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ABSTRACT

As part of the Observations and Modeling of the Green Ocean Amazon (GoAmazon 2014/5) Experiment, detailed
aerosol and trace gas measurements were conducted near Manaus, a metropolis located in the central Amazon
Basin. Measurements of aerosol particles and trace gases were done downwind Manaus at the sites T2 (Tiwa Hotel)
and T3 (Manacapuru), at a distance of 8 and 70 km from Manaus, respectively. Based on in-plume measurements
closer to Manaus (site T2), the chemical signatures of city emissions were used to improve the interpretation of
pollutant levels at the T3 site. We derived chemical and physical properties for the city's atmospheric emission
ensemble, taking into account only air masses impacted by the Manaus plume at both sites, during the wet and dry
season Intensive Operating Periods (IOPs). At T2, average concentrations of aerosol number (CN), CO and SO, were
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5500 cm ™2 (between 10 and 490 nm), 145 ppb and 0.60 ppb, respectively, with a typical ratio ACN/ACO of 60-130
particles cm 3 ppb . The aerosol scattering (at RH < 60%) and absorption at 637 nm at T2 ranged from 10 to
50Mm ! and 5-10 M m !, respectively, leading to a mean single scattering albedo (SSA) of 0.70. In addition to
identifying periods dominated by Manaus emissions at both T2 and T3, the plume transport between the two
sampling sites was studied using back trajectory calculations. Results show that the presence of the Manaus plume at
site T3 was important mainly during the daytime and at the end of the afternoons. During time periods directly
impacted by Manaus emissions, an average aerosol number concentration of 3200 cm™> was measured at T3.
Analysis of plume evolution between T2 and T3 indicates a transport time of 4-5h. Changes of submicron organic
and sulfate aerosols ratios relative to CO (AOA/ACO and ASO,/ACO, respectively) indicate significant production of
secondary organic aerosol (SOA), corresponding to a 40% mass increase in OA and a 30% in SO, mass con-
centration. Similarly, during air mass arrival at T3 the SSA increased to 0.83 from 0.70 at T2, mainly associated with
an increase in organic aerosol concentration. Aerosol particle size distributions show a strong decrease in the Aitken
nuclei mode (10-100 nm) during the transport from T2 to T3, in particular above 30 nm, as a result of efficient
coagulation processes into larger particles. A decrease of 30% in the particle number concentration and an increase
of about 50 nm in geometric mean diameter were observed from T2 to T3 sites. The study of the evolution of aerosol
properties downwind of the city of Manaus improves our understanding of how coupling of anthropogenic and

biogenic sources may be impacting the sensitive Amazonian atmosphere.

1. Introduction

The Amazon forest, particularly during the rainy season, has one of the
lowest aerosol particle number concentrations in continental areas
(Andreae et al., 2015; Artaxo et al., 2013; Scot T. Martin et al., 2010a).
Biogenic aerosol particles and trace gases emitted by vegetation are linked
to cloud microphysics, precipitation production, atmospheric radiation
balance, and nutrient cycling, which in turn may affect complex processes
in the ecosystem (Poschl et al., 2010; Pohlker et al., 2012; China et al.,
2016; Wang et al., 2016; Whitehead et al., 2016a,b; Cecchini et al., 2017).

Since the 1980s, forest fires have been used to clear large portions of the
Basin after deforestation, mostly over the so-called deforestation arc, on the
Southern and Western Amazon borders. The seasonal biomass burning sig-
nificantly alters the aerosol loading (Artaxo et al., 2013; Brito et al., 2014)
and has significant effects on the net ecosystem exchange of CO, (Oliveira
et al., 2007; Dougthy et al., 2010; Cirino et al., 2014; Rap et al., 2015),
climate (Andreae et al., 2004; Heiblum et al., 2014; Sena et al., 2013) and
human health (Oliveira et al., 2015; Reddington et al., 2015). While during
recent years the deforestation rate has decreased (Artaxo et al., 2013; Nepstad
et al., 2014), the urbanization process in the Amazon basin has increased, and
it has been identified as a significant driver of land use change, potentially
affecting large areas of the forest (Davidson et al, 2012; Fraser, 2014).
Moreover, the effects of increasing urban emissions on climate and air
quality, as well as their interactions with biogenic emissions in Amazonia, are
still poorly understood. Previous studies indicate that the combination of
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Fig. 1. Location of the sampling site shown by the red marker (left panel) and map showing the GoAmazon 2014/5 sites: TOt (~ 60 km northwest) and TOa (~ 150 km
northeast), both upwind Manaus; T2 (~8 km) and T3 (~70 km), both downwind of Manaus, Amazonas, Brazil (right panel). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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biogenic or anthropogenic VOCs emissions with urban NO, and SO, emis-
sions can increase tropospheric ozone production (Kuhn et al., 2010; Martin
et al., 2016, 2017) and impact the production of secondary aerosols in the
region (De Sa et al., 2017; Palm et al., 2018). These secondary aerosols will
have an impact on the chemistry of biogenic VOCs and hydroxyl radical (OH)
(Liu et al., 2016), thus modifying the chemical composition of the atmo-
sphere in the Amazon. Changes in the optical properties of aerosols due to
these interactions can potentially result in significant impacts on the regional
carbon balance, with still unknown effects on the ecosystem and regional
climate. Also, urban emission amidst a tropical forest environment may im-
pact aerosol chemical and physical properties and alter the natural me-
chanisms controlling clouds and precipitation processes (Cecchini et al.,
2016; Kuhn et al., 2010; Martin et al., 2016).

Understanding the interplay of natural and anthropogenic processes and
how they regulate the composition of the atmosphere, is vital for defining
sustainable regional development strategies. In this context, the
Observations and Modeling of the Green Ocean Amazon (GoAmazon, 2014/
5, Martin et al., 2016) experiment conducted a broad set of measurements
to better understand the environmental impacts of urban centers on the
natural microphysical properties of clouds and aerosols, such as particle size
distribution, optical properties, and cloud condensation nuclei (CCN) ac-
tivity (Thalman et al., 2017), in central Amazon. The experiment took ad-
vantage of the geographic location of Manaus city, an isolated urban area of
over 2 million people and 600,000 vehicles, growing at a rate of 170% in 10
years, surrounded by forest extending by more than 1000 km in every
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direction (Martin et al., 2016). Manaus accounts for 80% of the economic
activity of the state of Amazonas and its electricity is predominantly pro-
duced by the combustion of fossil fuels (Medeiros et al., 2017). The ex-
periment combined aircraft measurements and several ground based sites
operating simultaneously to monitor polluted air masses, originating from
Manaus urban emissions, as they move over undisturbed forest carried by
the prevailing trade winds (Martin et al., 2016).

This study is based on measurements at two GoAmazon 2014/15
ground sites downwind from Manaus and aims to provide a better un-
derstanding of the impact of urbanization on the properties of the
Amazonian aerosol life cycle. Our analysis of the datasets reveals how
chemical and physical properties of aerosols in the central Amazon are
impacted by Manaus urban emissions. Our objective is to describe and
understand the physical and chemical changes of aerosol particles in the
urban plume during transport away from the city, from site T2 to site T3,
8 and 70 km downwind from the city, respectively. Our study contributes
to a better understanding of how emissions associated with a rapidly
growing metropolitan region affect the aerosol life cycle in the tropics.

2. Methods
2.1. Sites description

The locations of the two GoAmazon 2014/15 sampling sites used in this
study, site T2 (3° 821.12”S, 60° 7'53.40”W, Tiwa Hotel, Iranduba, Brazil)
and site T3 (3° 12747.88”S, 60° 35’55.32”W, Manacapuru, Brazil) are
shown in Fig. 1. Overall, in this region, there is a very little seasonal var-
iation for surface T, RH, and g, as already shown by different authors. For
instance, average T in February is 26.5°C, and 27.8°C in September.
Mixing ratio (q) is 20gkg™" in April-May, and 19.1gkg™ ! in August
(Collow et al., 2016). The seasonal cycle of precipitation is driven by the
Intertropical Convergence Zone (ITCZ), which provides a wet season
(rainfall greater than 200 mm) from January to April and a dry season
(rainfall less than 105 mm) from July to September (Da Rocha et al., 2009).
Prevailing winds blow typically from the east and northeast (Dos Santos
et al., 2014) at low wind speeds of about 2m s~ (Fig. S1, Supplementary
Material). Due to its location, site T2 is heavily impacted by the Manaus
urban plume as well as emissions from brick factories and to a minor extent
by local pollution sources such as shipping or burning of household waste
and wood near the site (Martin et al., 2016). This arises from both its lo-
cation (with Manaus 8 km to the east and brick factories to the west) and
the prevailing easterly wind direction modulated by a significant river
breeze (Fig. S1). Site T3 is located 70 km downwind of Manaus, in a pas-
tureland 2 km to the north of road AM-070. More information about the
GoAmazon 2014/15 sampling sites can be found in Martin et al. (2016).

The T2 site and its instrumentation were maintained by the University
of Sao Paulo (USP), the National Institute of Amazonian Research (INPA),
and Amazonas State University (UEA). Data from the T3 site were obtained
from the Mobile Aerosol Observing System (MAOS), maintained by the
Atmospheric Radiation Measurement (ARM) Climate Research Facility
(DoE, USA). Additional data of particle chemical composition and particles
size distribution were obtained from the University of Colorado at Boulder
and Harvard University groups (USA) (De Sa et al., 2017). Measurements at
sites TOt (TT34, ZF2, 2.6091S 60.2093W) and TOa (ATTO, 2.1441S
58.9999W), 80 km and 150 km upwind of Manaus respectively, provided
carbon monoxide (CO) background concentrations. These sites are oper-
ated by INPA, UEA, USP, and the Max Planck Institute for Chemistry and
Biogeochemistry.

2.2. Instrumentation and measurements

The dataset analyzed here spans both Intensive Operating Periods (IOP),
from 1 February to 31 March 2014 in the wet season (IOP 1) and from 15
August to 15 October 2014 in the dry season (IOP 2). All data were aver-
aged to 30min periods and compensated for standard temperature and
pressure (1013.25 hPa; 273.15 K). Aerosols were sampled through a PM;,
inlet 12m a.g.l at T2 at a flow rate of 16.7 LPM, using a 1/2-inch copper
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line. At T3, the PM;, inlets coupled to the instruments were respectively
5m (aerosol chemical speciation) and 10 m (aerosol physical properties)
above ground level, both using 1/2-inch copper lines. At both sites, sam-
pling under dry conditions (RH < 60%) was assured by the use of silica
diffusion dryers. Trace gases were sampled using 1/4-inch Teflon lines (inlet
height 45, 3 and 10 m at TOz, T2 and T3, respectively). Detailed information
of AMS and trace gases operation at T3 are presented by De Sa et al. (2017).
A similar set of instruments was used at both sites, providing measurements
of aerosol scattering and absorption at multiple wavelengths, aerosol
number concentration and size distribution, aerosol chemical speciation,
and trace gases concentration. Subsections below give additional informa-
tion on each instrument and data analysis procedures, which are summar-
ized in Table S1.

2.2.1. Meteorological measurements

Meteorological parameters were measured using two different
Automatic Weather Stations (AWS) models: U30 Station GSM-UDP
(HOBO) and WXT520 (Vaisala), installed at T2 and T3 respectively.
These included temperature, humidity, rain amount, wind speed, and
wind direction. Instruments at both sites had similar resolution and
accuracy of about ( = 0.3°C), ( = 3-5%), (5% for daily accumulation)
and ( + 3° and 0.3-0.5ms™ 1), respectively. U30 Station was used to
compare the wind measurements at T2 by the Weather Sensor Lufft,
WS800-UMB installed at 15m a.g.l.

2.2.2. Aerosol physical properties

Particle scattering coefficients at three wavelengths were measured
using two models of integrating nephelometers: Ecotech Aurora (450,
525 and 635 nm) and TSI 3563 (450, 550 and 700 nm), respectively at
T2 and T3. At the T3 site, the PM;, scattering measurements, provided
by ARM, were available on 1-h average. These scattering values were
linearly interpolated to every 30 min to compare with the rest of the
dataset. Truncation errors related to nephelometer angular illumination
function were compensated according to Miiller et al. (2009; 2011a)
and Anderson and Ogren (1998). A background (zero) calibration was
performed daily, and spans checks in the beginning of each IOP.

Particle absorption coefficients and black carbon equivalent (BCe)
concentrations were measured at the T2 site using an aethalometer (Magee
Scientific, Model AE33) at seven wavelengths (370-880 nm). Aethalometer
data were compensated for filter loading and multiple scattering effects
according to Schmid et al. (2006) and Rizzo et al. (2011). AMAAP ab-
sorption photometer (Thermo Inc., Model 5012) (Petzold et al., 2005;
Petzold and Schonlinner, 2004) was also used at T2 to measure BCe con-
centrations at 637 nm, converted to absorption coefficients assuming a mass
absorption coefficient of 6.6 m?g~!. Measurements were taken every
minute, and a 5% correction was applied to the data to account for an
adjustment of wavelength (Miiller et al., 2011b).

Submicrometer particle size distributions (10-490 nm) were measured
using SMPS systems (Scanning Mobility Particle Sizer, TSI models 3081 or
3082, long DMA) coupled to butanol-based condensation particle counters
(CPC, TSI, models 3010 and 3772). Both CPC models have a nominal size
range from 10nm to 3 pm and concentration range from 0 to 10 cm ™3,
with a counting efficiency up to 90% for particles with 20 nm diameters.
The aerosol particle concentrations (CN) are given by the integration of the
size distribution between 10 and 490 nm.

2.2.3. Trace gases and aerosol chemical properties

Carbon monoxide and sulfur dioxide mixing ratios were monitored
at both sites using the trace gas analyzers LGR N20/CO-23D and
Thermo 43i-TLE, respectively. The LGR-ICOS instrument was calibrated
using a standard CO gas cylinder provided by National Oceanic
Atmospheric Administration (NOAA). Background checks for SO, were
conducted monthly using a bed of activated charcoal.

The chemical composition of submicrometer aerosols was measured
on line by mass spectrometry using an Aerosol Chemical Speciation
Monitor (ACSM) and a High-Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS), both from Aerodyne Research Inc.,
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installed at the T2 and T3 sites, respectively. The aerosol mass spec-
trometers characterized in real-time (with resolution better than
15min) a wide range of non-refractory sub-micron aerosol particles
such as organics, nitrate, sulfate, ammonium, and chloride (Decarlo
et al.,, 2006; Ng et al., 2011). At T2, the ACSM was operated con-
tinuously throughout the year of 2014 and calibrated monthly, whereas
at T3 the HR-ToF-AMS was operated during the IOPs and calibrated
every five days (De Sa et al., 2017). The calibration procedures were
conducted using mono-disperse ammonium nitrate and ammonium
sulfate particles generated with an atomizer and size-selected with a
DMA (Canagaratna et al., 2007).

2.3. Characterizing Manaus emissions

To characterize Manaus emissions, we used chemical indicators of an-
thropogenic activity such as CO, BC, SO,, CN, and fy, (the fraction of total
OA measured at mass-to-charge ratio m/z 60, a marker ion of primary
biomass burning organic aerosol - BBOA) (Cubison et al., 2011; Jolleys
et al., 2012; Lee et al., 2016; Nielsen et al., 2017), all analyzed according to
local wind direction at T2. The site was considered under the influence of
Manaus plume when wind direction ranged from 15° to 120° and the wind
speed was greater than 1.0ms ™. This selection restricted the dataset to
predominant easterly air masses from 06 to 18h local time and reduced
sample space during the nighttime, when the winds were weak (Fig. S1). To
distinguish air masses at T2 impacted by the Manaus urban plume, we have
used as criteria (1) the prevailing winds from Manaus city (15-120°) and (2)
a feo threshold of 0.35% to exclude the effects of local fires emitted near the
T2, especially those emitted by brick factories. In this study we tested the
use of the enhancement ratios of BCe and CN to carbon monoxide en-
hancement to derive the Manaus plume chemical signature, but no statis-
tically significant difference was found between normalized enhancement
ratios observed from brick factories (prevailing winds from the south) and
those from Manaus (prevailing winds from 15 to 120°), as shown in Figure
S2. Although SO, was a clear indicator of the Manaus plume (not shown), it
was not used because its concentration was not measured at T3. As a result
of our analysis, we concluded that the wind direction from Manaus and
feo < 0.35% were the best metrics for identifying the Manaus plume at the
T2 site. At T3, the influence of the Manaus plume was detected based on the
feo threshold (lower than 0.35%) observed at T2, taking into account the
prevailing winds from Manaus, CN measurements above the background
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level at TO and simulated back trajectories (as described in the next section).
Clean air masses that eventually satisfied the proposed fso range (< 0.35%)
were removed by applying an aerosol number concentrations threshold.
The lower bound for aerosol number concentrations at T3 to be considered
as originating from Manaus was calculated weekly, based on the average
aerosol concentration plus one standard deviation at TOa, located at a re-
mote site upwind of Manaus. Using the proposed criteria, periods of influ-
ence of the Manaus urban plume at both sites (T2 and T3), with direct
plume transport witihin the planetary boundary layer (PBL), and without
influence of precipitation or local biomass burning emissions, were selected,
comprising about 25% of the total observation period.

To study how the plume evolved from T2 to T3, we made use of en-
hancement ratios (Andreae and Merlet, 2001; Gouw and Jimenez, 2009;
Akagi et al., 2011; Sahu et al., 2012; Jolleys et al., 2012). We use the
normalized excess ratios given by AX/ACO (Sahu et al., 2012), where AX
was the excess concentration of a given species and ACO was the en-
hancement of CO (a non-reactive smoke tracer), considering here a back-
ground value of 83 ppb, as observed during the clean periods of LBA-
CLAIRE-2001 (Kuhn et al., 2010) and SMOCC (Andreae et al., 2004) ex-
periments. Our baselines for CN and non-refractory species were de-
termined from the observations of background conditions during the
AMAZE-2008 experiment (Chen et al., 2015; S. T. Martin et al., 2010b).

2.4. Back-trajectories between T3 and T2 sites

The plume transport between the two sampling sites was modeled using
back trajectory calculations. Back trajectories were used to associate pairs of
measurements from the two sites as being different samples of the same air
mass. Trajectories were calculated with the HYSPLIT model (Draxler, 2007;
Stein et al., 2007). Meteorological fields from the Global Assimilation Data
System (GDAS), provided by NOAA Air Resources Laboratory (ARL) as a
regular grid/scale of 0.5° by 0.5° in space, 18 levels of pressure and 3 h in-
terval in time, were used to drive the model. Back-trajectories were calculated
arriving at 100 m above the T3 site for every 30 min during each IOP. For
studying the urban plume evolution between T2 and T3, we selected only
back-trajectories going over T2 (a 20km x 20km box), within the PBL
(below 1000 m). To improve the confidence in this selection, only straight
trajectories were considered, i.e., when meteorological conditions were such
that winds were rather uniform. Lastly, we selected only trajectories having
no precipitation along the transect during the IOPs (~ 25% of 5712 simulated
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Fig. 2. Hourly box-plots of 30-min averaged wind speed (top) and direction (in middle) observed at the T3 site, for all data from 01/Feb/2014 to 15/0ct/2014, showing a
prevalence of winds coming from the direction of Manaus with high wind speed during the daytime. The black vertical lines show the standard deviation for wind speed
(top) and wind direction (in middle). The bottom panel shows the frequency of events in which air masses were apportioned to Manaus emissions at T2 (black, close to
Manaus) and T3 (red, 70 km downwind Manaus), based on ACN/ACO. As back trajectories were not used as a constraint, the numbers of samples are different for the two
sites. Local time (LT) is UTC-4 hours. Yellow coloring represents daylight hours. Detailed aspects of the wind prevailing in the directions of T2 and T3 are shown in Fig. S1
and S3, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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cases), based on the CMORPH (CPC MORPHing technique) precipitation data
at high spatial and temporal resolution (Joyce et al., 2004).

3. Results and discussion
3.1. Plume transport T2-T3

Fig. 2 shows the daily variation of wind direction and speed at ground
level at T3. The lower panel shows the time of the day when the Manaus
plume was identified at T2 and T3. The Manaus plume influence was more
frequent at T3 during the daytime and started to decrease in the first night
hours having a minimum before dawn. Out of the 5712 periods of 30 min
along the IOPs 1 and 2, after applying the selection criteria to detect the
influence of the Manaus plume at T3 (section 2.3 and 2.4), the sample space
was reduced to 600 (22%) data points during IOP 1 (wet season) and 800
(29%) data points during IOP 2 (dry season), summing up to 1400 data
points. The trajectories selected for the study of the plume evolution are
shown in cyan (~1400 cases) in Fig. 3. The trajectory density with the
coverage areas for all simulated back trajectories over sites is also shown
(Figure S3). The transport time of selected air masses (no rain) from T2-T3
ranged from 3.5 to 5.5h, having an average value of 4.6 ( = 0.9)h and a
median of about 4.5 h. This result is compatible with an average wind speed
of 4.3m s~ L. This is two times greater than mean values (of about 2.0 m sH
found by the anemometers at ~ 15 m of height above ground level at T2 and
T3. However, it is in line with average wind speed values measured by
SODAR at T3, at the 50 and 100 m above ground level, from February to
December 2014 (Figure S3).

3.2. Chemical composition

The chemical composition of aerosols can provide information on
the dominant sources and evolution of pollution in different plumes
(Sahu et al., 2012). The enhancement ratios ACN/ACO, AOA/ACO, and
inorganic aerosols, such as ASO4/ACO, ANH4/ACO and ANO3/ACO are
presented in Table 1. The changes in concentration for aerosol chemical
species are presented in Table S2.

As expected, the average CN decreased along the trajectory T2-T3 as a
result of dry deposition and probable coagulation of aerosol concentration by
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Brownian diffusion of small particles. Differences in the PBL height could be
also considered as one possible reason for observed differences in the surface
aerosol concentration between T2 and T3. However, previous results from
Amaze-08 experiment (Baars, 2011) showed that aerosols are not confined
to, and hence not modulated by, the PBL due to the constant and strong
convective activity in the region, even during the dry season. The average
ACN/ACO ratios observed during the wet and dry seasons were respectively
153 and 68cm ™~ 3ppb~! at T2 and 107 and 47 cm ™ 3ppb~! at T3, a re-
duction of 30% along the trajectory T2-T3 (Table 1). This reduction is con-
sistent with decreasing of the ACN/ACO observed during the GoAmazon
2014/5 and LBA-CLAIRE-2001 experiment using aircraft measurements (Fig.
S5). However, at the T2, the values are still 2-3 times lower than the
339 cm 3 ppb~* found in the Manaus plumes during the LBA-CLAIRE-2001
flights (Kuhn et al., 2010). The change in the pattern of power generation in
the Manaus city is a possible cause of this reduction (Medeiros et al., 2017).

Conversely, during the dry season the OA mass concentration in-
creased by 30%, from 7.3 ugm ™~ at T2 to 9.5 ug m > at T3, on average
(Table S2). This increase can be directly attributed to secondary organic
aerosol formation (Hallquist et al., 2009), and also could have a con-
tribution from entrainment of air containing BBOA emitted along the
trajectory T2-T3, since this increase was mostly observed in the dry
season. This could also be partly a result of slower SOA formation
during the wet season, when cloudier skies likely led to lower ambient
oxidant concentrations and slower chemistry in the atmosphere
(Andreae et al., 2015; Artaxo et al., 2013). OA mass enhancements were
observed mainly throughout the light hours of the day (11:00-17:00,
LT) and the beginning of the evening (18:00-20:00, LT). In central
Amazonia, upwind of Manaus, the OA concentration was observed to
range from 0.3 to 0.5pgm ™ in the wet season, under background
conditions (Andreae et al., 2015; Artaxo et al., 2013) to 2.1-6.3 ug m~°
in the dry season, under perturbed conditions by regional BBOA emis-
sions (Andreae et al., 2015; Gabey et al.,, 2010; Whitehead et al.,
2016a). The concentration range observed at T2 indicates a strong
impact of Manaus emissions on atmospheric composition.

When normalized by ACO to account for dilution in the trajectory
(Table 1), the average ratio AOA/ACO at T2 is about 46 uygm ™2 ppm ™' in
the wet season, and 86 ugm~>ppm ! in the dry season. These values can
be compared to biomass burning emissions in western Amazonia, where a
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Fig. 3. Panel (a) shows the back trajectories calculated for studying the plume evolution. A subset of straight trajectories without precipitation, eastward from T3 (70 km
downwind Manaus), inside the PBL (altitude < 1000 m) and reaching a 20 x 20 km box around T2 (close to Manaus) is represented in cyan. The trajectories were simulated
as arriving at 100 m above T3. Panel (b) shows the histogram of air mass transport time between T2 and T3 based on the trajectories shown in cyan (a). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
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Changes on particle number concentration (CN), CO mixing ratios and enhancement ratios of aerosol chemical components, resulting from evolution of the Manaus
plume between the sampling sites (T2 and T3) during IOP 1 (1 February to 31 March 2014) and IOP 2 (15 September to 15 October 2014). Concentrations and
enhancement ratios are shown at departure and arrival times of air masses leaving the T2 site and reaching the T3 site.

Chemical Species Departure from T2 Arrival at T3 Relative Factor (T3/T2)

- I0P 1 10P 2 IOP 1 IOP 2 IOP 1 10P 2
CN - cm™3

Median 5599 5436 2832 3807 0.5 0.7
Average 5935 5806 3450 3949 0.6 0.7
Std. Deviation () 2237 2048 2381 1487 - -
CO - ppb

Median 130 159 119 165 0.9 1.0
Average 130 168 118 175 0.9 1.0
Std. Deviation () 24 33 11 49 - -
ACN/ACO - cm™3ppb!

Median 127 58 74 39 0.6 0.7
Average 153 68 107 47 0.7 0.7
Std. Deviation () 112 31 113 21 - -
AOA/ACO - pgm~3ppm~!

Median 35 93 33 117 0.9 1.3
Average 46 86 47 119 1.0 1.4
Std. Deviation () 33 27 38 29 - -
ASO4/ACO - pgm—3ppm—!

Median 5.3 19.4 0.9 25.8 0.2 1.3
Average 6.6 18.3 2.3 22.9 0.3 1.3
Std. Deviation (+) 6.2 6.1 4.9 8.7 - -
ANO3/ACO - pgm~—3ppm—!

Median 1.8 3.7 0.7 2.2 0.4 0.6
Average 2.6 3.7 0.9 2.3 0.3 0.6
Std. Deviation (+ ) 1.8 1.2 0.8 0.9 - -
ANH4/ACO - pgm—3ppm~!

Median 1.7 5.8 1.2 7.4 0.7 1.3
Average 2.2 5.8 1.7 7.0 0.8 1.2
Std. Deviation () 2.5 2.3 1.9 2.5 - -

fairly constant AOA/ACO ratio of 30 ugm 2 ppm ™' over a wide range of
plume ages was observed (Brito et al., 2014). The values of AOA/ACO at T3
are similar to measurements of pollution outflow from urban regions after
about 1 day of plume processing: Mexico City (73ugm 2ppm~! CO,
Kleinman et al., 2008), eastern USA (103ugm~3ppm ! CO, Kleinman
et al., 2007), southwestern USA (70 ugm 3 ppm ! CO, Weber et al., 2007),
London (50pugm™3ppm~! CO, McMeeking et al, 2012), and Paris
(100-130 ugm 3 ppm ™! CO, Freney et al., 2014). Other reference values
are also summarized in DeCarlo et al. (2010).

In the dry season, presumably due to contribution of biomass burning
emissions, the summed submicron particle concentration (OA, SO4, NH,,
and NO3) was significantly higher than that of the wet season (Table S2). In
both seasons, without taking into account the BCe mass, OA was the largest
contributor (~80%), followed by sulfate (~13%), nitrate (~5%), and
ammonium (1.5%). The average concentrations in the plume of the non-
refractory aerosols SO4, NO; and NH4 were 0.30, 0.10 and 0.10 ugm_3 in
the rainy season and 1.9, 0.25, and 0.50ugm ™2 in the dry season, re-
spectively. During the plume evolution in the T2-T3 path there was an in-
crease of 25% and 20% in the enhancement ratios of ASO,/ACO and ANH,/
ACO, mainly in the daytime between 11 and 18h (LT) (Table 1). The in-
crease on SO, can be attributed to secondary inorganic aerosol formation,
especially due to the SO, oxidation during the transect (Luria et al., 2001;
Dunlea et al., 2009; Kang et al., 2011; Kagawa and Ishizaka, 2014). Changes
in the ASO4/ACO ratio for anthropogenic pollution plumes are also asso-
ciated with the time scale of oxidation of sulfate versus SOA precursors,
which first increase as SOA forms, and then decrease as sulfate forms on a
longer time scale (Brock et al., 2008, 2011; Dunlea et al., 2009; Kang et al.,
2011; Kondo et al., 2011). Conversion rates (gas-phase) SO,-to-SO4 can be
enhanced due to greater availability of OH radicals in the atmosphere
during the dry season, when the concentrations of NO, are usually larger,
increasing the potential for SO, formation. In the wet season, following an
opposite trend compared to the dry season, there was a decrease in the
average enhancement ratios of aerosol chemical components, especially
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ASO,4/ACO and ANO3/ACO. The ASO4/ACO reduction verified during the
plume evolution in the wet season can be associated with dry deposition
and scavenging by cloud droplets. In addition, during the wet season, there
may not be sufficient amounts of OH radicals to allow the sulfur dioxide to
be converted to sulfate completely (Hallquist et al., 2009; Kang et al., 2011).
Furthermore, the availability of H,O, in clouds during the year may be
controlling the rates of conversion to SO, or SO, by unknown nonlinear
mechanisms. In this study, the conversion rate SO,-to-SO4 could not be
calculated as there were no SO, measurements at the T3 site. Concerning to
the ANO3/ACO ratio, there was a sharp decrease of about 30-60% during
the urban plume transport in both seasons. The possible mechanisms af-
fecting the formation processes of O3 and OH during the evolution of the
plume, in conjunction with the high urban NOy emissions, may explain the
changes in the dominant daytime nitrate production pathway (NO, + OH).
The decrease of ANO3/ACO can be possibly also associated with the re-
duction of VOCs and O3 concentrations during the plume evolution, since
most organonitrates in the atmosphere are produced either by oxidation
reactions of biogenic VOCs (e.g., isoprene), and photochemical mechanisms
(e.g., OH radicals), processes which are affected by cloud cover (DeCarlo
et al., 2008; Farmer et al., 2010; Szmigielski, 2013).

3.3. Aerosol size distribution

The average aerosol number size distributions observed at T2 and T3 are
shown in Fig. 4 for IOP 1 (wet season) and IOP 2 (dry season) considering
periods of influence of the Manaus plume. During IOP 1, the median particle
size distribution observed at T2 shows a prominence of ultrafine and Aitken
modes, respectively centered at 20 and 55 nm. This observation is attributed
to the primary particulate emissions from industries, power plants, trans-
portation, natural sources, and secondary material condensed on the Aitken
nuclei (10-100nm), given the proximity to Manaus city. Particle number
concentration at T2 is higher than at T3, and observations at T3 indicate a
substantial decrease in number concentration over the entire size range. Fig. 4
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also suggests particle growth along the transport from T2 to T3, showing a
shift in the nucleation mode from around 20 nm-35nm, and in the Aitken
mode, from ca. 55nm-65nm. Under rainless conditions, both coagulation
and condensation could cause this apparent particle growth. The overall
decrease in number concentration, and also in mass during the wet season, is
somewhat surprising as no major sinks of aerosol mass except wet deposition
is likely to cause such a large reduction in number and mass during the time-
scale of transport between the two sites. However, there are other possible
explanations: it is likely that the precipitation data derived from the CMORPH
technique is not accurate enough for this study, and that we in fact do have
precipitation or fog events in many of the cases of transport between T2 and
T3 during IOP 1 in spite of the filtering. The effect of dilution of the plume
into surrounding ‘clean’ air masses may also have contributed to the de-
creasing in the total concentrations of particles since the size distribution was
not normalized by enhancement of CO (although that is not enough, as ACO
varies from 47 to 35 ppb (74%) from T2 to T3 during IOP 1). Another ex-
planation might be an enhanced dilution effect due to the strong deep con-
vection during the wet season (strong convergence of humidity, high vertical
motion, and latent heat release).

During periods under the influence of the Manaus plume in the IOP 2, the
median particle number size distribution at T2 is also dominated by the ul-
trafine and Aitken modes, respectively centered at 30 nm and 60 nm. Similar
to IOP 1, a decrease on particle number concentration and an increase on
particle size were observed from T2 to T3. The number concentration of
particles between 90 and 200 nm is substantially higher at T3 than at T2,
suggesting a rather pronounced condensation growth, given the short trans-
port time. Supporting the hypothesis of particle growth by condensation, the
ratios AOA/ACO and ASO,/ACO suggest an enhancement of OA and SO,
during the transport. This could have its origin in both photochemical ageing
of the plume (e.g. transformation of SO, to SO4>~ and oxidation of various
anthropogenic organic compounds) and condensational growth, but it could
also suggest the contribution of aged biomass burning emissions, leading to
the observed increase on the concentration of particles in the 90-200 nm size
range. As particles in this size range can easily act as cloud condensation
nuclei (Kuhn et al., 2010), they are likely of relevance for the radiative budget
over the region. It is also apparent that the number of particles > 200 nm is
lower at T3 as compared to T2, which might be indicative of dry deposition.
In order to gain more insight in what processes govern the size distribution
evolution we have also simulated the evolution of the average aerosol
number size distribution observed at T2 under different conditions, using a
simplified setup of the CALM model (Tunved et al., 2010). The modeling
effort, which was iterative by nature, evaluated a number of different as-
sumptions regarding source generation rate of condensable gases, nucleation
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rate and dilution during the on average 4.5h of transport between the two
sites. The simulations were all initialized with the observed size distribution
at T2 (Fig 6) and the results were compared with the average of the observed
number size distribution at T3. During all simulated cases, we assumed ac-
tivation type nucleation (Kulmala et al., 2006), i.e. the nucleation rate is
directly proportional to the sulfuric acid concentration as J; = A [HxSO4],
where J; represents the nucleation rate and A represents the activation
coefficient, which is an environmental dependent parameter. A reasonable
combination of parameters that provided numerical agreement between ob-
served and simulated aerosol size distribution at T3 using these simplified
assumptions was an activation coefficient A of 51077, a source rate of
H,S0, of 1¥10° cm ™35! and a source rate of condensable organic gases of
1¥10°cm ™%~ (assuming Mwey, of 186gmol~' and saturation vapor
pressure of 3*10'°m™3),

As shown in Fig. 5, Frame A, it is clear that the number concentration in
the accumulation mode size range is substantially overestimated by the
model. Thus, it was found that in order to support the growth of the aerosol
into the accumulation mode, but without getting to big disagreement in
number between observed and modeled size distribution at T3, dilution
was necessary. Thus, in the final simulation we assumed a dilution factor of
the plume of 0.95 h™! which gave reasonable results together with the
abovementioned source rates of condensable gases (Fig. 5, Frame B). From
the simulations it was further evident that nucleation was indeed needed to
support the evolution of the size distribution in order to resemble the ob-
served features, as shown in Fig. 5, Frame C, showing a simulation as
above, but with nucleation disabled. Thus, the observed features during
IOP 2 are at least qualitatively, and to some degree quantitatively, con-
sistent with aerosol ageing due to mainly coagulation, condensation and
dry deposition in the absence of clouds and rain.

Certainly, crude simulations like this by nature are very uncertain, but
the result at least suggests that with reasonable source strengths of con-
densable and nucleating gases, we are able to simulate the evolution of the
aerosol during the transport between T2 and T3. More detailed analysis and
simulations are encouraged in order to better understand the governing
processes during transport of this polluted plume over the rain forest.

3.4. Aerosol optical properties

The main changes in the aerosol optical properties are shown in Table 2.
We have used the single scattering albedo (SSA) as an indicator of the direct
radiative effect of the particles in the atmosphere, since it is considered a key
parameter in determining the direct effect of aerosol particles on climate as
well as to get information regarding particle composition (Bergstrom et al.,
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Fig. 4. Mean particle number size distribution at T2 (blue line, close to Manaus) and T3 (red line, 70 km downwind Manaus) for the wet (IOP 1, top) and dry (IOP 2, bottom)
seasons, considering selected periods under the influence of the Manaus urban plume. The blue and red shaded areas show 25-75 percentiles at T2 and T3 sites, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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without dilution, but with nucleation enabled. Frame B shows simulation assuming a dilution factor of 0.95 h~! and frame C shows simulation as above, but with
nucleation disabled. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

2010, 2002; Dubovik and King, 2000; Lim et al., 2014; Russell et al., 2010;
Takemura et al., 2002, 2000). Due to biomass burning in the Amazon basin in
the dry season, there was an about fourfold increase of particle scattering and
absorption coefficients relative to the wet season and an increase of about
10% on the SSA at 450-700 nm at both sites (T2 and T3). Particle scattering
and absorption coefficients decreased by 20-25% and 40-50% from T2 to
T3, respectively (Table 2). This decrease was mainly attributed to the pol-
lution dilution effect between sites, (Kleinman et al., 2008). On average, the
scattering ranged from 9.9 to 6.6 Mm ™! and 51.0 to 29.1 Mm ™! between
sites, while absorption decreased from 6.8 to 1.9 Mm ™! and 9.6 to 4.6 Mm ~*
in the transect in the wet and dry seasons, respectively. However, when the
particle scattering coefficients are normalized by CN, an increase of up to
50% was observed in the wet season, whereas in the dry season a slight
reduction of about 10% was observed (Table 2). These scattering values, as
well as SCAT/CN, are compatible with previous measurements in the Manaus
area (Kuhn et al., 2010; Trebs et al., 2012) and consistently higher than the
scattering values reported by Rizzo et al. (2013) in the south of the Amazon
during the wet season. It may also be the result of rapid deposition of larger
particles than the 500 nm cutoff not monitored by the SMPS systems. These
particles could likely have a great impact on the SSA. As discussed under
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section 3.1.2, deposition gets increasingly important for larger sizes, e.g. dust
and other mechanically generated particles expected to be present in the
urban environment.

For the outflow of the Manaus urban plume at T2, the values for SSA
0.60 and 0.80 in the wet and dry seasons, respectively, indicated the pre-
sence of a relatively large fraction of absorbing material. However, an
average increase in the SSA of about 20% was observed during the Manaus
plume evolution from T2 to T3, which can be directly associated with the
formation of efficiently scattering SOA aerosols in the transect. During
evolution of the plume the SSA average values ranged from 0.60 to 0.80 and
0.80 to 0.90 during the wet and dry seasons, respectively. These numbers
are statistically equivalent to those reported for urban areas under condi-
tions similar to this study, such as Atlanta, USA, of about 0.84 (Carrico,
2003), Ahmedabad, western India, of 0.88 (Ramachandran and Rajesh,
2007), Beijing, China, of about 0.80 (He et al., 2009), Mexico City of 0.75
(Eidels-Dubovoi, 2002; Kalafut-Pettibone et al., 2011), Sao Paulo, Brazil,
0.76 (Backman et al., 2012), and Granada, Spain, of 0.55-0.60 (Lyamani
et al., 2010). In addition, we also observed an average increase of 15 and
50% in the scattering Angstrom exponent (SAE) from wet to dry season at
both sites, as well as during the plume evolution. The SAE is an intensive
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Table 2
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Changes in aerosol optical properties resulting from evolution of the Manaus plume between sampling sites (T2 and T3) during the IOP 1 (1 February to 31 March
2014) and IOP 2 (15 September to 15 October 2014): particle scattering coefficient at 637 nm (SCAT), particle absorption coefficient at 637 nm (ABS), single
scattering albedo at 637 nm (SSA) and scattering Angstrom exponent in the range 450-700 nm (SAE). Optical properties and enhancement ratios are shown at
departure and arrival times of air masses leaving the T2 site and reaching the T3 site.

Optical Properties Departure from T2

Arrival at T3 Relative Factor (T3/T2)

- IOP 1 IOP 2 IOP 1 I0P 2 0P 1 IOP 2
SCAT (Mm™})

Median 9.2 53.8 6.8 31.1 0.8 0.6
Average 9.9 51.0 6.6 29.1 0.7 0.6
Std. Deviation (+) 4.1 25.8 21 12.2 - -
SCAT/CN (Mm~'cm~3)

Median 1.6 8.6 2.6 7.0 1.7 0.8
Average 1.8 9.9 2.7 8.4 1.5 0.9
Std. Deviation () 1.2 5.6 0.9 4.9 - -
ABS (Mm™))

Median 5.8 8.8 1.8 4.7 0.3 0.5
Average 6.8 9.6 1.9 4.6 0.3 0.5
Std. Deviation (+) 4.0 4.8 1.4 1.7 - -
ABS/ACO (Mm™!ppb 1)

Median 0.1 0.1 0.0 0.1 0.3 0.6
Average 0.2 0.1 0.1 0.1 0.4 0.5
Std. Deviation () 0.1 0.1 0.0 0.0 - -
SSA

Median 0.6 0.8 0.8 0.9 1.3 1.1
Average 0.6 0.8 0.8 0.9 1.3 1.1
Std. Deviation () 0.1 0.1 0.1 0.0 - -
SAE

Median 1.4 1.6 1.6 2.4 1.1 1.5
Average 1.4 1.6 1.6 2.4 1.1 1.5
Std. Deviation () 0.3 0.3 0.4 0.2 - -

parameter and is expected to decrease as the particle diameter increases
(Lim et al., 2014; Rizzo et al., 2013; Russell et al., 2010; Schuster et al.,
2006). The SAE also increased from wet to dry season at both sites, in
accordance with the input of fine mode particles from biomass burning
emissions. On average, under conditions of air polluted by Manaus, our
results show SAE of 1.43 and 1.59 at T2 in the outflow of the Manaus urban
plume, and 1.70 to 2.30 downwind at T3 during the wet and dry seasons,
respectively. This observation is consistent with the absorption Angstrom
exponent (AAE) values for these periods of 1.40 and 1.50 for T2 and T3,
respectively. These results suggest a mixing of fine particles with other
particles containing a fraction of absorbing material. Local emissions from
biomass burning plumes may not have been completely excluded by the
methods of this study. Overall, these results are supported by measurements
of particle size distribution, which show an evolution in the average par-
ticles size from 20-40 nm to 100 nm in the transport between T2 and T3.
The causes of the changes observed in the optical properties during the
transport to T3 could include a multiplicity of non-linear processes, in-
cluding secondary organic formation and inorganic aerosol particles, with
direct effects on the chemical and physical properties of particles. Another
important point here is that the studied optical properties refer to dry
aerosols so that if the radiative forcing is calculated from the reported op-
tical properties it may be underestimated. However, since aerosols have a
low hygroscopicity in the Amazon (Rissler et al., 2006; Thalman et al.,
2017; Whitehead et al., 2016b; Zhou et al., 2002), a small effect is expected
for the radiative forcing.

4. Conclusions

Ground-based observations of aerosol chemical and optical properties
from an urban site, Manaus, in the central Amazon region were investigated
during the intensive operating periods of the GoAmazon 2014/5 experiment.
CN, BC, CO and SO, concentrations, and absorption and scattering coeffi-
cients were analyzed to aid the characterization of the Manaus urban aerosol.
These variables at T2 had a close dependence on the local wind, which was
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shown to be useful in identifying the Manaus plume at T2. In general, there
was a wide variation in the gas and particle concentrations throughout the
day, mainly associated with changes in the wind direction and, hence,
changes in the air mass source within the Manaus urban area. High con-
centrations of CN and BC, often above 4500 particles cm~* and 1000 ngm >
respectively were observed at T2, located 8 km from the edge of Manaus. The
dry air mole fraction of CO under the direct effect of Manaus pollution,
mainly originating from power plants and motor vehicle emissions, was on
average 145 ppb. In addition to the changes in the chemical composition of
the natural aerosol of the pristine forest, optical properties were also im-
pacted, with potential effects on the ecosystem, as e.g reducing of photo-
synthetic rates of the forest and its potential for carbon uptake. At T2, particle
absorption and scattering coefficients increased by multiplicative factors 3.0
and 1.8 with respect to the near-pristine forest conditions (e.g. TOz, AMAZE-
2008 experiment), respectively. The SSA, a key parameter in determining the
climatic effects of aerosols, is about 10% lower compared to the near-pristine
forest conditions, reaching values as low as 0.72 under the direct influence of
the urban emissions, indicating a large fraction of absorbing material present
in the Manaus plume, with a potential warming of the local atmosphere.

The combination of air masses from back trajectories simulated and
chemical tracer as fgo was considered a satisfactory and practical method for
analyzing the physical and chemical changes in the evolution of the aerosol
plume during transport. This method identified a statistically acceptable
percentage of cases in which T2 and T3 were under the direct influence of
emissions from Manaus. The average time to transport the pollution be-
tween sites was estimated at 4.5 h. Overall, there was a reduction of trace
gas and particle concentrations during transport, mainly attributed to the
dilution effect of the plume with the cleaner air masses. Average decreases
of about 6-8% in the CO concentrations and of about 10-25% in the par-
ticle concentrations were observed between the wet and dry seasons. Wet
and dry removal processes, including coagulation, can reduce the con-
centration of particles along the transect.

An increase of 40% in the mass concentration of organic aerosols at-
tributed to the formation of secondary organic aerosol during transporta-
tion was found in the dry season. There was a shift in the distribution of
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particle size of 40-100 nm. Greater particle sizes were observed at the T3
site, possibly related to the production of secondary organic aerosol (SOA)
and condensation of inorganic materials and organic oxidation products.
The average increase of 30% in SO4 concentrations during the dry season
was attributed to the formation of inorganic aerosols, especially due to the
SO, oxidation during transport. In the wet season, there was a decrease of
up to 70% in the SO, concentrations compared to the wet season.

The observed changes in the characteristics of the population of
aerosols downwind of the city (size distribution, quantity, and chemical
composition) may be changing important properties of clouds, such as
albedo and precipitation, thus contributing to impacts on the hydro-
logical cycle and changes in radiative transfer rates, with still unknown
indirect consequences for photosynthesis rates.
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