1.7, 39.0

Pyrgeometer Outgoing solar irradiance 1 1.7, 39.0

Pyranometer Incoming terrestrial irradiance 1 1.7, 39.0

Pyrgeometer Outgoing terrestrial irradiance 1 1.7, 39.0

Thermistor Air temperature 1 32.5

Hygristor Relative humidity 1 32.5

Gas and aerosol analyzers

Infrared gas analyzer Water vapor concentration 20 48.2, 1.5 The 48.2 value 
operated during 
Apr–May and Oct–Jan

Infrared gas analyzer Carbon dioxide concentration 20 48.2, 1.5 The 48.2 value 
operated during 
Apr–May and Oct–Jan

Ultraviolet gas analyzer Ozone mixing ratio 1 40.0

Carbon monoxide 1 40.0

Gas analyzer Sulfur dioxide 1 40.0

Gas analyzer Nitric oxide 1 40.0

Gas analyzer Nitrogen dioxide 1 40.0

Fast mobility particle 
sizer

Aerosol size and concentration 1 40.0 25 Jun–2 Jul, 25 Jul– 
23 Aug, 26 Sep–4 Oct

CCN counter CCN concentration 1 40.0 29 May–15 Jul, 
28 Sep–15 Oct

Proton Isoprene and monoterpene 
concentration

1 40.0 Jun–Jan

Reaction mass 
spectrometer

Tethered balloon

Barometer Pressure 1 1.5 to 800 16 Oct–12 Nov

Thermistor Air temperature 1 1.5 to 800 16 Oct–12 Nov

Hygrsitor Relative humidity 1.5 to 800 16 Oct–12 Nov

UV gas analyzer Ozone 1 1.5 to 800 16 Oct–12 Nov

Aerosol probe Aerosol size and concentration 1 1.5 to 800 16 Oct–12 Nov
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Fig. 3. (left) Analyzers of ozone, carbon monoxide, sulfur dioxide, and nitro-
gen oxides were used to investigate the chemistry within and above the rain 
forest canopy. (middle) A PTR-MS provided concentrations of hydrocarbons. 
A fast mobility particle sizer recorded the physical size and concentration 
of aerosols. (right) A CCN counter generated concentrations of CCN based 
on five supersaturation levels.

variation, which is important to understand emissions 
of rain forest–emitted hydrocarbons, which depend on 
foliage temperature (e.g., Fuentes et al. 2000). The daily 
cycle of mean rainfall showed two distinct maxima 
that were caused by the preferential development of 
rain events in the early morning hours [around 0400 
local time (LT)], which was most likely associated with 
organized convective systems that propagated into 
the interior of the Amazon from the east with a large 
stratiform rain component, and a second, stronger 
maximum in the afternoon (1200–1600 LT) that was 
linked to locally generated convection. The afternoon 
rain maximum was more pronounced in the dry sea-
son (June–September) than in the wet season, during 
which rainfall was more evenly distributed through-
out the course of the day (Fig. 4). Mesoscale convec-
tive storms and squall lines 
produced rain rates of more 
than 20 mm h−1.

The observed seasonali-
ty in rainfall influenced the 
available energy (i.e., RNet) 
above the forest. Because 
of its tropical location, the 
site received large amounts 
of solar radiation input that 
at times approached and 
exceeded the solar constant 
(Gu et al. 2001). During 
the most intense period 
of the rainy season, maxi-
mum net radiation of about 
650 W m−2 was recorded as 
a result of increased cloud 
cover, compared to approx-
imately 750 W m−2 during 

October (Fig. 5). At the same 
time, the impact of locally 
generated convection could 
be observed during the dry 
season as midday convec-
tive systems contributed to 
reductions of incoming solar 
irradiance. In October 2014, 
these events occurred fre-
quently and gave rise to not 
only copious cloud cover and 
rain but also strong wind 
gusts above the canopy. 
Figure 5 also shows that ap-
proximately half of the avail-
able energy was partitioned 
into evapotranspiration (i.e., 

LE). Maximum LE reached approximately 400 W m−2, 
whereas H was often approximately 100 W m−2 during 
the midday. These energy fluxes operated in a highly 
turbulent environment at the canopy top during the 
daytime. The soil heat flux had a midday average of 
less than 10 W m−2 (Fig. 5) and was negligible com-
pared to the net radiation measured above the forest 
canopy. The sum of H and LE is substantially less than 
the net radiation, and this fact reflects that other com-
ponents (energy in the biomass or canopy air space) 
of the surface energy balance need to be considered 
for this type of ecosystem.

Air turbulence controls the vertical transport and 
the distribution of rain forest–emitted hydrocarbons 
in the atmospheric boundary layer. As shown by 
u* values (Fig. 6), atmospheric turbulence exhibited 

Fig. 4. (top) Seasonal patterns in rainfall (purple bars, total daily amounts) 
and monthly mean air temperature measured at 40 m above the ground (red 
markers indicate missing rainfall data). Diel variations of rainfall rate (light 
blue bars) and air temperature at the study site during (middle) the wet season 
and (bottom) the dry season (Jun–Sep).
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Fig. 5. Diel cycles of the surface energy balance components: net radiation 
RNet, sensible heat flux H, latent heat flux LE, and soil heat flux G during (top) 
Apr and (middle) Oct, as well as (bottom) the relationship between RNet and 
the sum of the turbulent heat fluxes (H + LE).

Fig. 6. (top) Diel cycles of average friction velocity at the canopy top (30 m) 
during Apr 2014–Jan 2015. (bottom) Diel cycles of average standard devia-
tion of the vertical velocity at the canopy top (cyan) and at 1.5 m above the 
ground surface (orange).

pronounced diel cycles with maximum u* values of 
about 0.5 m s−1 observed by the middle of the day 
in response to strong wind shear above the forest. 
During the nighttime, quiescent periods domi-
nated and u* remained around 0.15 m s−1. Such air 
turbulence characteristics allowed trace gases to be 
relatively well mixed during the daytime and poorly 
distributed during the nighttime in the atmospheric 
boundary layer.

Knowledge of air turbu-
lence within and above the 
forest can help explain the 
distribution of gases and as-
sociated surface deposition 
rates. The vertical variation 
of turbulence statistics, such 
as σw, exhibited a strong 
variability within the for-
est canopy throughout the 
course of the day (Fig. 7). 
For example, during the 
middle of the day, above the 
forest canopy, the mean σw 
maximum reached 0.6 m s−1, 
whereas in the lower re-
gions of the canopy the σw 
remained below 0.05 m s−1. 
The σw decreased rapidly 
from the top to the bottom 

of the canopy in response 
to the effective momen-
tum dissipation by the foli-
age in the upper regions 
of the canopy. Above the 
canopy, the σw remained 
nearly invariant. Within 
the lower regions of the 
forest canopy, the σw values 
ranged from 0.03 to 0.3 m s−1 
in response to the attenua-
tion of the vertical velocity 
fluctuations because of the 
drag force exerted by the 
forest. The smallest σw val-
ues (<0.3 m s−1) prevailed in 
the air layer from the forest 
floor to z/hc = 0.65. The re-
duced eddy motion within 
the canopy resulted because 
of the momentum sink in 
the upper canopy and ed-
dies became weak and in-
active within the deeper 

forest trunk space. Vertical variations of σw serve as 
indicators of the turbulence potential of realizing 
gas transport out of and into the forest canopy. Also, 
turbulent statistics within the forest (Fig. 7) provide 
critical information for the interpretation of the cou-
pling or decoupling of the canopy and the overlying 
atmosphere and among different layers within the 
forest. Nighttime low levels of turbulence allowed the 
accumulation of emitted gases within the canopy and 
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the forest during disturbed 
days with rain events and 
undisturbed days without. 
During disturbed periods, the 
atmospheric boundary layer 
is strongly linked to the free 
troposphere. In the wet sea-
son, the ozone mixing ratios 
remained relatively low as a 
result of reduced photochemi-
cal processes associated with 
increased cloudiness (Fig. 5) 
and precipitation (Fig. 4), with 
average maximum ozone 
levels only reaching 15 ppbv 
around the middle of the day 
(Fig. 8). In contrast, the aver-
age maximum ozone mixing 
ratios during the dry season 

commonly reached 20 ppbv and the time at which the 
maximum ozone levels occurred shifted from 1500 
to 1600 LT, which is indicative of both greater photo-
chemistry and the long-range transport of polluted air 
masses. Ozone levels were also higher during the dry 
season because of greater photochemical production 
involving the increased presence of regional biomass 
burning that often created plumes laden with nitrogen 
oxides and carbon monoxide (Andreae et al. 2004).

The Amazon rain forest represents not only the 
largest source of hydrocarbons on Earth but also emits 
a great variety of chemical species. Based on the PTR-
MS measurements, dominant hydrocarbons observed 

Fig. 7. (left) Temporal variations of the standard deviation of the vertical 
velocity determined at different levels above the surface during 1 Dec 2015. 
(right) Vertical variations of the vertical velocity standard deviation for 
periods (I–IV) exhibiting different degrees of atmosphere–forest coupling.

limited the transport of gases from above to within 
the canopy. As a consequence, air masses above the 
canopy exhibited different chemical composition at-
tributes compared to the less well-mixed air within 
the canopy (see below). During the transition period 
from nighttime to daytime, the turbulence progres-
sively increased, reaching the lower half of the canopy 
about 1.5 h after sunrise. This enhanced the mixing 
of scalars and exchanges of in-canopy air with the 
overlying atmosphere. The two air layers remained 
strongly coupled during most of the daytime until 
the levels of turbulence were again reduced after 
sunset (Fig. 7).

Ozone is one of the principal 
oxidants of hydrocarbons during the 
rainy season in the remote regions 
of the tropical rain forest. In the 
atmospheric boundary layer, ozone 
is produced from photochemical 
reactions entailing nitrogen oxides. 
Tropical soils emit some nitric oxide 
(NO), which can rapidly react with 
ozone to form nitrogen dioxide (NO2); 
during the daytime the resulting NO2 
undergoes photolysis to produce 
the atomic oxygen needed to form 
ozone. Moreover, the downdrafts 
associated with convective storms 
transport ozone from the middle 
troposphere to the surface (e.g., Betts 
et al. 2002). In response to these two 
primary ozone sources, large differ-
ences (e.g., 10 ppbv) exist between the 
ozone mixing ratios measured above 

Fig. 8. Average hourly ozone mixing ratio and standard deviation 
measured above the rain forest during the wet and dry seasons.
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above the rain forest included methanol (52%), isoprene 
(13%), acetone (12%), acetaldehyde (12%), and mono-
terpenes (3%) [Fig. 9; see also Gerken et al. (2016); 
Jardine et al. (2015)]. For comparison, during the 
middle of the growing season the temperate forests in 
North American emit mostly isoprene (51%) and ter-
penes (31%) (Fuentes et al. 2000). Most of the identified 
chemical species in Fig. 9 are emitted from vegetation. 
The exceptions are methyl vinyl ketone (MVK) and 
methacrolein (MACR), which are largely generated 
from the oxidation of isoprene, although some plant 
species are known to emit these gases (Jardine et al. 
2013). The PTR-MS measurements do not resolve spe-
cific monoterpene species. However, based on previous 
studies at the same study site, the rain forest produces 
at least 12 different monoterpene species, including 
β-ocimene and terpinolene, which are highly reactive 
with respect to ozone (Jardine et al. 2015).

In the rain forest, biogenic volatile organic com-
pounds (BVOCs) play important roles in driving the 
air chemistry in the atmospheric boundary layer. As 
noted earlier (Fig. 9), the ambient mixing ratios of 
rain forest–produced hydrocarbons exhibited strong 
temporal patterns in response to the environmental 
and plant physiological conditions controlling emis-
sions. For example, isoprene had the highest mixing 
ratios above the forest canopy during 1200–1500 LT, 
with maximum averaged mixing ratios of 6 ppbv 
(Fig. 10) during the wet season. Isoprene emis-
sions depend on foliage temperature and incident 
photosynthetic active irradiance and the diffu-
sion of isoprene molecules 
from sites of biosynthesis 
(i.e., chloroplast) to sto-
matal cavities. Therefore, 
plant physiological activity 
such as stomatal opening 
or closing and carbon as-
similation rates can control 
the emission of isoprene 
to the atmosphere as mol-
ecules are produced within 
chloroplasts (Fuentes et al. 
2000). During the early dry 
season, lower BVOC mixing 
ratios prevailed in response 
to reduced emissions from 
young leaves (Barkley et al. 
2009; Kuhn et al. 2004). 
During the nighttime, iso-
prene levels within the can-
opy volume did not vanish 
but attained a minimum of 

about 1 ppbv that can be ascribed to some vertical 
transport from aloft to the surface (e.g., Fuentes 
et al. 1996). Monoterpene mixing ratios also exhib-
ited strong temporal patterns throughout the day 
in response to sources from vegetation and sinks 
due to surface deposition and chemical reactions. 
During the wet season, maximum monoterpene 
mixing ratios of approximately 1.0 ppbv were ob-
served during 1200–1500 LT (Fig. 10) as a result of 
the strong emissions that are largely controlled by 
foliage temperature (Fuentes et al. 2000). Emissions 
of some monoterpenes (e.g., β-ocimene) can also 
be influenced by photosynthetic-active irradiance 
impinging on foliage (Jardine et al. 2015).

The vertical distribution of gases within and 
above the rain forest depends on the source strength 
of the emissions, the distribution of the sources and 
sinks, and the characteristics of the air turbulence. 
For example, ozone mixing ratios monotonically 
decreased with canopy depth (Fig. 11) as a result 
of chemical reactions with hydrocarbons and the 
deposition to foliage elements. Within the canopy, 
during the rainy season ozone sinks dominated and 
there was limited ozone formation as a result of the 
near absence of nitrogen oxides (data not shown). 
From the forest floor to about 20 m above the surface 
(Fig. 11), ozone levels remained considerably lower 
than in the upper canopy. In part, this distribution of 
ozone resulted because of turbulence characteristics 
in the forest canopy. As demonstrated by the vertical 
profiles of σw (Figs. 7 and 11), the lower region of the 

Fig. 9. Averaged gas mixing ratios and associated standard deviation of the 
principal chemical species measured above the rain forest during the 2014 
wet and dry seasons. MVK refers to the sum of methyl vinyl ketone and 
methacrolein.
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Fig. 10. Diel cycles of average (top) isoprene and (bottom) monoterpene mixing ratios measured above the 
rain forest during two periods from 19 Dec 2014 to 16 Jan 2015 (wet season) and 16 Jun to 1 Jul 2015 (early dry 
season). The whiskers around the symbols indicate one standard deviation.

canopy remained in a poorly mixed state and at times 
was largely decoupled from the air layers above the 
canopy and, as a consequence, the transport of trace 
gases was inhibited.

In contrast to ozone, the distribution of sources 
within the canopy largely controlled the vertical 
variation of rain forest–emitted isoprene and monoter-
penes. For instance, isoprene and monoterpene exhib-
ited maximum mixing ratios within the forest crown 
(where the leaf area density was near its maximum). 
This region of the canopy had the largest amount of 
active biomass [Jardine et al. (2015); Tóta et al. (2012); 
the leaf area density included in Fig. 11 came from Tóta 
et al. (2012)] contributing to hydrocarbon emissions. 
Also, during the daytime, the largest interception of 
photosynthetic active irradiance and maximum foli-
age temperature occurred in the upper region of the 
canopy, driving hydrocarbon emissions. Atmospheric 
turbulence, as expressed in the σw profiles (Fig. 11), was 
sufficiently strong to transport hydrocarbons away 
from sources that were positioned in the upper third 
of the canopy. The distribution of trace gases, coupled 
with air turbulence characteristics, indicated that the 
rain forest canopy provided an environment suitable 
for driving the chemical reactions that contributed to 
the formation of particles (see below).

Above the rain forest, the levels of trace gases 
and aerosols varied with altitude in response to 

atmospheric stability–instability and sources and 
sinks. Using data obtained with the tethered balloon 
during statically stable conditions (i.e., periods during 
which virtual potential temperature increased with 
altitude, typical for nighttime conditions), Fig. 12 
provides an example of rapidly increasing ozone mix-
ing ratios with altitude [by about 0.02 ppbv (5 m)−1 
in the air layers adjacent to the forest in response to 
surface removal and reactions with hydrocarbons]. 
During stable conditions, the air layer extending from 
the surface to about 250 m (the depth of the stable 
boundary layer) above the ground experienced the 
most rapid ozone loss in response to sink processes. 
The distribution of trace gases and aerosols (data not 
shown) was constantly evolving within the stable 
boundary layer as a result of surface deposition, air 
chemistry, and turbulence.

A case study illustrates the interplay of hydro-
carbon emissions, air chemistry, and atmospheric 
turbulence that could lead to the formation of 
cloud condensation nuclei. Mesoscale convective 
systems or squall lines downwardly transported 
and regionally enhanced the atmospheric bound-
ary layer with ozone. For example, around 0100 LT 
ozone levels increased from 5 to 15 ppbv in response 
to the passage of a storm, which produced a rain 
rate of 10 mm (30 min)−1, with a smaller increase in 
ozone when another storm passed over the site at 
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Fig. 11. Vertical variation of ozone, isoprene, monoterpenes, and the standard deviation of the vertical velocity 
measured during 30 Oct 2014 for a period of 50 min starting at 0859 LT. The circles provide 5-min averages, 
and the bars represent the standard deviation around the mean values. The forest leaf area density (m2 m−3) 
at the study site is also included.

0400 LT (Fig. 13). Incoming solar irradiance started 
to appreciably increase around 1000 LT as a result 
of decreases in the cloud cover. At the same time, 
isoprene and monoterpene emissions gave rise to 
maximum mixing ratios of 11.0 and 1.2 ppbv, re-
spectively, around 1300 LT. Meanwhile, the CCN 
concentration gradually increased in the morn-
ing hours and attained the 
maximum concentration of 
275 particles cm−3 (Fig. 13).

In the rain forest, storms 
routinely and substantially 
modify the photochemical 
processes responsible for the 
oxidation of hydrocarbons 
and the formation of aero-
sols. For example, at 1330 
LT (Fig. 13) the ozone levels 
increased from 8 to 19 ppbv 
as a mesoscale convective 
system passed by the study 
site. Downward-moving air 
parcels transported ozone-
rich air to the surface. Air 
parcels emanated from 2 to 
3 km above the ground as 
demonstrated by the rapid 
movement of air and the 

Fig. 12. Vertical variation of virtual potential temperature and ozone from 
0050 (blue line) to 0150 LT (red line) 9 Nov 2014. Measurements were made 
with sensors mounted on a sonde carried by a tethered balloon.

magnitude of the equivalent potential temperature (θe) 
decline [the θe is used as a tracer because it is conserved 
in the condensation and evaporation of water; Betts 
et al. (2002)]. Isoprene and monoterpenes abruptly 
declined as descending air parcels transported nearly 
hydrocarbon-depleted air around 1330 LT. Following 
the storm, the isoprene levels reached about 1.5 ppbv in 
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Fig. 13. Diel cycles of monoterpenes, isoprene, solar irradiance, equivalent potential temperature (θe), rain 
rate, ozone mixing ratio, and concentration of CCN on 18 Jun 2014 (please see text for explanation of data).

response to low emissions caused by the limited solar 
irradiance (of about 100 W m−2), whereas monoterpene 
mixing ratios attained 0.3 ppbv (Fig. 13). Also, the con-
centration of CCN rapidly decreased from a maximum 
concentration of 275 particles cm−3 to a minimum 
concentration of 50 particles cm−3 in response to both 
rain out and the transport of cleaner air from aloft. 
After the storm, hydrocarbon emissions resumed, 
albeit at much reduced rates compared to the ones 
during 1000–1200 LT. Subsequent reactions involving 
the enhanced ozone (varying from 18 to 5 ppbv dur-
ing 1330–1800 LT) and hydrocarbons, but principally 
monoterpenes (whose mixing ratios stayed around 
0.3 ppbv), generated substantial amounts of hydroxyl 
radicals (Gerken et al. 2016), which additionally con-
tributed to the oxidation of the hydrocarbons. With 
these datasets (Fig. 13), we intend to investigate the 
oxidation rates of plant-emitted hydrocarbons and the 
formation of aerosols using analyses and photochemi-
cal models. Of great interest is determining the yields 
of secondary organic aerosols from hydrocarbon oxi-
dation and the subsequent activation of aerosols into 
CCNs immediately after the occurrences of mesoscale 
convective storms.

SUMMARY. The Amazonian rain forest emits large 
amounts of diverse hydrocarbons. Dominant gas 
species include methanol, isoprene, acetone, mono-
terpenes, acetaldehyde, and the isoprene reaction prod-
ucts methyl vinyl ketone and methacrolein. Emissions 
are strong enough to give rise to maximum isoprene 
and monoterpene mixing ratios of greater than 15 
and 2 ppbv, respectively. As revealed by atmospheric 
turbulence characteristics, there are prolonged times 
when the lower regions of the canopy remain quies-
cent. Under such conditions, ozone remains mostly 
depleted in the lower levels of the canopy because of 
reactions with hydrocarbons and surface deposition. 
Conversely, during statically unstable conditions, 
ozone and hydrocarbons stay relatively well mixed 
in the canopy as a result of high turbulence levels. 
Given the limited actinic irradiance required to drive 
photochemical processes, ozone and hydrocarbons 
principally initiate the reactions within and above the 
rain forest during the wet season. During the rainy 
season, the regional atmospheric boundary layer is rou-
tinely enriched with ozone because of the downward 
transport generated by the downdrafts of squall lines 
and mesoscale convective storms. Reactions of ozone 
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with hydrocarbons generate substantial amounts of 
hydroxyl radicals (data not shown), which additionally 
contribute to the oxidation of hydrocarbons. In the wet 
season, reactions of ozone and hydroxyl radicals with 
rain forest–emitted hydrocarbons play crucial roles in 
the oxidation of plant-emitted hydrocarbons (Gerken 
et al. 2016). The field project described herein generated 
rare datasets (Table 1) that may be used to investigate 
the links between meteorology, atmospheric turbu-
lence, and air chemistry. Ongoing data analyses and 
numerical modeling studies are focusing on whether 
the rain forest produces the necessary chemical species 
and in sufficient amounts to undergo oxidation and 
generate aerosols that subsequently activate into cloud 
condensation nuclei.
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