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Abstract. The Observations and Modeling of the Green

Ocean Amazon (GoAmazon2014/5) Experiment was car-

ried out in the environs of Manaus, Brazil, in the cen-

tral region of the Amazon basin for 2 years from 1 Jan-

uary 2014 through 31 December 2015. The experiment fo-

cused on the complex interactions among vegetation, atmo-

spheric chemistry, and aerosol production on the one hand

and their connections to aerosols, clouds, and precipitation

on the other. The objective was to understand and quantify

these linked processes, first under natural conditions to ob-

tain a baseline and second when altered by the effects of

human activities. To this end, the pollution plume from the

Manaus metropolis, superimposed on the background condi-

tions of the central Amazon basin, served as a natural lab-

oratory. The present paper, as the introduction to the spe-

cial issue of GoAmazon2014/5, presents the context and mo-

tivation of the GoAmazon2014/5 Experiment. The nine re-

search sites, including the characteristics and instrumenta-

tion of each site, are presented. The sites range from time

point zero (T0) upwind of the pollution, to T1 in the midst

of the pollution, to T2 just downwind of the pollution, to

T3 furthest downwind of the pollution (70 km). In addition

to the ground sites, a low-altitude G-159 Gulfstream I (G-

1) observed the atmospheric boundary layer and low clouds,

and a high-altitude Gulfstream G550 (HALO) operated in

the free troposphere. During the 2-year experiment, two In-

tensive Operating Periods (IOP1 and IOP2) also took place

that included additional specialized research instrumentation

at the ground sites as well as flights of the two aircraft.

GoAmazon2014/5 IOP1 was carried out from 1 February to

31 March 2014 in the wet season. GoAmazon2014/5 IOP2

was conducted from 15 August to 15 October 2014 in the

dry season. The G-1 aircraft flew during both IOP1 and IOP2,

and the HALO aircraft flew during IOP2. In the context of the

Amazon basin, the two IOPs also correspond to the clean and

biomass burning seasons, respectively. The Manaus plume is
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present year-round, and it is transported by prevailing north-

easterly and easterly winds in the wet and dry seasons, re-

spectively. This introduction also organizes information rel-

evant to many papers in the special issue. Information is pro-

vided on the vehicle fleet, power plants, and industrial ac-

tivities of Manaus. The mesoscale and synoptic meteorolo-

gies relevant to the two IOPs are presented. Regional and

long-range transport of emissions during the two IOPs is dis-

cussed based on satellite observations across South Amer-

ica and Africa. Fire locations throughout the airshed are de-

tailed. In conjunction with the context and motivation of

GoAmazon2014/5 as presented in this introduction, research

articles including thematic overview articles are anticipated

in this special issue to describe the detailed results and find-

ings of the GoAmazon2014/5 Experiment.

1 Introduction

The Amazon basin functions as a giant biogeochemical re-

actor to influence regional climate, with both exports and

imports of climate-relevant quantities to and from other re-

gions of Earth (Keller et al., 2009). Biogenic emissions of

gases and aerosol particles, in combination with high abso-

lute humidity and strong solar radiation, maintain chemical

and physical cycles that sustain the aerosol particle popula-

tion, the cloud field, and the hydrological cycle of the basin

(Salati and Vose, 1984; Lelieveld et al., 2008; Martin et al.,

2010a). The biology of the forest has a critical role in regu-

lating atmospheric composition and climate over the region

(Pöschl et al., 2010; Artaxo et al., 2013).

Any accurate model of the Earth system must succeed

in a good description of tropical regions and in particular

the Amazon basin, both in its natural state as well as when

perturbed by regional and global human activities. The hy-

drologic cycle of the basin is one of the primary heat en-

gines of global circulation (Nobre et al., 2009). Models of fu-

ture climate accounting for human activities have suggested

a possible drying, especially in the eastern regions (Nobre

et al., 1991; Boisier et al., 2015). Significant changes in the

amounts and patterns of precipitation in the basin can have

far-reaching consequences because of the nonlinear, multi-

scale interactions that affect clouds, precipitation, and atmo-

spheric circulation, leading for example to possible modifi-

cations in the annual migration of the Intertropical Conver-

gence Zone (ITCZ) (Wang and Fu, 2007). The hydrologi-

cal cycle in the Amazon basin has changed over the past 2

decades, but the causes are not fully identified and under-

stood (Davidson et al., 2012; Gloor et al., 2013).

At present, many aspects of continental tropical deep con-

vection, such as the daily cycle, are poorly understood and

inaccurately modeled (Betts, 2002; Dai, 2006). Cloud prop-

erties simulated in climate models have high sensitivity to

changes in droplet concentration, droplet size distribution,

and liquid water content (Dandin et al., 1997; Liu and Daum,

2002; Rotstayn and Liu, 2003). Cloud microphysical proper-

ties, cloud cover, precipitation, lightning, and regional cli-

mate over the Amazon basin can be significantly affected

by aerosol particles (Andreae et al., 2004; Lin et al., 2006;

Rosenfeld et al., 2008, 2014; Martins and Silva Dias, 2009;

Altaratz et al., 2010; Koren et al., 2012; Gonçalves et al.,

2015). For background conditions in the basin, aerosol par-

ticle concentrations at Earth’s surface number several hun-

dred per cubic centimeter in the wet season (Andreae, 2007;

Martin et al., 2010a). By comparison, background concen-

trations increase by an order of magnitude in the dry sea-

son because of widespread biomass burning (Martin et al.,

2010a; Artaxo et al., 2013). Shifts in the concentrations of

cloud condensation nuclei (CCN) from a few hundred up to

one thousand cm−3 can strongly affect cloud microphysics

(McFiggans et al., 2006; Reutter et al., 2009; Koren et al.,

2014). Future expansion of cities and population throughout

the basin can be expected to alter particle concentrations, and

changes in cloud properties can be expected.

The Observations and Modeling of the Green Ocean

Amazon (GoAmazon2014/5) Experiment was motivated by

the need to gain a better understanding of aerosol–cloud–

precipitation interactions and processes over the largest tropi-

cal rain forest on Earth. GoAmazon2014/5 sought to advance

the goal of understanding how the chemical, hydrological,

energy, and ecosystem cycles of the basin function today and

how they might evolve under scenarios of future stress and

pollution. The experiment assembled a network of observa-

tion sites to intercept both background air of the Amazon

basin and pollution from the Manaus metropolis in the cen-

tral region of Brazil (Fig. 1). Manaus, situated at the con-

fluence of the Black River (Rio Negro) with the Solimões

river, which together form the Amazon river, is an isolated

urban region of over 2 million people (IBGE, 2015). The

city has been a free trade zone since 1967 to encourage eco-

nomic development, leading to the presence today of hun-

dreds of local and global manufacturing companies. Most of

the manufactured products are shipped thousands of kilome-

ters by boat to the consumers in the southern states of Brazil.

Outside of the city there is natural forest for over 1000 km

in every direction. In this context, the airshed intersecting

the GoAmazon2014/5 research sites downwind of Manaus

oscillated between (i) one of the most natural continental

sites on Earth and (ii) one characterized by the interactions

of the pollution emissions of a tropical metropolis with the

natural emissions of the rain forest. GoAmazon2014/5 was

designed to explore cloud–aerosol–precipitation interactions

over a tropical rain forest for which contrasting conditions

of clean compared to polluted conditions were clearly and

regularly delineated. The most heavily instrumented research

site (“T3”) of GoAmazon2014/5 was 70 km downwind of

Manaus. Under the day-to-day variability in the meteorol-

ogy, both clean and polluted air masses, mixed to variable

degrees, arrived at T3. The pollution plume from Manaus
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Figure 1. Locations of GoAmazon2014/5 research sites in the en-

virons of the city of Manaus (−3.1◦, −60.0◦) in the state of Ama-

zonas in the country of Brazil. Table 1 provides further informa-

tion on the labeled sites. Manaus is located at the confluence of the

Black River (Rio Negro) with the Solimões river, which together

form the Amazon river. The map rectangle is drawn from (−3.66◦,

−60.92◦) in the southwest to (−1.91◦, −58.58◦) in the northeast.

The left inset shows the location of the experimental domain within

South America. For prevailing winds, Manaus is on the order of

1200 (IOP1) to 1600 km (IOP2) from the South Atlantic. The right

inset shows nighttime illumination in the environs of the city of

Manaus for the year 2010. Figure S1 in the Supplement provides an

expanded view of the regional nighttime illumination.

thus served as a laboratory for investigating perturbations to

natural processes.

The regular synoptic changes between the wet and dry sea-

sons offered an additional important scientific contrast. In the

wet season, the Manaus plume aside, the Amazon basin is

one of the cleanest continental regions on Earth (Andreae,

2007; Martin et al., 2010a). The particle population is in

dynamic balance with the ecosystem (which produces them

directly and indirectly) and the hydrologic cycle (which re-

moves them). In the dry season, biomass burning is prevalent

throughout the basin. The most intense burning and atmo-

spheric perturbations take place at the southern and eastern

edges of the vast forest. Local fire emissions as well as basin-

wide background pollution also affect the Manaus region

during this time period. Wet deposition also decreases dur-

ing the dry season. As a result of these spatial and temporal

differences, cloud–aerosol–precipitation interactions are sig-

nificantly different between the two seasons (Andreae et al.,

2004; Feingold et al., 2005; Artaxo et al., 2013).

The original use of the expression “green ocean” was re-

lated to the similarities in aerosol particle concentrations

and cloud microphysics between the Amazon basin and re-

mote oceanic regions during clean periods of the wet sea-

son (Williams et al., 2002). The expression, in reference to

Green Ocean Amazon (“GoAmazon” for short) or “Obser-

vations and Modeling of the Green Ocean Amazon” (long

version), has acquired a more general meaning to refer to

the energy, water, and chemical cycles over the vast, mostly

green-colored Amazon rain forest.

The anticipated publications for this special issue about

GoAmazon2014/5 can be broadly categorized as related to

(1) the aerosol life cycle, (2) the cloud life cycle, (3) cloud–

aerosol–precipitation interactions, and (4) terrestrial ecosys-

tems. The publications can be largely grouped as focusing on

one or more of the following topics:

1. (a) perturbations of atmospheric composition and atmo-

spheric oxidant cycle due to human activities in tropi-

cal continental regions, including interactions with bio-

genically produced volatile organic compounds; (b) as-

sociated influences on the number concentration, the

mass concentration, the size distribution, and the op-

tical, cloud-forming, and ice-nucleating properties of

aerosol particles.

2. (a) the evolution of storms over tropical rain forests

in the dry season (i.e., intense and relatively isolated

storms) compared to the wet season (i.e., less intense

but more widespread storms); (b) the daily transition

in cloud development from shallow to deep convection,

with comparison and understanding between tropical

and other environments.

3. (a) effects of aerosol particles on clouds, precipitation,

and lightning across a range of clean and polluted condi-

tions; (b) the connections to aerosol direct, semi-direct,

and indirect radiative effects.

4. (a) identities, amounts, and seasonal patterns of emis-

sions of biogenic volatile organic compounds (BVOCs);

(b) the controls on the fraction of assimilated carbon

that is allocated to the production and emission of

BVOCs.

This introduction to the special issue presents the objec-

tives and motivation of the GoAmazon2014/5 experiment.

It also provides a description of the field sites, the environ-

mental conditions during the two Intensive Operating Peri-

ods (IOPs), and the context of the Manaus metropolis in the

center of the largest rain forest on Earth.

2 Experimental design

The GoAmazon2014/5 Experiment took place in the envi-

rons of Manaus in the central region of the Amazon basin.

Manaus, a city presently of over 2 million people and ex-

panding rapidly, is an isolated urban region within the sur-

rounding rain forest (Fig. 1). It is large enough to have an

urban island heat effect of up to 3 ◦C relative to the sur-

rounding forest (de Souza and dos Santos Alvalá, 2014).

www.atmos-chem-phys.net/16/4785/2016/ Atmos. Chem. Phys., 16, 4785–4797, 2016
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Several important geographic features include the conflu-

ence of two large rivers, an urban landscape, and undulat-

ing land relief (50 to 200 m) that affects its daily meteoro-

logical cycles (dos Santos et al., 2014; Tanaka et al., 2014).

GoAmazon2014/5 measurements were made from 1 Jan-

uary 2014 through 31 December 2015. Two Intensive Op-

erating Periods, including aircraft and additional personnel

and instrumentation at the ground sites, took place in the wet

and dry seasons of 2014. GoAmazon2014/5 IOP1 took place

from 1 February to 31 March 2014, and GoAmazon2014/5

IOP2 was active from 15 August to 15 October 2014. There

were nine ground stations in and around Manaus as well as

coordinated flights by research aircraft. The rationale for the

use of the multiple platforms was to characterize the Ama-

zonian atmosphere under varying degrees of urban influence

and photochemical processing.

2.1 Site and aircraft descriptions

The locations of Manaus and the nine research sites are

shown in Fig. 1. The latitude–longitude coordinates of each

site are listed in Table 1. The sites range from time points

zero (T0) upwind of the pollution, through time points one

(T1) and two (T2) closer to the pollution sources, to time

points three (T3) furthest downwind of the pollution. Instru-

mentation at each site, including the aircraft, is catalogued in

Tables S1 to S13 in the Supplement. The scope and duration

of the data sets that were collected by this combined set of

instrumentation represents a new milestone for the study of

climate and air quality in the Amazon basin.

Site T0a was the Amazonian Tall Tower Observatory

(ATTO) (Andreae et al., 2015). Although the site has been

active since 2012, the 325 m tall tower (inaugurated in Au-

gust 2015) had not yet been completed during the IOPs of

GoAmazon2014/5. Measurements were instead made from

two 80 m towers at the site. Site T0e was located at a branch

of the Brazilian Agricultural Research Corporation (EM-

BRAPA) about 10 km beyond the northern limits of the Man-

aus metropolitan area (Barbosa et al., 2014). Sites T0k and

T0t were situated in the Cuieiras Biological Reserve (“ZF2”)

that has been a central part of Amazonian ecology and cli-

mate studies for over 20 years. In particular, T0k was the

tower “K34” that has been the centerpiece of the Large-

Scale Biosphere–Atmosphere (LBA) experiment since its

construction in 1999 (Araújo et al., 2002). Site T0t was

tower “TT34” established for the Amazonian Aerosol Char-

acterization Experiment (AMAZE-08) in 2008 (Martin et al.,

2010b). The T0 sites were typically upwind of Manaus so

that the pollution plume was not present most of the time. In

all cases, however, except possibly for T0a, the local winds

did occasionally transport some pollution to these sites (Chen

et al., 2015).

Within Manaus, site T1 was a tower in a forested section

of the campus of the National Institute of Amazonian Re-

search. Site T1p was located at the military airport at Ponta

Pelada in Manaus. Site T2 consisted of a research container

placed at a hotel on the western edge of the Black River and

just across the river from Manaus (J. Brito, personal commu-

nication, 2015). It sampled the fresh Manaus pollution plume

across approximately 8 to 11 km of river width depending on

the prevailing wind direction. Site T3u was located on the

regional campus of Amazonas State University in Manaca-

puru.

The most comprehensively instrumented site of

GoAmazon2014/5 was T3. For 24 months, a suite of

containers representing the Atmospheric Radiation Mea-

surement (ARM) Climate Research Facility of the United

States Department of Energy operated at T3. This facility

included the ARM Mobile Facility One (AMF-1) and the

ARM Mobile Aerosol Observing System (MAOS) (Mather

and Voyles, 2013). There were four additional containers

of instrumentation deployed by university investigators and

other scientists during the two IOPs. The T3 site was located

70 km downwind of Manaus, representing several hours of

air travel time depending on the daily wind speeds. It was

a pasture site of 2.5 km by 2 km situated 2 km to the north

of a lightly traveled two-lane road (AM-070) that connects

Manaus to Manacapuru. Manacapuru was 10 km downwind

of T3 to the southwest.

Two aircraft, a low-flying G-159 Gulfstream I (G-1)

(Schmid et al., 2014) that mostly sampled the atmospheric

boundary layer and low clouds and a high-flying Gulfstream

G550 (HALO) (Wendisch et al., 2016) that mostly observed

the free troposphere, collected data during the two IOPs. The

flight tracks of HALO appear in Wendisch et al. (2016), con-

stituting 14 research flights, mostly in the mid- and upper

troposphere, during IOP2. The domain of flights was across

a large part of the Amazon basin. There were two dedicated

flights coordinated with the G-1 aircraft, including for instru-

ment comparison. The G-1 carried out 16 flights in IOP1 and

19 flights in IOP2, mostly in the late morning and early after-

noon (local time). Figure 2 shows all flight tracks of the G-

1. Figures S2 and S3 segregate the tracks by altitude. Other

than a few flight missions set up to sample background con-

ditions, the flight tracks shown in Fig. 2 represent a synop-

sis of the actual location of the Manaus pollution plume on

specific days. The flight tracks show that easterly winds car-

ried the plume westward over the rain forest. On a given day,

flight plans were filed in the early morning based on bound-

ary layer winds sampled by radiosondes as well as on the

forecasted location of the pollution plume. A plume fore-

cast was prepared using the CATT-BRAMS model (Coupled

Aerosol and Tracer Transport model to the Brazilian devel-

opments on the Regional Atmospheric Modelling System)

(Freitas et al., 2009). In some cases, adjustments to the flight

plans were made during flight once the instrumentation had

identified the actual location of the daily plume.

Atmos. Chem. Phys., 16, 4785–4797, 2016 www.atmos-chem-phys.net/16/4785/2016/
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Table 1. Names and locations of research sites and platforms deployed in GoAmazon2014/5. Other common names, as well as the relative

distances and angles from T1 (National Institute of Amazonian Research, INPA), are also listed.

Location Position relative to T1

GoAmazon2014/5

reference

Other

reference

Latitude Longitude Distance (km) Direction (0◦ N) Description Reference

T0a ATTO −2.1466◦
−59.0050◦ 151.4 45.8◦ Forested site upwind of Man-

aus, 325 m tall tower (inaugu-

rated Aug 2015)

Andreae et al. (2015)

T0e EMBRAPA −2.8942◦
−59.9718◦ 22.5 4.3◦ Pasture site north of

Manaus

Barbosa et al. (2014)

T0k K34, ZF2 −2.6091◦
−60.2093◦ 59.4 335.5◦ Closed canopy, forested

site north of Manaus

Araújo et al. (2002)

T0t TT34, ZF2 −2.5946◦
−60.2093◦ 60.9 336.1◦ Broken canopy, forested

site north of Manaus

Martin et al. (2010b)

T1 INPA −3.0972◦
−59.9867◦ n/a n/a On INPA campus in

Manaus

T1p Ponta Pelada −3.1461◦
−59.9864◦ 5.4 179.6◦ Ponta Pelada Airport (PLL)

T2 Tiwa Hotel −3.1392◦
−60.1315◦ 16.8 253.9◦ Adjacent to river, just downwind

of Manaus; river width of 7.5 to

11.7 km depending on direction

of prevailing winds

T3 MAOS,

AMF-1, Fazenda

Agropecuária

Exata

−3.2133◦
−60.5987◦ 69.4 259.2◦ Pasture site downwind of Manaus Mather et al. (2014)

T3u UEA −3.2953◦
−60.6282◦ 74.6 252.9◦ On campus of Amazonas State

University (UEA) in

Manacapuru

G-1 AAF,

G-159

Gulfstream I

n/a n/a n/a n/a Schmid et al. (2014)

HALO Gulfstream G550 n/a n/a n/a n/a Wendisch et al. (2016)

2.2 Climatology

In the middle of the Amazon basin, Manaus is situated in an

attractive scientific location because the full range of basin

meteorology can be encountered. Cold fronts, which typi-

cally occur in the southwest part of the basin (Rondônia),

can reach further north and affect the meteorology of the

central part of the basin, most often in June and July. Squall

lines, which are frequent in the eastern portion of the basin,

also penetrate and propagate from the South Atlantic to the

middle of the basin (Greco et al., 1990; Cohen et al., 1995;

Alcântara et al., 2011), often leading to late night or early

morning precipitation in Manaus (Machado et al., 2004). Or-

ganized synoptic convective events are most common at the

start and the end of the wet season. These events are caused

in large part by a monsoon circulation that shifts the ITCZ

southward over Manaus and by squall lines that originate

near the coast and propagate to the central region of the

basin. A consequence of these dual synoptic perturbations

is that the number of organized synoptic convective events

per month is high in Manaus: around six during March and

three during October (Machado et al., 2004).

The cloud cover and rainfall around Manaus is lowest in

July and August during the central period of the dry season

and highest in February and March in the midst of the wet

season. Although seasonal variation in convective available

potential energy (CAPE) is small, as is typical for rain for-

est close to the equator, rainfall in the wet season is more

continuous but less intense compared to the dry season. The

transition period between dry and wet seasons and the on-

set of the wet season are the time periods of maximum in-

tensity for convection. Little seasonal variation in CAPE yet

large variation in cloud cover and rainfall taken together im-

ply that small perturbations in large-scale circulation in this

region can possibly drive dramatic changes in rainfall.

2.3 Air pollution sources in metropolitan Manaus

Major sources of air pollution from Manaus include the vehi-

cle fleet, power plants, and industrial activities, all of which

are increasing annually. The population of Manaus grew

from 1.5 million in 2004 to 2.0 million in 2014. Measured

by percent growth, Manaus was the fastest growing major

Brazilian city during this time period (IBGE, 2015). Man-

aus accounts for 80 % of the economic activity of the state of

Amazonas.

In regard to the vehicle fleet, in December 2014 there were

622 675 vehicles registered in Manaus (DENATRAN, 2015).

Outside of Manaus, there were an additional 133 088 vehi-

cles in the state of Amazonas. For comparison, 10 years ear-

lier (December 2004), there were 242 893 registered vehi-

cles in Manaus, meaning a 250 % increase in the fleet from

2004 to 2014. In 2014, 255 758 registered vehicles used al-

cohol or gasoline, 281 811 consumed gasoline only, 54 158

were powered by diesel, and 30 948 employed another fuel

or were unclassified. There were 326 806 passenger vehicles,

www.atmos-chem-phys.net/16/4785/2016/ Atmos. Chem. Phys., 16, 4785–4797, 2016
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Figure 2. Flight tracks of the G-1 aircraft during (a) IOP1 and

(b) IOP2 for all altitudes. The flight periods were from 22 February

to 23 March 2014 in IOP1 and 6 September to 4 October 2014 in

IOP2. The flight tracks grouped by altitude appear in Figs. S2 and

S3.

150 127 motorcycles, 91 099 pickups, 28 285 trucks, 10 688

buses, and 15 690 vehicles of other types.

Electricity in Manaus is largely produced by the com-

bustion of fossil fuels. In 2013, the power plants consumed

2.5 × 108 kg of fuel oil (providing 14 % of electricity pro-

duced), 1.3 × 109 m3 of natural gas (55 %), and 6.1 × 108

L of diesel (31 %) (A. Medeiros, personal communication,

2015). The nominal installed capacity was 1.5 GW for fos-

sil fuel power plants (Eletrobras, 2013). The locations of the

plants in the urban region are shown in Fig. S4. The con-

sumption of fossil fuels was complemented by a hydroelec-

tric power plant (250 MW), which has operated in Balbina

to the north of the city since 1989. Following the opening

in November 2009 of a gas pipeline (661 km) from Urucu

to Manaus and passing through Manacapuru, the fuel matrix

for electricity production has been shifting from a historical

reliance on sulfur-laden fuel oil and diesel to one having an

increasing fraction of natural gas.

In addition to Manaus, important but less consequential

sources of air pollution include multiple small municipalities

along the Amazon river extending hundreds of kilometers to

the east all the way to the South Atlantic. Between Manaus

and T3, there are dozens of small brick factories (Fig. S5).

These factories nearly exclusively use wood to fire the kilns

(B. Portela, personal communication, 2015). Site T2 was im-

pacted by these factories when well-known daily patterns of

local river breezes transported air masses from the west (di-

rection opposite to Manaus) (G. Cirino, personal communi-

cation, 2015) (Silva Dias et al., 2004; Trebs et al., 2012; dos

Santos et al., 2014). With respect to T3, although the sim-

ulated wind trajectories at times passed near and through

the locations of these factories, elevated concentrations of

biomass burning tracers such as acetonitrile or levoglucosan

were rare for the data sets of IOP1, suggesting that brick fac-

tory emissions did not have a significant influence on mea-

surements at T3 most of the time (S. de Sá, personal com-

munication, 2015). With respect to background air entering

the Manaus region, the pollution from the small municipali-

ties along the Amazon river as well as eastern coastal cities

can become important in the dry season because of prevail-

ing easterly winds during that season. Biomass burning also

takes place throughout the basin, especially along the eastern

and southern edges of the forest during the dry season, and

can be an important source of regional pollution.

In 2001, the pollution plume from Manaus was character-

ized in transect flights by Kuhn et al. (2010). At that time,

the plume consisted of high concentrations of oxides of sul-

fur, oxides of nitrogen, submicron aerosol particles, and soot,

among other pollutants. Ozone was produced by photochem-

ical reactions in the plume (Trebs et al., 2012). The width of

the urban plume was 20 to 25 km, on the order of the size of

the city itself.

3 Mesoscale and synoptic meteorology during the

Intensive Operating Periods

3.1 IOP1

The account of mesoscale and synoptic meteorology is based

on soundings as well as satellite observations. The trade

winds carried equatorial air from the South Atlantic into the

Amazon basin. Fourteen-day back trajectories, originating

100 m above Manaus, are grouped together and shown in

Fig. 3a. Manaus (−3.1◦) was typically under air masses com-

ing from the Northern Hemisphere during IOP1 because of

the southern positioning of the ITCZ during this time period.

Time series of altitude profiles of winds and relative hu-

midity based on soundings launched at the T3 site, as well

as a time series of regional rainfall based on retrievals from

a radar at T3p, are presented in Fig. 4. Northeasterly winds

Atmos. Chem. Phys., 16, 4785–4797, 2016 www.atmos-chem-phys.net/16/4785/2016/
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a. IOP1

b. IOP2

Figure 3

Figure 3. Fourteen-day back trajectories initialized at 100 m above

T3 during (a) IOP1 and (b) IOP2. Meteorological fields were from

the 1◦
× 1◦ Global Data Assimilation System (GDAS). Source:

http://www.arl.noaa.gov/HYSPLIT_info.php; last access: 15 Au-

gust 2015.

prevailed in the atmospheric boundary layer of the Man-

aus region (Fig. 4a1 and a2). Regular and strong precipita-

tion events are apparent in the time series of daily rainfall

amounts (Fig. 4a3). Deep tropospheric moistening because

of regular large rain events is apparent (Fig. 4a4).

The precipitation climatology for 2000–2014 and the asso-

ciated weather anomalies are shown in Fig. 5a across a broad

region of the Amazon basin in the wet season. A band of

high precipitation from the South Atlantic to the central re-

gion of the basin accompanied squall lines that originated

at the coast and propagated into the basin (Fig. 5a1). The

maximum runs along the ITCZ. The precipitation anomalies,

meaning the precipitation during the IOP compared to that of

the 15-year climatology during that same period, were pos-

itive along the general trajectory of winds from the ocean

coast to Manaus (Fig. 5a2). Positive anomalies were consis-

tent with the discharges of the Madeira river, the main south-

ern tributary to the Amazon river, which were 74 % higher

than normal. The maximum level (June) of the Black River

at Manaus in 2014 corresponded to the fifth highest during

113 years of records (Espinoza et al., 2014). Figure 5a2 also

suggests that regions of strong positive anomalies in rainfall

were associated with nearby regions of negative anomalies,

suggesting an importance of mesoscale circulations of vari-

ous types (e.g., forest–pasture, river breeze, and topography).

On the synoptic scale, there was an intense warm anomaly in

sea surface temperature (SST) in the southern South Atlantic

and a weaker cold anomaly in the northern and equatorial

South Atlantic (Fig. S6a). This anomaly in the SST gradient

drove moisture transport from the South Atlantic toward the

southwestern region of the Amazon basin. As a result, there

was increased precipitation in the western part of the basin.

3.2 IOP2

During the dry season, the ITCZ shifted northward and the

Manaus region was under air masses coming from the South-

ern Hemisphere (Fig. 3b). The trade winds carried air and

moisture from the South Atlantic to the middle of the Ama-

zon basin. Importantly (cf. Sect. 4), at times there was a re-

circulating pattern from the southern part into the middle

section of South America. In the central region of the Ama-

zon basin, strong easterlies prevailed in the surface boundary

layer (Fig. 4b1 and b2). Compared to the wet season, rain-

fall was lower and the free troposphere was drier (Fig. 4b3

and b4). Moistening and higher levels of rain occurred in

the final 10 days. Unlike IOP1, temperature anomalies over

the South Atlantic during IOP2 were no longer significant

(Fig. S6b). A strong warm anomaly was, however, present

over the equatorial Pacific Ocean, corresponding to an El

Niño development. The climatology of precipitation in the

basin differs between the wet and dry seasons in both mag-

nitude and geographical distribution (Fig. 5a1 compared to

Fig. 5b1). There is in general little rainfall in the eastern part

of the basin in the dry season, and, in particular for 2014, the

precipitation anomaly was overall negative (Fig. 5b2), espe-

cially in September (not shown).

4 Regional and long-range transport of emissions

during the Intensive Operating Periods

The wet season is viewed as a clean time period for back-

ground air, except for the episodic intrusions from Africa

(Martin et al., 2010a). The dry season is sometimes alter-

natively referred to as the biomass burning season. During

times of continental recirculation (cf. Sect. 3), biomass burn-

ing emissions from the southern edge of the forest trans-

ported south and southeast across the Atlantic coast of Brazil

could in part return to the central Amazon. The backtrajecto-

ries in the dry season also passed reliably along the Amazon

river, carrying the pollution of riparian communities and at

www.atmos-chem-phys.net/16/4785/2016/ Atmos. Chem. Phys., 16, 4785–4797, 2016
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Figure 4

Figure 4. Time series of meteorological quantities during (a) IOP1 and (b) IOP2. (1) Altitude profile over T3 of wind velocities from the east

(negative values; “U” winds). (2) Same as panel (1) but for wind velocities from the north (negative values; “V ” winds). (3) Area-averaged

rain rate in the Manaus region. Red circles indicate when the G-1 research aircraft flew a mission. (4) Altitude profile of relative humidity

over T3. Scale bar of panels (1) and (2) is at the top of the figure. Scale bar for panel (4) is at the bottom of the figure. Data for wind and

relative humidity were collected by four daily radiosondes launched at T3, and rows 1, 2, and 4 were prepared by interpolation of these

data sets. Precipitation rates were based on measurements by an S-band radar operated by the Amazon Protection System (SIPAM) at T1p

for returns at a height of 2.5 km and within a range of 110 km. Other data sources: https://www.arm.gov/campaigns/amf2014goamazon; last

access: 12 September 2015.

times of large cities in the coastal northeast of Brazil into the

Manaus region.

Fire locations in the near field of the Manaus region as well

as in the far field of South America are plotted in the upper

and lower rows of Fig. 6, respectively, for each IOP. A break-

down by week is shown in Figs. S7 and S8. Near-field fires

represent upwind locations requiring on the order of 1 day

for transport to the Manaus region. Pollution from these fires

can be expected to have the physical and chemical signatures

of fresh emissions. Far-field fires represent upwind locations

requiring several days or more for transport to the Manaus re-

gion. The signatures become significantly aged during trans-

port to the Manaus region. Figure 6 generally shows a low

incidence of fires during the wet season (IOP1) compared to

a high incidence during the dry season (IOP2).

Concentrations and emissions of aerosol particles on

a hemispheric scale can be visualized by satellite by maps

of aerosol optical depth (AOD). Weekly maps are shown in

Fig. S9 for the two IOPs. Dust and biomass burning emis-

sions from equatorial Africa were transported episodically

Atmos. Chem. Phys., 16, 4785–4797, 2016 www.atmos-chem-phys.net/16/4785/2016/
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Figure 5. Mean accumulated precipitation (left column) from 2000 to 2014 throughout the Amazon basin based on the Tropical Rainfall

Measuring Mission (TRMM) satellite and the Multi-Satellite Precipitation Analysis (TMPA) product (version 7 of the 3B42 algorithm).

Anomaly of 2014 (right column) compared to the mean of 2000 to 2014. Results are shown for time periods of (top row) IOP1 and (bottom

row) IOP2. Source: ftp://meso-a.gsfc.nasa.gov/pub/trmmdocs/3B42_3B43_doc.pdf; last access: 12 September 2015.

into the central Amazon, as explained by the southern po-

sitioning of the ITCZ during this time period. By compar-

ison, during IOP2 these emissions passed northward to the

Caribbean, as explained by the northward shift of the ITCZ

during this time period. During IOP2, there were two regions

of intense biomass burning. The first was the central region

of South America, representing the burning edge of the Ama-

zon rain forest and called the “arc of deforestation”. Recircu-

lation patterns for the dry season can transport a portion of

these emissions to the central part of the Amazon basin where

Manaus is located. The second region of biomass burning

was the central part of Africa. Emissions from both of these

regions arrived into the central region of the Amazon basin

during IOP2, as can be inferred by an overlay of the backtra-

jectories apparent in Fig. 3 and the emissions and transport

implied by the aerosol optical depth in Fig. S9. Although

mass concentrations were greatly reduced during transport,

the central Amazon represents quite clean baseline condi-

tions so that even relatively small amounts of imported emis-

sions (compared to the source regions) can have a regionally

dominant effect compared to the otherwise clean receptor re-

gion.

In summary, the GoAmazon2014/5 Experiment focused

on the complex interactions among vegetation, atmospheric

www.atmos-chem-phys.net/16/4785/2016/ Atmos. Chem. Phys., 16, 4785–4797, 2016
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Figure 6. Satellite-based detection of fires (top) on the regional scale and (bottom) on the scale of South America. Left and right columns

represent periods of IOP1 and IOP2, respectively. On the regional scale, each fire icon indicates the detection of one fire event during the

2-month observation period of each IOP. The yellow markers indicate the locations of GoAmazon2014/5 research sites (cf. Fig. 1). On

the scale of South America, the color scaling in red runs from 0 to 100 fire events detected in a 1◦
× 1◦ grid box during the 2-month

observation period of each IOP. Some grid boxes have more than 100 events. The green point represents the location of Manaus. Source:

http://www.dpi.inpe.br/proarco/bdqueimadas/; last access: 7 August 2015.

chemistry, and aerosol production and their connections to

aerosols, clouds, and precipitation. It sought to understand

how aerosol and cloud life cycles were influenced by pollu-

tant outflow from a large city in the tropical rain forest, par-

ticularly the susceptibility of the biosphere and atmosphere

to human activities, for a wide range of synoptic and envi-

ronmental conditions. It was driven by the need to develop

a knowledge base of data, processes, and mechanisms for in-

clusion in models of different types and scales. The intended

future legacy of GoAmazon2014/5 is that more accurate pre-

dictions (embedded in models) should be developed of how

the present-day functioning of energy, carbon, and chemical

flows in the Amazon basin might change, both due to external

forcing on the basin from global climate change and internal

forcing from past and projected economic development in

the basin. There can be future changes in direct, semi-direct,

and indirect radiative forcing, energy distributions, regional

climate, ecosystem functioning, and feedbacks to global cli-

mate.

In conjunction with the introduction presented herein, re-

search results and findings of GoAmazon2014/5 appear in

the articles of this special issue. The special issue is open for

new submissions for 3 years. Overview articles are planned

for summarizing and synthesizing the findings of the papers

of the special issue. These planned overviews encompass the

several objectives of GoAmazon2014/5.

The Supplement related to this article is available online

at doi:10.5194/acp-16-4785-2016-supplement.
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Instrument Abbreviation IOP1 IOP2 Investigator
Aerosol Chemical Speciation Monitor (Aerodyne) ACSM Yes Yes Artaxo
Scanning Mobility Particle Sizer (TSI) SMPS Yes Yes Artaxo
Condensation Particle Counter (Grimm, model 5412) CPC Yes Yes Pöhlker
Multiangle Absorption Photometer 5012 (Thermo, model 5012) MAAP Yes Yes Pöhlker

Aethalometer (Magee) AE30 Yes Yes Artaxo
Nephelometer (Ecotech Aurora 3000) Yes Yes Artaxo
Ultra-High Sensitivity Aerosol Spectrometer (DMT) UHSAS Yes Yes Pöhlker
Single Particle Soot Photometer (DMT) SP2 Yes Yes Pöhlker
Size-Resolved Cloud Condesation Nuclei Counter (DMT) Size-resolved CCNC No Yes Artaxo/Pöhlker
Optical Particle Sizer (TSI, model 3330) OPS Yes Yes Pöhlker
Wide Range Aerosol Spectrometer (Grimm) WRAS No Yes Pöhlker

Wideband Integrated Bioaerosol Spectrometer (DMT) WIBS-4 No Yes Su
Proton-Trasfer-Reaction Quadrupole Mass Spectrometer (Ionicon) PTR-Q-MS Yes Yes Kesselmeier
Picarro CRDS (Model G1302; S/N CKADS-018) Yes Yes Lavric
Picarro CRDS (Model G1301; S/N CKADS-109) Yes Yes Lavric
Chemolimuniscence NOx monitor (Ecotech CLD TR 780) CLD Yes Yes Sörgel
CO2 monitor (LI-COR 7000) Yes Yes Sörgel
Ozone monitor (TEI 49 I) Yes Yes Sörgel / Souza
Optical Fog Sensor (Eigenbrodt) No Yes Pöhlker
Soil Heat Flux Sensor (HFP01, Hukseflux) Yes Yes Araujo

Water Content Reflector (CS615, Campbell) Yes Yes Araujo

Thermistor (108, Campbell) Yes Yes Araujo

Pyranometer (CMP21 & CMP4, Kipp & Zonen) Yes Yes Araujo

Quantum Sensor (PAR-LITE, Kipp & Zonen) Yes Yes Araujo
Net radiometer (NR-LITE, Kipp & Zonen) Yes Yes Araujo

UV radiometer (Kipp & Zonen, CUV5) Yes Yes Araujo

Rain Gauge (TB4, Hydrological Services Pty. Ltd.) Yes Yes Araujo

Termohygrometer (CS215, Rotronic Measurement Solutions) Yes Yes Araujo

Barometer (PTB101B, Vaisala) Yes Yes Araujo

2-D Sonic Anemometer (Windsonic, Gill) Yes Yes Araujo

3-D Sonic Anemometer (Windmaster, Gill) Yes Yes Araujo

IRGA (LI-7500A & LI7200, LI-COR) Yes Yes Araujo

Data Available

Table S1



Instrument Abbreviation IOP1 IOP2 Investigator
Hg Monitor (TEKRAN) Tekran Yes Yes Artaxo
Nephelometer (Ecotech) Neph_M9003 Yes Yes Artaxo
Multi filter shadow band radiometer (YesInc) MFR Yes Yes Barbosa
Sun Photometer (Cimel) Aeronet Yes Yes Artaxo
UV Raman Lidar (Raymetrics) Lidar Yes Yes Barbosa
24GHz Micro Rain Radar (Metek) MRR No Yes Barbosa
Laser precipitation monitor (Thies) Disdro_Thies Yes Yes Barbosa
Meteorological weather station (Davis) MetDavis No No Barbosa / Souza
Meteorological weather station (Thies) MetThies No Yes Barbosa
Meteorological weather station (Gill) MetGill No Yes Barbosa
NetR8 GNSS Receiver (Trimble) GNSS Yes Yes Barbosa
Precipitation Collector NSA 181/KE DURAN (Eigenbrodt) Eigenbrodt No Yes Barbosa
Meteorological weather station (Campbell) MetCambpell Yes Yes Machado
Passive Infraread Microwave radiometer MP3000 (Radiometrics) MP3000 Yes No Machado
Parsivel Disdrometer (OTT) Parsivel Yes No Machado
IRGASON Integrated CO2 and H2O Open-Path Gas Analyzer and 3D Sonic AnemoFluxCampbell Yes Yes Machado

Data Available

Table S2



Instrument Abbreviation IOP1 IOP2 Investigator
Proton tranfer reaction mass spectrometer PTR-MS Yes Yes Jardine
Gas chromatograph - mass spectrometter GC-MS Yes Yes Jardine
Proton tranfer reaction mass spectrometer PTR-MS No Yes Chamecki/Fuentes
Gas chromatograph - mass spectrometter GC-MS No Yes Chamecki/Fuentes
Sonic anemometers (10) No Yes Chamecki/Fuentes
Water vapor gas analyzer IRGA No Yes Chamecki/Fuentes
Carbon dioxide gas analyzer IRGA No Yes Chamecki/Fuentes
Ozone gas analyzer No Yes Chamecki/Fuentes
Sulfur dioxide gas analyzer No Yes Chamecki/Fuentes
Carbon monoxide gas analyzer No Yes Chamecki/Fuentes
Nitric oxide gas analyzer No Yes Chamecki/Fuentes
Fast mobility particle sizer FMPS No Yes Chamecki/Fuentes
Cloud condensation nuclei counter CCN counter No Yes Chamecki/Fuentes
Picarro (CO, CO2, H2O) CKADS Yes Yes Jardine/Fuentes

Data Available

Table S3



Instrument Abbreviation IOP1 IOP2 Investigator
High-Resolution Time-of-Flight Aerosol Mass Spectrometer (Aerodyne Inc.) HR-ToF-AMS Yes No McFiggans
Proton-Trasfer-Reaction Quadrupole Mass Spectrometer (Ionicon) PTR-Q-MS Yes No McFiggans
Multiangle Absorption Photometer 5012 (Thermo) MAAP Yes Yes Artaxo
Nephelometer (TSI) Yes Yes Artaxo
Tapered-Element Oscillating Microbalance TEOM No Yes Artaxo

Picarro (CO, CO2, H2O) CKADS Yes Yes Artaxo
Ozone Thermo_49i Yes Yes Artaxo
Four daily sondes at (-2.639°, -60.157°) (7.5 km to the southeast of T0t) Yes Yes Machado

Data Available

Table S4



Instrument Abbreviation IOP1 IOP2 Investigator
Meteorological station MetHOBO Yes Yes Souza
Solar radiation and photosynthenitically active radiation MetHOBO Yes Yes Souza

Passive tubes for trace gases No Yes Souza
PM2.5 Filter Sampler No Yes Souza

Data Available

Table S5



Instrument Abbreviation IOP1 IOP2
Four daily radio sondes Yes Yes
S-band radar operated by the Amazon Protection System (SIPAM) Yes Yes

Data Available

Table S6



Instrument Abbreviation IOP1 IOP2 Investigator
Proton-Trasfer-Reaction Quadrupole Mass Spectrometer (Ionicon) PTR-Q-MS Yes Yes Artaxo
Ozone Monitor 49i (Thermo) O3 Monitor Yes Yes Artaxo
SO2 Monitor 43i (Thermo) SO2 Monitor Yes Yes Artaxo
Cavity Attenuated Phase Shift NO2 Monitor (Aerodyne Inc.) CAPS NO2 No Yes Artaxo
CO, N2O monitor (Los Gatos Research) CO, NO2 LGR Yes Yes Souza
Scanning Mobility Particle Sizer (TSI Inc.) SMPS Yes Yes Artaxo
Aerosol Chemical Speciation Monitor (Aerodyne Inc.) ACSM Yes Yes Artaxo
Multiangle Absorption Photometer 5012 (Thermo) MAAP Yes Yes Artaxo
Aethalometer (Magee Inc.) 7l - AE33 Yes Yes Artaxo
Nephelometer (Ecotech) 3-l Neph Aurora Yes Yes Artaxo
Tapered Element Oscillating Microbalance 1405 (Thermo) TEOM PM2.5 & PM10 No Yes Artaxo
Cloud Condensartion Nuclei Counter (Droplet Measurement Technologies) Size-resolved CCNC No Yes Artaxo

Data Available

Table S7



Instrument Abbreviation IOP1 IOP2 Investigator
Disdrometer (Parsivel) Yes Yes Machado
X-Band Radar Yes Yes Machado
Micro Rain Radar MRR No Yes Machado
High-Resolution Time-of-Flight Aerosol Mass Spectrometer (Aerodyne Inc.) HR-ToF-AMS Yes Yes Alexander/Martin
Semi-Volatile Thermal Desorption Aerosol Gas Chromatograph SV-TAG Yes Yes Goldstein
Size-Resolved Cloud Condensation Nuclei Counter SCCN Yes Yes Wang
Harvard Rebound Apparatus HBA Yes Yes Martin
Oxidation Flow Reactor OFR Yes Yes Jimenez
Proton Transfer Reaction Time-of-Flight Mass Spectrometer PTR-ToF-MS Yes Yes Martin/MAOS
Proton Transfer Reaction Time-of-Flight Mass Spectrometer PTR-ToF-MS Yes Yes Guenther
Scanning Mobility Particle Sizer SMPS Yes Yes Jimenez
HOx Chemical Ionization Mass Spectrometer HOx-CIMS Yes Yes Kim
Picarro CRDS G2401 analyzer (CO, CO2, CH4) Picarro Yes Yes Jimenez
Medium Volume Filter Sampler, PM1 (MCV, S.A.) Yes Yes Jimenez
Air Quality Monitoring 60 (O3) AQM-60 Yes Yes Souza
Sequential Filter Sampler Yes Yes Goldstein
Transmission electron microscope grip sampler TEM grid sampler Yes Yes Buseck
PM2.5 Filter Sampler Yes Yes Godoi/Souza
Filter sampler (quartz and nuclepore) Yes Yes Artaxo
Laser-induced flurescence LIF Yes Yes Keutsch
Micro-Orifice Uniform-Deposit Impactor MOUDI No Yes Laskin
Neutral cluster and Air Ion Spectrometer NAIS No Yes Petaja
Nano particle size distribution NPSD Yes Yes Kuang
Passive tubes for trace gases Yes Yes Godoi/Souza
Particle Size Magnifier PSM No Yes Petaja
Laser Induced Phosphorescence LIP No Yes Keutsch
Thermal Desorption Chemical Ionization Mass Spectrometer TD-CIMS Yes Yes Smith
Precipication collection for chemical analysis No Yes Pauliquevis
Solar radiation and photosynthenitically active radiation Yes Yes Souza
Meteorological station Yes Yes Souza

Data Available

Table S8



Instrument Abbreviation IOP1 IOP2
Aerosol Chemistry Speciation Monitor ACSM No Yes
Aethalometer, 7-Wavelength Aeth Yes Yes
CO, N2O and H2O Analyzer CO/N2O/H2O Yes Yes
Condensation Particle Counter, Fine Mode CPCf Yes Yes
Condensation Particle Counter, Ultrafine Mode CPCu No No
Meteorology Sensor Met Yes Yes
Nephelometer Neph Yes Yes
Nephelometer, dry NephDry Yes Yes
Oxides of Nitrogen Analyzer NO/NOx/NOy Yes* Yes
Ozone Analyzer O3 Yes Yes
Photoacoustic Soot Spectrometer, 3-Wavelength PASS-3 No No
Particle Soot Absorption Photometer PSAP Yes Yes
Proton Transfer Mass Spectrometer PTRMS Yes Yes
Scanning Mobility Particle Sizer SMPS No No
Single Particle Soot Photometer SP2 Yes Yes
SO2 Analyzer SO2 No Yes
Ultra-High Sensitivity Aerosol Spectrometer UHSAS Yes Yes

*Only NO and NOy in IOP1

Data Available

Table S9



Instrument Abbreviation IOP1 IOP2
Two-Channel Narrow Field of View Zenith Radiometer 2NFOV Yes No
Atmospheric Emitted Radiance Interferometer AERI Yes Yes
Propeller Vane Wind Sensors Anemometer Yes Yes
Black and White pyranometer, shaded, downwelling B/W 8-48-SKY Yes Yes
Barometer Barometer Yes Yes
Ceilometer Cloud Lidar Ceilometer Yes Yes
Cloud Condensation Nuclei Counter CCN Yes Yes
Continuous Light Absorption Photometer CLAP Yes No
Condensation Particle Counter CPC Yes Yes
Cimel Sunphotometer CSPHOT Yes No
Doppler Lidar DL Yes Yes
Eddy Correlation Flux Measurement System ECOR No Yes
Infrared Thermometer Downlooking IR Therm Grd Yes Yes
Infrared Thermometer Uplooking IRT-Sky Yes Yes
ARM-Standard Meteorological Instrumentation at Surface Met Yes Yes
Multi-Filter Radiometer MFR No Yes
Multi-Filter Rotating Shadow Band Radiometer MFRSR Yes Yes
Micropulse Lidar MPL No Yes
Microwave Radiometer MWR Yes Yes
Microwave Radiometer 3 Channel MWR 3C Yes Yes
Microwave Radiometer High Frequency MWR HF No No 
Microwave Radiometer P MWR P No No
Nephelometer Neph Yes Yes
Nephelometer, wet NephDry No Yes
Normally Incident Pyroheliometer: Installed and recording data NIP Yes Yes
Optical Rain Gauge ORG No No 
Parsivel Present Weather detector Parsivel2 disdrometer No No
Pyrogeometer, upwelling PIR-GRND Yes Yes
Pyrogeometer, downwelling PIR-SKY Yes Yes
Present Weather Detector PWD Yes Yes
Particle Soot Absorption Photometer PSAP Yes Yes
Precision Spectral Pyranometer, upwelling PSP-GRND Yes Yes
Precision Spectral Pyranometer, downwelling PSP-SKY Yes Yes
Radar Wind Profiler RWP Yes Yes
Ka/W-band Scanning ARM Cloud Radar SACR No No
Shortwave Array Spectroradiometer - 180 deg field of view SAS-HE Yes Yes
Shortwave Array Spectroradiometer - Zenith pointing SAS-ZE Yes Yes
Surface Energy Balance System SEBS Yes No
Sound-based wind profiler SODAR Yes Yes
Sonic Anemometer Sonic No Yes
Tipping Bucket Rain Gauge TB Rain Gauge No No
Total Sky Imager TSI No No
Temperature and Humidity Sensor T/RH Yes Yes
W-band (95 GHz) ARM Cloud Radar WACR Yes Yes
Five daily radio sondes (0, 6, 12, 15 and 18 UTC) Yes Yes

Data Available

Table S10



Instrument Abbreviation IOP1 IOP2 Investigator
Disdrometer (Joss) Yes Yes Machado
Disdrometer (Parsivel) Yes Yes Machado
Rain Gauge Yes Yes Machado
Microwave Radiometer (MP3000) No Yes Machado
Micro Rain Radar MRR Yes Yes Machado
GPS-Based Integrated Water Vapor IWV Yes Yes Machado
Field Mill Yes Yes Machado

Data Available

Table S11



Instrument Abbreviation IOP1 IOP2

Global Positioning System (DSM 232) GPS Yes Yes
Temperature (Rosemount E102AL) Yes Yes
Pressure (Rosemount 1201F1) Yes Yes
Gust Probe: Rosemount 1221F2 (3 units) Yes Yes
Chilled-mirror hygrometer (GE-1011B) Yes Yes
Tuneable Diode Laser Hygrometer TDL-H Yes Yes
Aircraft Integrated Meteorological Measurement System AIMMS-20 Yes Yes
Video Camera P1347 (forward looking) Yes Yes
Video Camera P1344 Yes Yes
Ultrafine Condensation Particle Counter (Model 3025A) UCPC Yes Yes
Condensation Particle Counter (Model 3010) CPC Yes Yes
Fast Integrated Mobility Spectrometer FIMS Yes Yes
Ultra High Sensitivity Aerosol Spectrometer - Airborne UHSAS-A Yes Yes
Passive Cavity Aerosol Spectrometer PCASP Yes Yes
Particle/Soot Absorption Photometer PSAP Yes Yes
Three-Wavelength Integrating Nephelometer (Model 3563) Yes Yes
High Resolution Aerosol Mass Spectrometer HR-ToF-AMS Yes Yes
Cloud Condensation Nuclei Counter CCN Counter Yes Yes
Optical Particle Counter (Model CI-3100) OPC Yes Yes
Quadrupole Proton-Transfer-Reaction Mass Spectrometer PTR-MS Yes Yes
N2O and CO concentrations (Los Gatos 23r) Yes Yes
Oxides of Nitrogen (Nox) Yes Yes
Ozone (Thermo Scientific Model 49i) Yes Yes
Picarro Cavity Ring Down System (Model G1301-m) CRD Yes Yes
Multi Element Water content System (SEA WCM-2000) Yes Yes
High Volume Precipitation Spectrometer (Version 3) HVPS-3 Yes Yes
Two-Dimensional Stereo Probe 2D-S Yes Yes
Fast Cloud Droplet Probe Fast-CDP Yes Yes
Cloud Droplet Probe (version 2) CDP ver2 Yes Yes
Cloud Particle Imager (version 2) CPI ver2 Yes Yes
Sunshine Pyranometer, shaded SPN-1 Yes Yes
Sunshine Pyranometer, unshaded (up and down looking) SPN-1 Yes Yes

Data Available

Table S12



Instrument Abbreviation IOP1 IOP2
Counter-flow Virtual Impactor Inlet CVI inlet No Yes
Precipitation Imaging Probe PIP No Yes

 Cloud Combination Probe (Cloud ImagingProbe + Cloud Droplet Probe) CCP (CIP + CDP) No Yes
Novel Ice EXpEriment - Cloud and Aerosol Particle Spectrometer NIXE-CAPS No Yes
Small Ice Detector Probe (version 3) SID-3 No Yes
Microwave Temperature Profiler MTP No Yes
Ultra High Sensitivity Aerosol Spectrometer - Airborne UHSAS-A No Yes
Cloud and Aerosol Spectrometer with Depolarization CAS-DPOL No Yes
Particle Habit Imaging and Polar Scattering Probe PHIPS-HALO No Yes
Compact Time of Flight Aerosol Mass Spectrometer C-ToF-AMS No Yes
Aerosol MEasuremenT SYSTem AMESTYST No Yes
SiNgle-ParticleSOOtPhotometer System SNOOPY No Yes
HALO Aerosol Submicrometer Inlet HASI No Yes
Cloud Condensation Nucleus Counter CCNC No Yes
Photo-Acoustic Spectrometer PAS No Yes
Single Particle Soot Photometer SP-2 No Yes
Fast Ice Nucleus Chamber FINCH No Yes
CO, O3 AMTEX No Yes
SO2, HNO3, PFC PAN-MS No Yes
NOy, NO IPA-NOy No Yes
Mini Differential Optical Absorption Spectroscopy miniDOAS No Yes
Spectral Modular Airborne Radiation Measurement System SMART No Yes
Imaging Spectrometer Package Eagle/Hawk No Yes
Hygrometer for Atmospheric Investigations HAI No Yes

Data Available
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Figure S1



a. IOP1 G1 FlightTrajectories 250 m to 750 m 

b. IOP1 G1 FlightTrajectories 750 m to 1250 m 

c. IOP1 G1 FlightTrajectories 1250 m to 1750 m 

d. IOP1 G1 FlightTrajectories above 1750 m 

Figure S2



a. IOP2 G1 FlightTrajectories 250 m to 900 m

b. IOP2 G1 FlightTrajectories 1000 m to 2000 m

c. IOP2 G1 FlightTrajectories above 2000 m

Figure S3



Figure S4



Figure S5



(a) IOP1 (b) IOP2

Figure S6
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Figure S8



Figure S9


