
The susceptibility of air quality, weather, terrestrial ecosystems, and  

climate to human activities was investigated in a tropical environment.

A  magnificent forest two-thirds the size of the  
 continental United States follows the rhythms  
 of the dry and wet seasons in the heart of South 

America (Salati and Vose 1984; Mares 1986; Garstang 
et al. 1990; Andreae et al. 2004; Keller et al. 2009; 
Davidson et al. 2012; Artaxo et al. 2013; ter Steege 
et al. 2013). The Amazon River, cutting the forest 
in half latitudinally near the equator, is more than 
5 km wide in the narrowest sections during the dry 
season and expands to widths beyond 100 km, as a 
river sea, in the widest sections during the wet season. 
It accounts for about 20% of the world’s total flow of 
freshwater into the ocean. At least several thousand 
fish species swim in the waters of the Amazon basin, 
and on the order of 15,000 tree species populate its 
land. More than several hundred billion trees con-
tribute to its immense carbon inventory.

Within this enormous, verdant expanse and 
excluding coastal urban zones on the margins lies 
a single major urban metropolitan area, the city of 
Manaus, meaning “Mother of the Gods” to the indig-
enous people. Founded by the Portuguese 350 years 
ago, the present-day metropolitan population is more 
than 2.5 million people. It is located in Amazonas, 
Brazil, a state of 3.5 million people, which has an area 
more than twice that of Texas, United States. Manaus 
is surrounded by undisturbed forest, with small-scale 
exceptions, for more than 1,500 km in all directions 
upwind and downwind of its emissions.

The history of Manaus is one of boom in the rubber 
years, complete with the import of European artisans 
to the “Paris of the Amazon,” to bust thereafter to one 
of economic revival in recent decades (Grandin 2009). 
Manaus administered more than 90% of the world’s 
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2013; Schmid et al. 2014). Missions were f lown in 
both the wet and dry seasons. The experiment took 
place continuously across 2 years from 1 January 2014 
through 31 December 2015, and there were intensive 
operating periods (IOPs) during the wet and dry sea-
sons of 2014 (IOP1 and IOP2, respectively). Research 
sites and instrumentation of GoAmazon2014/5 are 
presented in further detail in Martin et al. (2016). 
In the present account, the first general picture of 
GoAmazon2014/5 results is presented.

O B S E RVATI O N S .  T he orga n i z at ion  of 
GoAmazon2014/5 results, as presented herein, follows 
the origins-to-effect sequence represented in the left 
panel of Fig. 1. In origin, there are natural and anthro-
pogenic emissions of both gaseous compounds and 
aerosol particles (Martin et al. 2010a). In sequence, 
important chemical transformations occur for some 
of the gaseous compounds, ultimately affecting the 
aerosol particles because of gas-to-particle conver-
sion processes (Martin et al. 2010b). These aerosol 
particles serve as cloud condensation nuclei (CCN; 
Poschl et al. 2010). The physicochemical properties 

of this CCN population differ significantly between 
background and polluted conditions (Andreae and 
Rosenfeld 2008). In net effect, cloud microphysics, 
droplet size distributions, droplet lifetime, and rain-
fall can be altered by this sequence of events (Rosen-
feld et al. 2008). The large arrow in Fig. 1 represents 
the sweep of these species and associated processes 
through Manaus and then westward in the prevailing 
direction of the urban plume across the Rio Negro 
(Black River). Based on measurements obtained from 
an airborne platform, an informative, interesting, 
and compelling visualization is presented herein of 
the pollution plume in the wet season and some of its 
atmospheric effects over the Green Ocean.

The visualization from the G-1 aircraft of the 
downwind effects of urban air pollution based on 
the aircraft measurements is presented in Figs. 4–7. 
A revealing crosscut through the complex multidi-
mensional datasets of position, time, and measure-
ment type is presented in the following sections. The 
flight on 13 March 2014, a day of mostly sunny skies 
and no precipitation along the flight path, serves as 
a reference.

As an example, the total 
particle concentrations mea-
sured by a condensation par-
ticle counter are represented 
in Fig. 4 for transect f lights 
at 500-m altitude in the late 
morning of 13 March. The 
concentration is plotted in 
blue in the altitude axis of 
Fig. 4a1. The dominance of 
the Manaus plume over back-
ground conditions is immedi-
ately apparent. Transect legs 
for this flight were separated 
by approximately 15 min, rep-
resenting about 1 h of f light 
time from Manaus to the T3 
site. The time for the plume 
to travel from Manaus to T3 
on this day was longer than 3 
h according to the trajectory 
modeling (yellow line). The 
implication is that the aircraft 
and the instrumentation on 
board sampled the plume 
much more rapidly than the 
plume itself was changing. To 
a first approximation, Fig. 4 
thus serves as a freeze-frame 
visualization of the entire 

Fig. 2. Statistical composite of forward trajectories launched 500 m above 
site T1 in Manaus at 0000, 0600, 1200, and 1800 UTC for (left) the 59 days 
of IOP1 (1 Feb–31 Mar 2014) and (right) the 60 days of IOP2 (15 Aug–15 Oct 
2014). Easterlies associated with trade winds normally swept the urban pol-
lution plume westward toward the downwind research sites. The intensity 
of the contour coloring represents the frequency for trajectories that passed 
nearby the latitude–longitude position represented by the map. Contours are 
drawn at 2%, 5%, 10%, 15%, 20%, and 40% frequency on a grid size of 0.1° × 0.1°. 
Yellow pins indicate the locations of some of the GoAmazon2014/5 research 
sites (cf. Fig. 3). These results are produced by the Meteorologia Aplicada a 
Sistemas de Tempo Regionais–Instituto de Astronomia, Geofísica e Ciências 
Atmosféricas (MASTER–IAG; www.master.iag.usp.br/) model using a com-
bination of data assimilation from the Global Forecast System–National 
Centers for Environmental Prediction (GFS–NCEP; www.nco.ncep.noaa.gov 
/pmb/products/gfs/) at 0.5° resolution and numerical modeling with Brazilian 
Regional Atmospheric Modeling System (BRAMS; http://brams.cptec.inpe 
.br/) at 2-km resolution of forward trajectories launched over Manaus (T1; 
Silva Dias et al. 2006; Freitas et al. 2009; all websites accessed 3 Jan 2016).

plume during the time of 
the aircraft flight.

Gaseous pol lutant s and 
chemistry. Several measure-
ments characterizing the 
pollution plume are plotted 
in the bottom-left panel of 
Fig. 4 along the flight path 
of Fig. 4a1. Carbon monox-
ide (CO), produced during 
incomplete combustion in 
vehicles and power plants, 
and oxides of nitrogen 
(NOx), associated with 
combustion with air as the 
oxidant, are also plotted in 
Fig. 4a2. CO, NOx, ozone 
(O3), and particulate matter 
(PM) are important mark-
ers of air quality (Unger 
2012). NOx is a reactive 
species, contributing to net 

Fig. 3. The GoAmazon2014/5 
experiment in pictures. (top 
left) The verdant Amazon 
rain forest forming a green 
ocean, as observed from the 
top of the research tower at 
T0k. (top right) Photo of G-1 
aircraft taken when f lying 
in formation with the High-
Altitude and Long-Range 
Research Aircraft (HALO) 
aircraft. Compared to the 
G-1 that most ly sampled 
regionally around Manaus 
with a focus on the pollution 
plume, the HALO aircraft 
mostly observed the free tro-
posphere across a larger part 
of the Amazon basin. Those 
observations are described in 
a complementary article by 
Wendisch et al. (2016). (middle) Yellow pins indicate the of GoAmazon2014/5 research sites in the environs of 
the city of Manaus (−3.1°, −60.0°) in the state of Amazonas in the country of Brazil. The ground sites include 
upwind locations (T0a, T0e, T0k, and T0t), source location (T1), and downwind locations (T2, T3, and T3u; 
Martin et al. 2016). Site T0a is the Amazonian Tall Tower Observatory (ATTO) described by Andreae et al. 
(2015). Manaus sits at the confluence of Rio Negro and Rio Solimões, where the named Rio Amazonas begins 
(Portuguese names). The inset shows the location of the experimental domain within South America. For pre-
vailing winds, Manaus is on the order of 1,200 km from the Atlantic Ocean during the wet season and 1,600 km 
during the dry season. (bottom left) Aerial view of the research containers at the T3 research site. This site 
was administered by the ARM Climate Research Facility, a user facility of the United States Department of 
Energy (Mather and Voyles 2013), in collaboration with Brazilian National Institute of Amazonian Research 
(INPA). (bottom right) Ground-level shot highlighting two of the radar systems at T3.
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rubber trade in 1900 but less than 5% by 1930, largely 
as a result of the infamous actions of Englishman 
Henry Wickham. He surreptitiously transported the 
rubber seed from the Amazon to the Royal Botanic 
Gardens in London, eventually leading to the devel-
opment of successful rubber plantations in Southeast 
Asia. The reverberations continue today in respect 
of the rigorous requirements of scientific licenses for 
foreigners to do research in the Brazilian Amazon. 
As a consequence of the competition from plantation 
rubber in Asia, Manaus experienced an economic 
bust. The downturn was severe and sustained enough 
across several decades that public electricity was no 
longer available in Manaus by the 1950s, and only the 
affluent had private generators.

Starting in the 1960s, the ruling military govern-
ment recognized the Amazon basin as a resource for 
exploitation and occupation. Manaus was designated 
as a free-trade zone and plans were developed for 
dams and long-distance paved roads. This vision 
has been partially realized in every extent over the 
past five decades and has guided the political dia-
logue surrounding the topics of the Amazon forest. 
Meanwhile, the economy of Manaus has accelerated 
and flourished again. Its population growth has aver-
aged about 40% every 10 years since 1960, and this 
rapid growth has been associated with equally rapid, 
though largely unplanned, changes in land use in the 
region (Fig. 1). Today, Manaus is a manufacturing 
pole within the Brazil economy.

GOAMAZON2014/5 MOTIVATION. The 
residential, commercial, and industrial emissions 

of Manaus, aggregated as a pollution plume and 
carried westward by the equatorial trade winds, 
represent a unique laboratory to study the effect of 
human activities on air quality, weather, terrestrial 
ecosystems, and climate in a tropical, forested context 
(Kuhn et al. 2010; Trebs et al. 2012; Bateman et al. 
2016; Liu et al. 2016; Martin et al. 2016). Worldwide, 
no other equivalent, large, urban area exists that 
is surrounded in all directions by primary tropical 
forests for 1,500 km and accessed largely only by 
boat or plane. The central Amazon in the wet season, 
absent Manaus, serves as a continental reference of 
atmospheric properties under background conditions 
(Andreae 2007), and the opportunity to study the 
effects of the Manaus plume in this environment rep-
resents a unique worldwide reference. At times, there 
are also episodic intrusions at times of background 
and polluted Atlantic and African air masses deep 
into the Amazon (Martin et al. 2010a), and in the 
dry season regional- and continental-scale biomass 
burning has significant (Artaxo et al. 2002).

The tropical context afforded by Manaus pres-
ents a unique and particularly important scientific 
opportunity. Compared to the temperate zones of 
Earth, tropical regions have been understudied. 
Historically, more research has been carried out in 
economically wealthier parts of the world, which are 
mostly located in the temperate band of the Northern 
Hemisphere. The tropics are anticipated to have a 
special role in the future of global air quality because 
population growth through 2050 is projected more 
for the tropical regions of Earth than elsewhere. 
Furthermore, the energy and hydrological cycles 

of the tropics, driven by 
the intense and sustained 
sunlight across this region, 
have critical roles in Earth’s 
atmospheric circulation 
and climate. Any human-
induced changes to these 
cycles can have impacts 
over t he ent i re Ear t h. 
Tropical forests also repre-
sent a series of important 
feedback responses in cli-
mate simulations, such as 
the response of net carbon 
storage to elevated carbon 
dioxide, to changed rainfall 
patterns, and to warmer 
temperatures, among other 
factors.

F o r  t h e s e  r e a s on s , 
t he  Obser vat ions  a nd 
Modeling of the Green 
Ocea n A ma zon 2014 –
2015 (GoAmazon2014/5) 
experiment was planned 
for the environs of Manaus. 
Wi l l iams et a l .  (2002) 
coined the phrase “Green 
O c e a n”  to  emph a s i z e 
the similarities between 
cloud properties over the 
Amazon basin during the wet season and those 
over marine regions. In recent usage, the phrase has 
become more generalized to refer to atmospheric 
properties and processes over the verdant Amazon 
rain forest. In GoAmazon2014/5, Manaus and the 
surrounding background region served in combina-
tion as a laboratory to assess and understand the 
effects of human activities on air quality, weather, ter-
restrial ecosystems, and climate in a tropical context.

EXPERIMENT DESIGN. Easterlies associated 
with trade winds normally sweep the urban pol-
lution plume westward. Contours of the modeled 
frequency distribution of f low trajectories of the 
Manaus pollution plume, representing a statistical 
description of flow in each season, are presented in 
Fig. 2. Driven by the easterlies of the trade winds, the 
plume crosses the river and first intersects the site 
T2, which is located just across the Rio Negro. The 
locations of the research sites around Manaus as well 
as several associated photos are shown in Fig. 3. In 
the wet season, although the pollution outflow from 

Manaus most frequently continues southwesterly, 
40% of the time it is modeled to go westerly toward 
the main ground research site T3. In the dry season, 
the plume primarily passes westerly from Manaus, 
and 60% of the time it is modeled to pass over the site 
T3. The modeling, however informative, comes with 
some caveats. Trajectory modeling is based on mean 
wind fields and as such does not account for vertical 
and horizontal dispersion of pollutants by turbulent 
mixing. River breezes, effectively introducing over-
turning and mixing at the river margins, can occur 
at fine-enough scales that they are not captured by 
the trajectory modeling.

A Lagrangian design of the surface sites along the 
plume, including upwind, coupled to aircraft flights 
in transect to the plume during transport was a pow-
erful and compelling feature of GoAmazon2014/5. 
The pollution plume was extensively characterized by 
flights of the G-159 Gulfstream I (G-1) aircraft of the 
Atmospheric Radiation Measurement (ARM) Aerial 
Facility (AAF) of the U.S. Department of Energy 
(DOE; Stokes and Schwartz 1994; Mather and Voyles 
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Fig. 1. The GoAmazon2014/5 experiment in concept. (left) The advec-
tion by wind of a background air mass into Manaus, emissions into this air 
mass while over the city, and the transformation of atmospheric species 
as the air mass continues downwind of the urban region. The air mass is 
laden with biogenic volatile organic carbon compounds (BVOC) emitted 
by the forest both upwind and downwind of the city. These BVOCs are 
transformed by the atmospheric oxidant cycle into aerosol particles. The 
prevailing chemical reactions are altered by pollution. The particulate 
matter serves as CCN. As a result, cloud properties and possibly rainfall 
can be modified in response to different levels of pollution over the tropical 
rain forest. (right) As a surrogate for scaled anthropogenic emissions, the 
expansion of the urban region of Manaus (−3.1°, −60.0°), Brazil, across four 
decades is shown. The right panel is adapted from http://revistapesquisa.fapesp 
.br/wp-content/uploads/2012/10/078-081_ilhascalor_200.pdf, accessed 11 Aug 2015.
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2013; Schmid et al. 2014). Missions were f lown in 
both the wet and dry seasons. The experiment took 
place continuously across 2 years from 1 January 2014 
through 31 December 2015, and there were intensive 
operating periods (IOPs) during the wet and dry sea-
sons of 2014 (IOP1 and IOP2, respectively). Research 
sites and instrumentation of GoAmazon2014/5 are 
presented in further detail in Martin et al. (2016). 
In the present account, the first general picture of 
GoAmazon2014/5 results is presented.

O B S E RVATI O N S .  T he orga n i z at ion  of 
GoAmazon2014/5 results, as presented herein, follows 
the origins-to-effect sequence represented in the left 
panel of Fig. 1. In origin, there are natural and anthro-
pogenic emissions of both gaseous compounds and 
aerosol particles (Martin et al. 2010a). In sequence, 
important chemical transformations occur for some 
of the gaseous compounds, ultimately affecting the 
aerosol particles because of gas-to-particle conver-
sion processes (Martin et al. 2010b). These aerosol 
particles serve as cloud condensation nuclei (CCN; 
Poschl et al. 2010). The physicochemical properties 

of this CCN population differ significantly between 
background and polluted conditions (Andreae and 
Rosenfeld 2008). In net effect, cloud microphysics, 
droplet size distributions, droplet lifetime, and rain-
fall can be altered by this sequence of events (Rosen-
feld et al. 2008). The large arrow in Fig. 1 represents 
the sweep of these species and associated processes 
through Manaus and then westward in the prevailing 
direction of the urban plume across the Rio Negro 
(Black River). Based on measurements obtained from 
an airborne platform, an informative, interesting, 
and compelling visualization is presented herein of 
the pollution plume in the wet season and some of its 
atmospheric effects over the Green Ocean.

The visualization from the G-1 aircraft of the 
downwind effects of urban air pollution based on 
the aircraft measurements is presented in Figs. 4–7. 
A revealing crosscut through the complex multidi-
mensional datasets of position, time, and measure-
ment type is presented in the following sections. The 
flight on 13 March 2014, a day of mostly sunny skies 
and no precipitation along the flight path, serves as 
a reference.

As an example, the total 
particle concentrations mea-
sured by a condensation par-
ticle counter are represented 
in Fig. 4 for transect f lights 
at 500-m altitude in the late 
morning of 13 March. The 
concentration is plotted in 
blue in the altitude axis of 
Fig. 4a1. The dominance of 
the Manaus plume over back-
ground conditions is immedi-
ately apparent. Transect legs 
for this flight were separated 
by approximately 15 min, rep-
resenting about 1 h of f light 
time from Manaus to the T3 
site. The time for the plume 
to travel from Manaus to T3 
on this day was longer than 3 
h according to the trajectory 
modeling (yellow line). The 
implication is that the aircraft 
and the instrumentation on 
board sampled the plume 
much more rapidly than the 
plume itself was changing. To 
a first approximation, Fig. 4 
thus serves as a freeze-frame 
visualization of the entire 

Fig. 2. Statistical composite of forward trajectories launched 500 m above 
site T1 in Manaus at 0000, 0600, 1200, and 1800 UTC for (left) the 59 days 
of IOP1 (1 Feb–31 Mar 2014) and (right) the 60 days of IOP2 (15 Aug–15 Oct 
2014). Easterlies associated with trade winds normally swept the urban pol-
lution plume westward toward the downwind research sites. The intensity 
of the contour coloring represents the frequency for trajectories that passed 
nearby the latitude–longitude position represented by the map. Contours are 
drawn at 2%, 5%, 10%, 15%, 20%, and 40% frequency on a grid size of 0.1° × 0.1°. 
Yellow pins indicate the locations of some of the GoAmazon2014/5 research 
sites (cf. Fig. 3). These results are produced by the Meteorologia Aplicada a 
Sistemas de Tempo Regionais–Instituto de Astronomia, Geofísica e Ciências 
Atmosféricas (MASTER–IAG; www.master.iag.usp.br/) model using a com-
bination of data assimilation from the Global Forecast System–National 
Centers for Environmental Prediction (GFS–NCEP; www.nco.ncep.noaa.gov 
/pmb/products/gfs/) at 0.5° resolution and numerical modeling with Brazilian 
Regional Atmospheric Modeling System (BRAMS; http://brams.cptec.inpe 
.br/) at 2-km resolution of forward trajectories launched over Manaus (T1; 
Silva Dias et al. 2006; Freitas et al. 2009; all websites accessed 3 Jan 2016).

plume during the time of 
the aircraft flight.

Gaseous pol lutant s and 
chemistry. Several measure-
ments characterizing the 
pollution plume are plotted 
in the bottom-left panel of 
Fig. 4 along the flight path 
of Fig. 4a1. Carbon monox-
ide (CO), produced during 
incomplete combustion in 
vehicles and power plants, 
and oxides of nitrogen 
(NOx), associated with 
combustion with air as the 
oxidant, are also plotted in 
Fig. 4a2. CO, NOx, ozone 
(O3), and particulate matter 
(PM) are important mark-
ers of air quality (Unger 
2012). NOx is a reactive 
species, contributing to net 

Fig. 3. The GoAmazon2014/5 
experiment in pictures. (top 
left) The verdant Amazon 
rain forest forming a green 
ocean, as observed from the 
top of the research tower at 
T0k. (top right) Photo of G-1 
aircraft taken when f lying 
in formation with the High-
Altitude and Long-Range 
Research Aircraft (HALO) 
aircraft. Compared to the 
G-1 that most ly sampled 
regionally around Manaus 
with a focus on the pollution 
plume, the HALO aircraft 
mostly observed the free tro-
posphere across a larger part 
of the Amazon basin. Those 
observations are described in 
a complementary article by 
Wendisch et al. (2016). (middle) Yellow pins indicate the of GoAmazon2014/5 research sites in the environs of 
the city of Manaus (−3.1°, −60.0°) in the state of Amazonas in the country of Brazil. The ground sites include 
upwind locations (T0a, T0e, T0k, and T0t), source location (T1), and downwind locations (T2, T3, and T3u; 
Martin et al. 2016). Site T0a is the Amazonian Tall Tower Observatory (ATTO) described by Andreae et al. 
(2015). Manaus sits at the confluence of Rio Negro and Rio Solimões, where the named Rio Amazonas begins 
(Portuguese names). The inset shows the location of the experimental domain within South America. For pre-
vailing winds, Manaus is on the order of 1,200 km from the Atlantic Ocean during the wet season and 1,600 km 
during the dry season. (bottom left) Aerial view of the research containers at the T3 research site. This site 
was administered by the ARM Climate Research Facility, a user facility of the United States Department of 
Energy (Mather and Voyles 2013), in collaboration with Brazilian National Institute of Amazonian Research 
(INPA). (bottom right) Ground-level shot highlighting two of the radar systems at T3.
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2013; Schmid et al. 2014). Missions were f lown in 
both the wet and dry seasons. The experiment took 
place continuously across 2 years from 1 January 2014 
through 31 December 2015, and there were intensive 
operating periods (IOPs) during the wet and dry sea-
sons of 2014 (IOP1 and IOP2, respectively). Research 
sites and instrumentation of GoAmazon2014/5 are 
presented in further detail in Martin et al. (2016). 
In the present account, the first general picture of 
GoAmazon2014/5 results is presented.

O B S E RVATI O N S .  T he orga n i z at ion  of 
GoAmazon2014/5 results, as presented herein, follows 
the origins-to-effect sequence represented in the left 
panel of Fig. 1. In origin, there are natural and anthro-
pogenic emissions of both gaseous compounds and 
aerosol particles (Martin et al. 2010a). In sequence, 
important chemical transformations occur for some 
of the gaseous compounds, ultimately affecting the 
aerosol particles because of gas-to-particle conver-
sion processes (Martin et al. 2010b). These aerosol 
particles serve as cloud condensation nuclei (CCN; 
Poschl et al. 2010). The physicochemical properties 

of this CCN population differ significantly between 
background and polluted conditions (Andreae and 
Rosenfeld 2008). In net effect, cloud microphysics, 
droplet size distributions, droplet lifetime, and rain-
fall can be altered by this sequence of events (Rosen-
feld et al. 2008). The large arrow in Fig. 1 represents 
the sweep of these species and associated processes 
through Manaus and then westward in the prevailing 
direction of the urban plume across the Rio Negro 
(Black River). Based on measurements obtained from 
an airborne platform, an informative, interesting, 
and compelling visualization is presented herein of 
the pollution plume in the wet season and some of its 
atmospheric effects over the Green Ocean.

The visualization from the G-1 aircraft of the 
downwind effects of urban air pollution based on 
the aircraft measurements is presented in Figs. 4–7. 
A revealing crosscut through the complex multidi-
mensional datasets of position, time, and measure-
ment type is presented in the following sections. The 
flight on 13 March 2014, a day of mostly sunny skies 
and no precipitation along the flight path, serves as 
a reference.

As an example, the total 
particle concentrations mea-
sured by a condensation par-
ticle counter are represented 
in Fig. 4 for transect f lights 
at 500-m altitude in the late 
morning of 13 March. The 
concentration is plotted in 
blue in the altitude axis of 
Fig. 4a1. The dominance of 
the Manaus plume over back-
ground conditions is immedi-
ately apparent. Transect legs 
for this flight were separated 
by approximately 15 min, rep-
resenting about 1 h of f light 
time from Manaus to the T3 
site. The time for the plume 
to travel from Manaus to T3 
on this day was longer than 3 
h according to the trajectory 
modeling (yellow line). The 
implication is that the aircraft 
and the instrumentation on 
board sampled the plume 
much more rapidly than the 
plume itself was changing. To 
a first approximation, Fig. 4 
thus serves as a freeze-frame 
visualization of the entire 

Fig. 2. Statistical composite of forward trajectories launched 500 m above 
site T1 in Manaus at 0000, 0600, 1200, and 1800 UTC for (left) the 59 days 
of IOP1 (1 Feb–31 Mar 2014) and (right) the 60 days of IOP2 (15 Aug–15 Oct 
2014). Easterlies associated with trade winds normally swept the urban pol-
lution plume westward toward the downwind research sites. The intensity 
of the contour coloring represents the frequency for trajectories that passed 
nearby the latitude–longitude position represented by the map. Contours are 
drawn at 2%, 5%, 10%, 15%, 20%, and 40% frequency on a grid size of 0.1° × 0.1°. 
Yellow pins indicate the locations of some of the GoAmazon2014/5 research 
sites (cf. Fig. 3). These results are produced by the Meteorologia Aplicada a 
Sistemas de Tempo Regionais–Instituto de Astronomia, Geofísica e Ciências 
Atmosféricas (MASTER–IAG; www.master.iag.usp.br/) model using a com-
bination of data assimilation from the Global Forecast System–National 
Centers for Environmental Prediction (GFS–NCEP; www.nco.ncep.noaa.gov 
/pmb/products/gfs/) at 0.5° resolution and numerical modeling with Brazilian 
Regional Atmospheric Modeling System (BRAMS; http://brams.cptec.inpe 
.br/) at 2-km resolution of forward trajectories launched over Manaus (T1; 
Silva Dias et al. 2006; Freitas et al. 2009; all websites accessed 3 Jan 2016).

plume during the time of 
the aircraft flight.

Gaseous pol lutant s and 
chemistry. Several measure-
ments characterizing the 
pollution plume are plotted 
in the bottom-left panel of 
Fig. 4 along the flight path 
of Fig. 4a1. Carbon monox-
ide (CO), produced during 
incomplete combustion in 
vehicles and power plants, 
and oxides of nitrogen 
(NOx), associated with 
combustion with air as the 
oxidant, are also plotted in 
Fig. 4a2. CO, NOx, ozone 
(O3), and particulate matter 
(PM) are important mark-
ers of air quality (Unger 
2012). NOx is a reactive 
species, contributing to net 

Fig. 3. The GoAmazon2014/5 
experiment in pictures. (top 
left) The verdant Amazon 
rain forest forming a green 
ocean, as observed from the 
top of the research tower at 
T0k. (top right) Photo of G-1 
aircraft taken when f lying 
in formation with the High-
Altitude and Long-Range 
Research Aircraft (HALO) 
aircraft. Compared to the 
G-1 that most ly sampled 
regionally around Manaus 
with a focus on the pollution 
plume, the HALO aircraft 
mostly observed the free tro-
posphere across a larger part 
of the Amazon basin. Those 
observations are described in 
a complementary article by 
Wendisch et al. (2016). (middle) Yellow pins indicate the of GoAmazon2014/5 research sites in the environs of 
the city of Manaus (−3.1°, −60.0°) in the state of Amazonas in the country of Brazil. The ground sites include 
upwind locations (T0a, T0e, T0k, and T0t), source location (T1), and downwind locations (T2, T3, and T3u; 
Martin et al. 2016). Site T0a is the Amazonian Tall Tower Observatory (ATTO) described by Andreae et al. 
(2015). Manaus sits at the confluence of Rio Negro and Rio Solimões, where the named Rio Amazonas begins 
(Portuguese names). The inset shows the location of the experimental domain within South America. For pre-
vailing winds, Manaus is on the order of 1,200 km from the Atlantic Ocean during the wet season and 1,600 km 
during the dry season. (bottom left) Aerial view of the research containers at the T3 research site. This site 
was administered by the ARM Climate Research Facility, a user facility of the United States Department of 
Energy (Mather and Voyles 2013), in collaboration with Brazilian National Institute of Amazonian Research 
(INPA). (bottom right) Ground-level shot highlighting two of the radar systems at T3.
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2013; Schmid et al. 2014). Missions were f lown in 
both the wet and dry seasons. The experiment took 
place continuously across 2 years from 1 January 2014 
through 31 December 2015, and there were intensive 
operating periods (IOPs) during the wet and dry sea-
sons of 2014 (IOP1 and IOP2, respectively). Research 
sites and instrumentation of GoAmazon2014/5 are 
presented in further detail in Martin et al. (2016). 
In the present account, the first general picture of 
GoAmazon2014/5 results is presented.
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GoAmazon2014/5 results, as presented herein, follows 
the origins-to-effect sequence represented in the left 
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aerosol particles because of gas-to-particle conver-
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atmospheric effects over the Green Ocean.
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ment type is presented in the following sections. The 
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and no precipitation along the flight path, serves as 
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h according to the trajectory 
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and the instrumentation on 
board sampled the plume 
much more rapidly than the 
plume itself was changing. To 
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Fig. 2. Statistical composite of forward trajectories launched 500 m above 
site T1 in Manaus at 0000, 0600, 1200, and 1800 UTC for (left) the 59 days 
of IOP1 (1 Feb–31 Mar 2014) and (right) the 60 days of IOP2 (15 Aug–15 Oct 
2014). Easterlies associated with trade winds normally swept the urban pol-
lution plume westward toward the downwind research sites. The intensity 
of the contour coloring represents the frequency for trajectories that passed 
nearby the latitude–longitude position represented by the map. Contours are 
drawn at 2%, 5%, 10%, 15%, 20%, and 40% frequency on a grid size of 0.1° × 0.1°. 
Yellow pins indicate the locations of some of the GoAmazon2014/5 research 
sites (cf. Fig. 3). These results are produced by the Meteorologia Aplicada a 
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.br/) at 2-km resolution of forward trajectories launched over Manaus (T1; 
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Martin et al. 2016). Site T0a is the Amazonian Tall Tower Observatory (ATTO) described by Andreae et al. 
(2015). Manaus sits at the confluence of Rio Negro and Rio Solimões, where the named Rio Amazonas begins 
(Portuguese names). The inset shows the location of the experimental domain within South America. For pre-
vailing winds, Manaus is on the order of 1,200 km from the Atlantic Ocean during the wet season and 1,600 km 
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Energy (Mather and Voyles 2013), in collaboration with Brazilian National Institute of Amazonian Research 
(INPA). (bottom right) Ground-level shot highlighting two of the radar systems at T3.

Au: Confirm 
the sentence 
b e g i n n i n g 
“For prevail-
ing winds…” 
in the Fig. 3 
c a p t i o n .  I s 
this because 
of  a shift of 
the prevailing 
w i n d  d i re c-
tion?

5MAY 2017AMERICAN METEOROLOGICAL SOCIETY |4 MAY 2017|

http://www.master.iag.usp.br/
http://www.nco.ncep.noaa.gov/pmb/products/gfs/
http://www.nco.ncep.noaa.gov/pmb/products/gfs/
http://brams.cptec.inpe.br/
http://brams.cptec.inpe.br/


in Fig. 5a for plume transects farther downwind of 
Manaus (see the sidebar “xxxxxxxxxxx”).The red 
line represents the baseline concentrations measured 
when the aircraft was f lying in the background 
atmosphere outside the plume. The concentrations 
of the other important atmospheric oxidant, the 
hydroxyl radical (also a secondary species; Valin et 
al. 2013), increased severalfold when measured at the 
T3 ground site during times when the Manaus plume 
intersected the site under sunny conditions (see the 
sidebar “xxxxxxxxxxx”).

Further indicators of the accelerated oxidant 
cycle are the decreased BVOC concentrations 
measured inside relative to outside the plume (e.g., 
Fig. 5b). BVOCs are emitted by the forest, and their 

concentrations in the boundary layer are a blended 
effect of emissions rates, reactive loss in the atmo-
sphere, dilution by vertical mixing, and deposition 

ozone production in the plume. The plot shows that 
the NOx concentration decreased along the plume. In 
addition to loss by entrainment and deposition, NOx 
can be chemically transformed into HNO3 by reac-
tion with OH and to organonitrates by reaction with 
photochemically produced organic radicals (Perring 
et al. 2013). By comparison, carbon monoxide can be 
regarded largely as chemically inert on the time scales 
of Fig. 4. Typically, CO concentration should decrease 
downwind because of dilution by mixing, entrain-
ment, and other physical processes. For the shown 
flight data, the CO concentration actually increased 
by 20 ppb with time, providing information about the 
time course of emissions in Manaus. Up to 5 ppb CO 
is modeled as produced from photooxidation in the 
plume between Manaus and T3. The flight time of 
3,000 s over T3 corresponded to 1055 local time (LT), 
which traces back to rush hour in Manaus at 0800 LT. 

The Manaus emissions of CO added to a background 
concentration of approximately 80 ppb on this day. 
Given the estimated atmospheric lifetime of CO of 
greater than 1 month, the background concentration 
has contributions from anthropogenic and biogenic 
sources both inside and outside of the Amazon basin 
(Andreae et al. 2012).

In addition to the primary emissions (e.g., Fig. 4), 
the pollutants in the plume also have strong secondary 
effects. Results in Fig. 5 for this same late morning, 
fair weather flight on 13 March demonstrate an accel-
erated and transformed photochemical cycle. These 
changes can be attributed to a combination of strong 
solar irradiance at this equatorial latitude and high 
concentrations of NOx within the plume. As a result, 
the production rate of ozone, a secondary species 
produced in situ in the atmosphere (Chameides et al. 
1988), increased, as seen in its progressive buildup 

Fig. 4 (leFt). Visualization of the Manaus pollution plume. (left) The direction and extent of the plume observed 
in the Manaus environs by the G-1 aircraft is represented by plotting particle number concentrations in the 
vertical axis. (right) Several tracers of the pollution plume, especially as related to air quality, are plotted. The  
abscissa represents position along the flight path shown in the left-hand plots. (a1) Particle concentrations re-
corded by a condensation particle counter (CPC; TSI Model 3025A) on board the G-1 aircraft on a flight track 
at 500 m above mean sea level (MSL) from 1415 to 1533 UTC 13 Mar 2014, corresponding to 1015–1133 LT. Local 
topography varies from 50 to 100 m MSL. The panel shows an image of the local land cover upon which relative 
particle concentrations along the flight track are plotted in the vertical axis in blue coloring. The flight track was 
transverse to the Manaus pollution plume. Yellow pins indicate the locations of some of the GoAmazon2014/5 
research sites (cf. Fig. 3). The yellow line shows the simulated trajectory of an air parcel released over Manaus 
at 500 m MSL. (a2) Time series of concentrations of (top) particles, (middle) carbon monoxide, and (bottom) 
oxides of nitrogen along the flight track of (a1). Time 0 corresponds to 1533 UTC. For particle concentrations, 
the black and gray traces correspond to particles of 3 nm and larger and 10 nm and larger, respectively, using 
two different condensation particle counters (TSI Models 3025A and 3010, respectively). For concentrations of 
oxides of nitrogen, the black and gray traces correspond to concentrations of NO2 and NO, respectively. The 
red line represents concentrations recorded in background air masses during the flight and thus represents 
a baseline against which to measure the effects of pollution on species concentrations. The designation T3 at 
3,088 s indicates the time point at which the G-1 aircraft was located over the T3 research site. Background 
coloring designates that the G-1 was passing through a background air mass (light green), a polluted air mass 
(light red), or an air mass having an undetermined pollution state (light orange). The classification algorithm 
took as input the concentrations of particles, carbon monoxide, and oxides of nitrogen. (b1) Particle concentra-
tions recorded on the same flight as (a1) at 500 m MSL but from 1539:00 to 1554:00 UTC, corresponding Fig. 4. 
to 1139–1154 LT. The flight track was longitudinal to the Manaus pollution plume. (b2) Time series of species 
concentrations along the flight track of (b2). Although the actual flight was upwind to visualize as downwind 
translation from Manaus, time is expressed in reverse flight time. Hence, time 0 corresponds to 1554 UTC. 
Trace coloring is as in (a2). Reported concentrations are normalized to STP (105 Pa, 273.15 K).

Fig. 5 (right). Concentrations of atmospheric gases 
along the transverse flight tracks of Figs. 4a1 and 4a2: 
(a) ozone, (b) isoprene, (c) ratio of oxidation products 
and isoprene, and (d) ratio of benzene and toluene. The 
datasets reveal the acceleration of the oxidant cycle 
inside compared to outside the plume downwind of 
Manaus (see main text). Isoprene oxidation products 
include methyl vinyl ketone, methacrolein, and hydro-
peroxides. Organic species were measured by proton 
transfer reaction mass spectrometry (PTR-MS). The 
background coloring to designate the pollution state of 
an air mass, the red line to designate baseline concen-
trations, and the label T3 are as discussed in Fig. 4a2.
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in Fig. 5a for plume transects farther downwind of 
Manaus (see the sidebar “xxxxxxxxxxx”).The red 
line represents the baseline concentrations measured 
when the aircraft was f lying in the background 
atmosphere outside the plume. The concentrations 
of the other important atmospheric oxidant, the 
hydroxyl radical (also a secondary species; Valin et 
al. 2013), increased severalfold when measured at the 
T3 ground site during times when the Manaus plume 
intersected the site under sunny conditions (see the 
sidebar “xxxxxxxxxxx”).

Further indicators of the accelerated oxidant 
cycle are the decreased BVOC concentrations 
measured inside relative to outside the plume (e.g., 
Fig. 5b). BVOCs are emitted by the forest, and their 

concentrations in the boundary layer are a blended 
effect of emissions rates, reactive loss in the atmo-
sphere, dilution by vertical mixing, and deposition 

ozone production in the plume. The plot shows that 
the NOx concentration decreased along the plume. In 
addition to loss by entrainment and deposition, NOx 
can be chemically transformed into HNO3 by reac-
tion with OH and to organonitrates by reaction with 
photochemically produced organic radicals (Perring 
et al. 2013). By comparison, carbon monoxide can be 
regarded largely as chemically inert on the time scales 
of Fig. 4. Typically, CO concentration should decrease 
downwind because of dilution by mixing, entrain-
ment, and other physical processes. For the shown 
flight data, the CO concentration actually increased 
by 20 ppb with time, providing information about the 
time course of emissions in Manaus. Up to 5 ppb CO 
is modeled as produced from photooxidation in the 
plume between Manaus and T3. The flight time of 
3,000 s over T3 corresponded to 1055 local time (LT), 
which traces back to rush hour in Manaus at 0800 LT. 

The Manaus emissions of CO added to a background 
concentration of approximately 80 ppb on this day. 
Given the estimated atmospheric lifetime of CO of 
greater than 1 month, the background concentration 
has contributions from anthropogenic and biogenic 
sources both inside and outside of the Amazon basin 
(Andreae et al. 2012).

In addition to the primary emissions (e.g., Fig. 4), 
the pollutants in the plume also have strong secondary 
effects. Results in Fig. 5 for this same late morning, 
fair weather flight on 13 March demonstrate an accel-
erated and transformed photochemical cycle. These 
changes can be attributed to a combination of strong 
solar irradiance at this equatorial latitude and high 
concentrations of NOx within the plume. As a result, 
the production rate of ozone, a secondary species 
produced in situ in the atmosphere (Chameides et al. 
1988), increased, as seen in its progressive buildup 

Fig. 4 (leFt). Visualization of the Manaus pollution plume. (left) The direction and extent of the plume observed 
in the Manaus environs by the G-1 aircraft is represented by plotting particle number concentrations in the 
vertical axis. (right) Several tracers of the pollution plume, especially as related to air quality, are plotted. The  
abscissa represents position along the flight path shown in the left-hand plots. (a1) Particle concentrations re-
corded by a condensation particle counter (CPC; TSI Model 3025A) on board the G-1 aircraft on a flight track 
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transverse to the Manaus pollution plume. Yellow pins indicate the locations of some of the GoAmazon2014/5 
research sites (cf. Fig. 3). The yellow line shows the simulated trajectory of an air parcel released over Manaus 
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in Fig. 5a for plume transects farther downwind of 
Manaus (see the sidebar “xxxxxxxxxxx”).The red 
line represents the baseline concentrations measured 
when the aircraft was f lying in the background 
atmosphere outside the plume. The concentrations 
of the other important atmospheric oxidant, the 
hydroxyl radical (also a secondary species; Valin et 
al. 2013), increased severalfold when measured at the 
T3 ground site during times when the Manaus plume 
intersected the site under sunny conditions (see the 
sidebar “xxxxxxxxxxx”).

Further indicators of the accelerated oxidant 
cycle are the decreased BVOC concentrations 
measured inside relative to outside the plume (e.g., 
Fig. 5b). BVOCs are emitted by the forest, and their 

concentrations in the boundary layer are a blended 
effect of emissions rates, reactive loss in the atmo-
sphere, dilution by vertical mixing, and deposition 

ozone production in the plume. The plot shows that 
the NOx concentration decreased along the plume. In 
addition to loss by entrainment and deposition, NOx 
can be chemically transformed into HNO3 by reac-
tion with OH and to organonitrates by reaction with 
photochemically produced organic radicals (Perring 
et al. 2013). By comparison, carbon monoxide can be 
regarded largely as chemically inert on the time scales 
of Fig. 4. Typically, CO concentration should decrease 
downwind because of dilution by mixing, entrain-
ment, and other physical processes. For the shown 
flight data, the CO concentration actually increased 
by 20 ppb with time, providing information about the 
time course of emissions in Manaus. Up to 5 ppb CO 
is modeled as produced from photooxidation in the 
plume between Manaus and T3. The flight time of 
3,000 s over T3 corresponded to 1055 local time (LT), 
which traces back to rush hour in Manaus at 0800 LT. 

The Manaus emissions of CO added to a background 
concentration of approximately 80 ppb on this day. 
Given the estimated atmospheric lifetime of CO of 
greater than 1 month, the background concentration 
has contributions from anthropogenic and biogenic 
sources both inside and outside of the Amazon basin 
(Andreae et al. 2012).

In addition to the primary emissions (e.g., Fig. 4), 
the pollutants in the plume also have strong secondary 
effects. Results in Fig. 5 for this same late morning, 
fair weather flight on 13 March demonstrate an accel-
erated and transformed photochemical cycle. These 
changes can be attributed to a combination of strong 
solar irradiance at this equatorial latitude and high 
concentrations of NOx within the plume. As a result, 
the production rate of ozone, a secondary species 
produced in situ in the atmosphere (Chameides et al. 
1988), increased, as seen in its progressive buildup 

Fig. 4 (leFt). Visualization of the Manaus pollution plume. (left) The direction and extent of the plume observed 
in the Manaus environs by the G-1 aircraft is represented by plotting particle number concentrations in the 
vertical axis. (right) Several tracers of the pollution plume, especially as related to air quality, are plotted. The  
abscissa represents position along the flight path shown in the left-hand plots. (a1) Particle concentrations re-
corded by a condensation particle counter (CPC; TSI Model 3025A) on board the G-1 aircraft on a flight track 
at 500 m above mean sea level (MSL) from 1415 to 1533 UTC 13 Mar 2014, corresponding to 1015–1133 LT. Local 
topography varies from 50 to 100 m MSL. The panel shows an image of the local land cover upon which relative 
particle concentrations along the flight track are plotted in the vertical axis in blue coloring. The flight track was 
transverse to the Manaus pollution plume. Yellow pins indicate the locations of some of the GoAmazon2014/5 
research sites (cf. Fig. 3). The yellow line shows the simulated trajectory of an air parcel released over Manaus 
at 500 m MSL. (a2) Time series of concentrations of (top) particles, (middle) carbon monoxide, and (bottom) 
oxides of nitrogen along the flight track of (a1). Time 0 corresponds to 1533 UTC. For particle concentrations, 
the black and gray traces correspond to particles of 3 nm and larger and 10 nm and larger, respectively, using 
two different condensation particle counters (TSI Models 3025A and 3010, respectively). For concentrations of 
oxides of nitrogen, the black and gray traces correspond to concentrations of NO2 and NO, respectively. The 
red line represents concentrations recorded in background air masses during the flight and thus represents 
a baseline against which to measure the effects of pollution on species concentrations. The designation T3 at 
3,088 s indicates the time point at which the G-1 aircraft was located over the T3 research site. Background 
coloring designates that the G-1 was passing through a background air mass (light green), a polluted air mass 
(light red), or an air mass having an undetermined pollution state (light orange). The classification algorithm 
took as input the concentrations of particles, carbon monoxide, and oxides of nitrogen. (b1) Particle concentra-
tions recorded on the same flight as (a1) at 500 m MSL but from 1539:00 to 1554:00 UTC, corresponding Fig. 4. 
to 1139–1154 LT. The flight track was longitudinal to the Manaus pollution plume. (b2) Time series of species 
concentrations along the flight track of (b2). Although the actual flight was upwind to visualize as downwind 
translation from Manaus, time is expressed in reverse flight time. Hence, time 0 corresponds to 1554 UTC. 
Trace coloring is as in (a2). Reported concentrations are normalized to STP (105 Pa, 273.15 K).

Fig. 5 (right). Concentrations of atmospheric gases 
along the transverse flight tracks of Figs. 4a1 and 4a2: 
(a) ozone, (b) isoprene, (c) ratio of oxidation products 
and isoprene, and (d) ratio of benzene and toluene. The 
datasets reveal the acceleration of the oxidant cycle 
inside compared to outside the plume downwind of 
Manaus (see main text). Isoprene oxidation products 
include methyl vinyl ketone, methacrolein, and hydro-
peroxides. Organic species were measured by proton 
transfer reaction mass spectrometry (PTR-MS). The 
background coloring to designate the pollution state of 
an air mass, the red line to designate baseline concen-
trations, and the label T3 are as discussed in Fig. 4a2.

Au: In the 
Fig. 4 cap-
tion, in the 
s e n t e n c e 
“(b2) Time 
s e r i e s  o f 
species con-
centrations 
a l ong  t h e 
flight track 
o f  ( b 2 ) ”, 
should the 
"(b2)" at the 
end of  the 
sentence re-
fer to a dif-
ferent pan-
el, like (a1) 
or (b1)?

Au: Please fill in 
the correct sidebar 
title here and be-
low after you have 
created them.

7MAY 2017AMERICAN METEOROLOGICAL SOCIETY |6 MAY 2017|



Cloud properties. In light of changes both in CCN con-
centrations and possibly increased atmospheric sta-
bility at times because of absorption by black carbon, 
cloud properties in regions affected by the Manaus 
plume can be anticipated to change significantly. Even 
so, predictions of detailed effects on cloud formation 
are challenging because of myriad interacting factors, 
including but not limited to CCN concentrations, 
updraft velocity, temperature, and humidity (Andreae 
and Rosenfeld 2008). The observations made in 
GoAmazon2014/5, however, provide both qualita-
tive descriptions and quantitative constraints of the 
effects of the pollution plume on cloud properties.

As an example, the droplet size distr ibu-
tion, meaning the probability density function 
of number concentration with diameter, is one 
important cloud property, affecting both cloud 
albedo as well as the tendency to convert from a 
nonprecipitating to precipitating state. Droplet 
size distributions were recorded when the aircraft 
passed through shallow cumulus clouds. The main 
reference day of 13 March presented herein had 
mostly sunny skies, and the aircraft passed through 
hardly any clouds. Instead, datasets from 19 and 
21 March, corresponding to the same latitude–
longitude box downwind of Manaus and about 
the same altitude (600 m MSL), just above cloud 
base, were used in the analysis. The meteorological 
conditions such as temperature, relative humidity, 
and cloud vertical velocity were also similar for the 
two datasets. On 21 March, the Manaus pollution 
plume blanketed the selected latitude–longitude 
box. On 19 March, the Manaus pollution plume was 
outside this box. On both days, the f lights passed 
through shallow cumulus clouds.

The CCN concentrations observed on 19 (back-
ground conditions; blue) and 21 March (polluted 
conditions; red) are shown in the top panel of Fig. 7 
for 0.35% supersaturation. Under background condi-
tions, CCN0.35 was approximately 100 cm−3 for both 
flights. It increased to 400–800 cm−3 inside the plume 
for the flight on 21 March. These observations are 
similar to those previously described for the main 
reference day of 13 March (cf. Fig. 6). The bottom 
panel of Fig. 7 shows the size distributions, spanning 
droplets to raindrops, measured for the clouds under 
polluted and background conditions. The distribu-
tions differed considerably. Under polluted conditions, 
the droplet size distribution shifted to significantly 
smaller diameters, as explained by the increased CCN 
concentration. The dispersion of the distribution 
also decreased. The concentration of small droplets 
(<10 µm) increased by up to two orders of magnitude 

in the polluted clouds. Raindrop concentrations 
(>100 µm) correspondingly decreased significantly. 
Even so, caveats to keep in mind are that cloud forma-
tion mechanisms could differ between the days, and 
possible meteorological effects cannot be disentangled 
beyond doubt from possible effects of pollution. 
These caveats notwithstanding, the comparison 

fleet of Manaus, represented the dominant source of 
this pollutant. By comparison, NOx concentrations 
had relatively high variability, suggesting that point 
sources, such as power plants, strongly contributed 
to the concentrations of this pollutant. The particle 
count had tendencies of both, suggesting that both 
the transportation f leet (which has many diesel 
trucks to accompany the activities of the factories 
associated with the free-trade zone) and power plants 
had significant particle emissions. At later times 
(500–900 s, Fig. 4b2, nearby T3), undulations remain 
apparent in the measurements, despite the mixing 
tendencies associated with dilution, entrainment, and 
other aspects of turbulence, such as large eddies. The 
implication is that on this day specific lines of pollu-
tion within the plume maintained their integrity to a 
certain extent over the distance from Manaus to T3, 
implying that horizontal dispersion was rather weak 
and air parcels underwent quasi-Lagrangian trans-
port from emission to observation, at least on this 
fair-weather day. Another observation is that the CO 
and NOx concentrations at 800 s in Fig. 4b2 are lower 
than their respective maximum values at 3,000 s in 
Fig. 4a2. Askewness between the flight path and the 
central axis of the plume can explain this observation, 
meaning that at 800 s the flight path was sampling the 
shoulder rather than the central values of the plume.

Cloud condensation nuclei. The cloud-forming char-
acteristics of the atmospheric PM were also altered 
by the pollution plume. For the flight on 13 March, 
the concentrations of particles activating as cloud 
droplets were 80 and 130 cm−3 outside the plume 
for supersaturations of 0.23% and 0.50%, respec-
tively (labeled CCN0.23 and CCN0.50; Figs. 6a,b). These 
supersaturations are typically achieved as maximum 
in-cloud supersaturations across the range from mod-
erate to strong convection. By comparison, CCN0.23 
and CCN0.50 shifted to values greater than 300 and 
600 cm−3, respectively, in the central region of the 
pollution plume. Cloud microphysics is most sensitive 
to changes in CCN number concentrations from 100 
to 1,000 cm−3, above which saturation effects occur 
(Reutter et al. 2009).

The increased CCN concentrations associated 
with the pollution plume can be partially attributed 
to changes in particle size (i.e., physics) as well as 
changes in intrinsic CCN activity (i.e., chemistry). 
The particles freshly emitted in Manaus, mostly 
smaller than 50 nm and having a high soot con-
tent, were both too small and too hydrophobic to 
serve favorably as CCN. Downwind, the particle 
number concentration decreased, in part because 

of nanoparticle coagulation, as discussed for Fig. 4. 
Coagulation, as well as condensation of gases onto 
preexisting particles, increased the population of 
particles 100 nm and larger. Large particles tend 
to activate as CCN even at low supersaturations. 
Condensing gases are also produced more rapidly in 
the accelerated oxidant cycle of the pollution plume. 
The condensing gases include relatively hygroscopic 
species, such as carboxylic acids, alcohols, hydroper-
oxides, or sulfuric acid, resulting in particles of higher 
intrinsic CCN activity when condensational growth 
occurs. The CCN concentration thus progressively 
increased downwind of Manaus, both because of 
physics (i.e., mode diameter shifted to larger sizes) 
and chemistry (i.e., more hygroscopic constituents).

The effects of the plume on the downwind CCN 
concentrations are shown in Figs. 6c, 6d, and 6e for 
the flight of 13 March. The number concentration 
measured by the Passive Cavity Aerosol Spectrom-
eter Probe (PCASP) instrument, sensitive to par-
ticle diameters of 100 nm and larger N>100, steadily 
increased farther downwind within the plume 
(Fig. 6c), even as total particle number concentrations 
N>3 and N>10 decreased (Fig. 4a2, top row) indicating 
a shift of the particle population to a larger mode 
diameter. Because of the large diameters, most of 
these particles activated at 0.23% supersaturation, as 
reflected in the ratio of CCN0.23/N>100 in Fig. 6d, which 
mostly varied from 0.5 to 0.8 for this flight. Even so, 
these CCN-active particles remained a small fraction 
of the total particle population (CCN0.23/N>10; Fig. 6e). 
This ratio was nearly zero in the plume and about 
0.2 for background conditions. The ratio CCN0.23/
N>100 was typically lower inside the pollution plume. 
A shift in the relative size distribution of particles of 
diameters 100 nm and larger (i.e., to a smaller mode 
diameter) and a decrease in their hygroscopicity, both 
of which are associated with dominance of small 
hygroscopic particles in the plume, are both factors 
that can explain the decrease in CCN0.23/N>100.

To a limited extent, the pollution plume also 
changed the thermodynamic context of cloud 
formation in important ways. The PM observed 
during background conditions for this flight had a 
high single-scattering albedo of 0.95 or larger but 
blackened considerably in the plume, approaching a 
single-scattering albedo of 0.75 or less in the center 
of the plume (Fig. ES2). Light absorption causes a 
redistribution of energy in the atmospheric column, 
having a general tendency to increase atmospheric 
stability, decrease entrainment of overlying clean 
air, and weaken the environment for development of 
shallow clouds (Jacobson 2001).

Fig. 6. Properties of CCN along the transverse flight 
corresponding to Fig. 4a1. The datasets show that the 
cloud-forming characteristics of the atmospheric PM 
were altered by the pollution plume. (a) CCN concen-
trations measured at 0.23% supersaturation. (b) CCN 
concentrations measured at 0.5% supersaturation. (c) 
Total particle concentration of diameters of 100 nm 
and larger. (d) Fraction of CCN-active particles calcu-
lated as the ratio of CCN concentrations at 0.23% to 
total particle concentrations of diameters of 100 nm 
and larger. (e) Fraction of CCN-active particles calcu-
lated as the ratio of CCN concentrations at 0.23% to 
total particle concentrations of diameters of 10 nm 
and larger. The background coloring to designate the 
pollution state of an air mass, the red line to designate 
baseline concentrations, and the label T3 are as dis-
cussed in Fig. 4a2.
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cumulus clouds, thereby reducing droplet sizes and 
delaying or suppressing the formation of raindrops.

Precipitation. Differences in the droplet size distri-
butions under polluted conditions compared to 
background conditions can inf luence the timing, 
amount, and intensity of rainfall, at least for some 

thermodynamic settings. Gonçalves et al. (2015) 
used observational evidence over the Manaus region 
to connect increased ice content, rain cells, and 
ultimately precipitation to elevated concentrations of 
atmospheric particles derived from biomass burning. 
The smaller mode diameters of the droplet size dis-
tributions during cloud development under polluted 
conditions can suppress early stage precipitation 
within warm regions of the clouds. Liquid particles 
can rise to higher altitudes where freezing occurs, 
which is typically above 5 km over the Amazon. The 
latent heat of fusion promotes stronger updrafts and 
the growth of large ice particles, eventually leading 
to enhanced rainfall. This aerosol–cloud–precipitation 
mechanism is important in many environments 
(Khain et al. 2005; Rangno and Hobbs 2005; Rosenfeld 
et al. 2008; Fan et al. 2012).

As an illustration of these topics, Fig. 8 shows 
vertical distributions for the frequency of occur-
rence of radar reflectivity, commonly referred to as 
a contoured frequency by altitude diagram (CFAD). 
The data were collected at T3 during the wet season 
using a dual-polarization, X-band scanning radar in 
a vertical pointing strategy. Warmer colors represent 
a higher frequency of occurrence at a particular 
altitude, and the sum of occurrence at each height 
equals 100%. The top and bottom panels represent 
data aggregated into polluted and background con-
ditions, respectively. The two datasets respectively 
aggregate 1,680 and 881 observations of 10 min 
each. The polluted or background classification is 
based on a conglomeration of physical and chemical 
measurements at T3, such as particle number, CCN, 
and NOx concentrations. Although environmental 
controls on cloud development are complex, even 
more so for a single cloud, broad aggregation over 
an extended dataset of many clouds and many days 
has the possibility to make a statistical comment 
regarding factors of inf luence, such as polluted 
compared to background conditions, on the effects 
of the Manaus plume on cloud development in the 
wet season.

In this regard, the CFAD analysis represented in 
Fig. 8 illustrates altered cloud properties associated 
with the pollution plume of Manaus in the wet season. 
The horizontal line at 5 km represents the typical 
height of the melting layer over the Amazon, below 
which warm rain processes are normally active. The 
vertical lines draw attention to a window of 15–20 dBZ 
in radar reflectivity. Clouds both above and below 
the melting layer are associated with a wider spread 
in reflectivity for polluted compared to background 
conditions. Below the melting layer, the wide spread 

between shallow cumulus clouds on these days is as 
reasonably similar as possible. In a broader statistical 
evaluation of clouds inside and outside the plume in 
the wet season, Cecchini et al. (2016) report similar 
findings. The differing size distributions suggest that 
the Manaus pollution plume has the general effect of 
slowing collision–coalescence processes of shallow 

Fig. 7. Droplet size distributions of clouds under 
polluted and background conditions. The micro-
physical cloud properties in the regions affected by 
the Manaus plume are significantly different. (top) 
CCN concentrations at 0.35% supersaturation along 
a flight track on 19 Mar 2014 that passed through 
clouds under background conditions (blue) and along 
a flight track on 21 Mar 2014 that transected the 
Manaus pollution plume several times, while passing 
through clouds (red). Time on the abscissa runs from 
1700 to 1800 UTC 21 Mar (polluted) and from 1440 
to 1520 UTC 19 Mar (background) (bottom). Droplet 
size distributions for clouds during the polluted and 
background conditions represented by the top panel. 
The ordinate represents the differential concentration 
divided by the differential change in log10(diameter). 
The distributions were prepared by concatenating the 
data recorded by the Cloud Droplet Probe (CDP), the 
Two-Dimensional Stereo Probe (2DS), and the High 
Volume Precipitation Spectrometer, version 3 (HVPS-
3). CDP data were used for sizes <20.0 µm; 2DS and 
CDP data were averaged for sizes 20.0–50.0 µm; 2DS 
data were used for sizes 50.0–100.0 µm; and HVPS data 
were used for sizes >100 µm. For the polluted case, 
data were filtered to include measurements having 
CCN concentrations of 300 cm−3 and greater so as to 
consider only clouds inside the Manaus plume.

in ref lectivity suggests larger rainfall rates, larger 
mean drop sizes, or both. Above the melting layer, the 
high-end tail of the wide spread in reflectivity suggests 
that graupel and other mixed-phase hydrometeors are 
larger, more numerous, or both under polluted condi-
tions. The aforementioned aerosol–cloud–precipitation 
mechanism can explain the enhanced ice content 
under polluted conditions.

Given the myriad influences on rainfall occur-
rence and intensity, the most challenging analysis is to 
investigate the possible effect of the Manaus pollution 
plume on these outcomes. Disdrometer measure-
ments at the T3 site are shown in Fig. 9. The rain rate 
and the mean mass-weighted diameter of the falling 
hydrometeors are measured. Figure 9 segregates the 
data for polluted and background conditions. The 
mean diameters of the two populations are not statisti-
cally different (1.5 mm), and the mean rain rates are 
not too different (6.4 and 7.5 mm h−1 for background 
and polluted conditions, respectively). For most cases 
then, the overall precipitation distributions are not 
significantly different. A focus on strong rain rates, 
however, modifies the interpretation. For rain rates 
larger than 20 mm h−1 that denote deep convection, 
the mean diameter is larger for polluted conditions. 
The positive skewness representing the tail to larger 
diameters in the droplet distribution for the polluted 

Fig. 9. Segregation of rain rate and mean mass-
weighted droplet diameter by polluted (green) or 
background conditions (red). A mixture of influences 
affects rainfall occurrence and intensity, and at times 
pollution can play a role in shifting the kinematic and 
microphysical growth processes. Data points represent 
rainfall intervals of 5 min. Measurements were made 
by a disdrometer at T3. A data threshold of a rain rate 
greater than 0.5 mm h−1 and a droplet count above 50 
was used.

Fig. 8. Vertical distributions of the frequency radar 
reflectivity over site T3 during IOP1 in the wet season. 
In statistical aggregate, the pollution plume downwind 
of Manaus appears to alter cloud properties. These 
plots are commonly referred to as a contoured fre-
quency by altitude diagram CFAD, as introduced by 
Yuter and Houze (1995). Data segregated by (top) 
polluted and (bottom) background conditions. Lines 
accompany the description in the text to demarcate a 
height of 5 km (horizontal line) and a reflectivity range 
of 15–20 dBZ (vertical lines). The data were collected 
in a vertical-pointing strategy by a dual-polarization, 
X-band scanning radar (Machado et al. 2014).
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cumulus clouds, thereby reducing droplet sizes and 
delaying or suppressing the formation of raindrops.

Precipitation. Differences in the droplet size distri-
butions under polluted conditions compared to 
background conditions can inf luence the timing, 
amount, and intensity of rainfall, at least for some 

thermodynamic settings. Gonçalves et al. (2015) 
used observational evidence over the Manaus region 
to connect increased ice content, rain cells, and 
ultimately precipitation to elevated concentrations of 
atmospheric particles derived from biomass burning. 
The smaller mode diameters of the droplet size dis-
tributions during cloud development under polluted 
conditions can suppress early stage precipitation 
within warm regions of the clouds. Liquid particles 
can rise to higher altitudes where freezing occurs, 
which is typically above 5 km over the Amazon. The 
latent heat of fusion promotes stronger updrafts and 
the growth of large ice particles, eventually leading 
to enhanced rainfall. This aerosol–cloud–precipitation 
mechanism is important in many environments 
(Khain et al. 2005; Rangno and Hobbs 2005; Rosenfeld 
et al. 2008; Fan et al. 2012).

As an illustration of these topics, Fig. 8 shows 
vertical distributions for the frequency of occur-
rence of radar reflectivity, commonly referred to as 
a contoured frequency by altitude diagram (CFAD). 
The data were collected at T3 during the wet season 
using a dual-polarization, X-band scanning radar in 
a vertical pointing strategy. Warmer colors represent 
a higher frequency of occurrence at a particular 
altitude, and the sum of occurrence at each height 
equals 100%. The top and bottom panels represent 
data aggregated into polluted and background con-
ditions, respectively. The two datasets respectively 
aggregate 1,680 and 881 observations of 10 min 
each. The polluted or background classification is 
based on a conglomeration of physical and chemical 
measurements at T3, such as particle number, CCN, 
and NOx concentrations. Although environmental 
controls on cloud development are complex, even 
more so for a single cloud, broad aggregation over 
an extended dataset of many clouds and many days 
has the possibility to make a statistical comment 
regarding factors of inf luence, such as polluted 
compared to background conditions, on the effects 
of the Manaus plume on cloud development in the 
wet season.

In this regard, the CFAD analysis represented in 
Fig. 8 illustrates altered cloud properties associated 
with the pollution plume of Manaus in the wet season. 
The horizontal line at 5 km represents the typical 
height of the melting layer over the Amazon, below 
which warm rain processes are normally active. The 
vertical lines draw attention to a window of 15–20 dBZ 
in radar reflectivity. Clouds both above and below 
the melting layer are associated with a wider spread 
in reflectivity for polluted compared to background 
conditions. Below the melting layer, the wide spread 

between shallow cumulus clouds on these days is as 
reasonably similar as possible. In a broader statistical 
evaluation of clouds inside and outside the plume in 
the wet season, Cecchini et al. (2016) report similar 
findings. The differing size distributions suggest that 
the Manaus pollution plume has the general effect of 
slowing collision–coalescence processes of shallow 

Fig. 7. Droplet size distributions of clouds under 
polluted and background conditions. The micro-
physical cloud properties in the regions affected by 
the Manaus plume are significantly different. (top) 
CCN concentrations at 0.35% supersaturation along 
a flight track on 19 Mar 2014 that passed through 
clouds under background conditions (blue) and along 
a flight track on 21 Mar 2014 that transected the 
Manaus pollution plume several times, while passing 
through clouds (red). Time on the abscissa runs from 
1700 to 1800 UTC 21 Mar (polluted) and from 1440 
to 1520 UTC 19 Mar (background) (bottom). Droplet 
size distributions for clouds during the polluted and 
background conditions represented by the top panel. 
The ordinate represents the differential concentration 
divided by the differential change in log10(diameter). 
The distributions were prepared by concatenating the 
data recorded by the Cloud Droplet Probe (CDP), the 
Two-Dimensional Stereo Probe (2DS), and the High 
Volume Precipitation Spectrometer, version 3 (HVPS-
3). CDP data were used for sizes <20.0 µm; 2DS and 
CDP data were averaged for sizes 20.0–50.0 µm; 2DS 
data were used for sizes 50.0–100.0 µm; and HVPS data 
were used for sizes >100 µm. For the polluted case, 
data were filtered to include measurements having 
CCN concentrations of 300 cm−3 and greater so as to 
consider only clouds inside the Manaus plume.

in ref lectivity suggests larger rainfall rates, larger 
mean drop sizes, or both. Above the melting layer, the 
high-end tail of the wide spread in reflectivity suggests 
that graupel and other mixed-phase hydrometeors are 
larger, more numerous, or both under polluted condi-
tions. The aforementioned aerosol–cloud–precipitation 
mechanism can explain the enhanced ice content 
under polluted conditions.

Given the myriad influences on rainfall occur-
rence and intensity, the most challenging analysis is to 
investigate the possible effect of the Manaus pollution 
plume on these outcomes. Disdrometer measure-
ments at the T3 site are shown in Fig. 9. The rain rate 
and the mean mass-weighted diameter of the falling 
hydrometeors are measured. Figure 9 segregates the 
data for polluted and background conditions. The 
mean diameters of the two populations are not statisti-
cally different (1.5 mm), and the mean rain rates are 
not too different (6.4 and 7.5 mm h−1 for background 
and polluted conditions, respectively). For most cases 
then, the overall precipitation distributions are not 
significantly different. A focus on strong rain rates, 
however, modifies the interpretation. For rain rates 
larger than 20 mm h−1 that denote deep convection, 
the mean diameter is larger for polluted conditions. 
The positive skewness representing the tail to larger 
diameters in the droplet distribution for the polluted 

Fig. 9. Segregation of rain rate and mean mass-
weighted droplet diameter by polluted (green) or 
background conditions (red). A mixture of influences 
affects rainfall occurrence and intensity, and at times 
pollution can play a role in shifting the kinematic and 
microphysical growth processes. Data points represent 
rainfall intervals of 5 min. Measurements were made 
by a disdrometer at T3. A data threshold of a rain rate 
greater than 0.5 mm h−1 and a droplet count above 50 
was used.

Fig. 8. Vertical distributions of the frequency radar 
reflectivity over site T3 during IOP1 in the wet season. 
In statistical aggregate, the pollution plume downwind 
of Manaus appears to alter cloud properties. These 
plots are commonly referred to as a contoured fre-
quency by altitude diagram CFAD, as introduced by 
Yuter and Houze (1995). Data segregated by (top) 
polluted and (bottom) background conditions. Lines 
accompany the description in the text to demarcate a 
height of 5 km (horizontal line) and a reflectivity range 
of 15–20 dBZ (vertical lines). The data were collected 
in a vertical-pointing strategy by a dual-polarization, 
X-band scanning radar (Machado et al. 2014).
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compared to background conditions is statistically 
significant by the Student’s t test with greater than 
95% confidence. The implication appears to be that 
in the mixture of influences that affect rainfall occur-
rence and intensity at times, pollution can play a role 
in shifting the kinematic and microphysical growth 
processes. At those times, the shift to larger rain drops 
is consistent with the aerosol–cloud–precipitation 
mechanism of invigoration (May et al. 2011).

FINAL WORDS. In closing, just before the dawn 
of World War I, the Roosevelt–Rondon Scientific 
Expedition of 1913–14 took place up a deep tributary 
in southwestern Amazonia, and Theodore Roosevelt 
(President, United States, 1901–09) published there-
after Through the Brazilian Wilderness. In reference 
to the forest, he states that “decades will pass before it 
vanishes,” by which he meant logging and other forms 
of development. In the most recent 10 years, a little 
over 2% of the forest has vanished. Tellingly, in 2015, 
acrid and thick smoke formed a pall across Manaus 
more often than not through October and November 
of the late dry season. Lifetime residents recall no 
other year as such. Although an El Niño year has been 
brought up as explanation, many El Niño years have 
come in the past without these fires, and in fact the 
quantitative incidence of fires in and around Manaus 
has increased steadily over the past 10 years at an 
annual average growth rate of 20%. Possibly, 2015 is 
a harbinger of future years and could mark a major 
change in terms of fire location from the historical 
arc of deforestation along the southern margins of 
the Amazon forest and now into the central Amazon 
basin as well.

The results of GoAmazon2014/5 are improving 
understanding of the scientific factors affecting air 
quality, weather, terrestrial ecosystems, and climate 
in the basin, especially as related to susceptibility to 
specific human factors. A positive legacy will be that 
future regional development will take into account 
what is learned from GoAmazon2014/5 when making 
choices about future transportation networks, energy 
matrices, land-use changes, and other pertinent 
factors. In addition to the recent technical introduc-
tion by Martin et al. (2016) to the GoAmazon2014/5 
experiment, several overview papers focused on 
more specific topics are forthcoming in Atmospheric 
Chemistry and Physics to summarize and synthe-
size findings concerning the aerosol life cycle, the 
cloud life cycle, and cloud–aerosol–precipitation 
interactions, in particular their functioning under 
background conditions compared to times of direct 
human influence.
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