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ABSTRACT: The Amazon rainforest suffers increasing pressure from anthropogenic
activities. A key aspect not fully understood is how anthropogenic atmospheric
emissions within the basin interact with biogenic emissions and impact the forest’s
atmosphere and biosphere. We combine a high-resolution atmospheric chemical
transport model with an improved emissions inventory and in-situ measurements to : zm,
investigate a surprisingly high concentration of ozone (O;) and secondary organic “f[?’
aerosol (SOA) 150—200 km downwind of Manaus city in an otherwise pristine
forested region. We show that atmospheric dynamics and photochemistry determine a S
gross production of secondary pollutants seen in the simulation. After sunrise, the . -
erosion of the nocturnal boundary layer mixes natural forest emissions, rich in biogenic =~ ===~ !
volatile organic compounds, with a lofted pollution layer transported overnight, richin 1.
nitrogen oxides and formaldehyde. As a result, O; and SOA concentrations greater ! im m: !
than ~47 ppbv and 1.8 ug m™>, respectively, were found, with maximum
concentrations occurring at 2 pm LT, 150—200 km downwind of Manaus city.
These high concentrations affect a large primary forested area of about 11,250 km”. These oxidative areas are under a NOx-limited
regime so that changes in NOx emissions from Manaus have a significant impact on O; and SOA production.

KEYWORDS: ozone, secondary organic aerosol, atmospheric chemistry, Amazon region

Bl INTRODUCTION organic aerosol (SOA).”'>'® The Green Ocean Amazon
experiment (GoAmazon2014/S), with ground and aircraft-
based measurements, has shown significant changes in aerosol
composition and properties in an area up to 70 km downwind
from Manaus, when compared with pristine Amazonian
conditions.”'*'*'” Experiments using an oxidation flow
reactor'® showed that additional SOA could be produced
further downwind than 70 km by the interaction between
biogenic precursors, such as isoprene and formaldehyde
midst of this otherwise pristine environment. Its urban (H,CHO) , and available '0x1dants such as. O; and hydrox?fl
. . . . radicals (OH). Changes in the concentration of atmospheric
emissions make it the largest contributor of anthropogenic ! . .
o . . 5,6 oxidants can affect vegetation growth rates producing leaf
pollution in the Amazon basin during the wet season. .. 19,20 - et
. .78 . . . injury and damage to plants. At the same time, additional
Previous studies”” showed that the main contributors are light . , 9 .
) . SOA could impact on Earth’s energy balance.” A substantial
vehicles, buses, and stationary sources, such as thermal power e L. . .
. ) . . modification of the particle number concentration can affect
plants and an oil refinery. This setting represents an ideal

natural laboratory for investigating how anthropogenic
emissions interact with biogenic compounds, modifying Received: February 25, 2022
atmospheric chemistry and the production of ozone (O,) Revised:  June 9, 2022
and secondary organic aerosols (SOA).”™* Several studies Accepted:  June 23, 2022
have investigated how the transport of NOx and other Published: July 8, 2022
anthropogenic compounds to the forest impacts the photo-

chemical reactions that produce O,”'*'* and secondary

The Amazon is the largest remaining tropical forest in the
world. As such, biogenic volatile organic compounds (BVOCs)
are emitted and found in high abundance."”” The dominant
BVOC emitted by the Amazon forest is isoprene, with reported
ambient mixing ratios of 0.5—15 ppbv.” Other isoprenoids,
such as monoterpenes (<1 ppbv) and sesquiterpenes (<0.16
ppbv), have also been reported.”* Manaus, a city of more than
2 million people and 400.000 thousand vehicles, lies in the
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the activation of cloud droplets, with possible consequences
that range from suppression of cloud formation®' > to
convective invigoration.z‘s’27

Because of the relatively low biogenic emissions of nitrogen
oxide (NO), the Amazon forest is generally under a NOx-
limited O, production regime.” Therefore, when urban
emissions rich in NOx are mixed with BVOC emissions
from the forest, O; production is favored, and the Oj;
concentration can increase considerably.'* In contrast, the
outskirts of Manaus are under a VOC-limited regime.” Given
the high NOx concentrations, OH radicals are consumed by
reaction with NO,, reducing the concentration of peroxy
radicals (RO2) and inhibiting O production, as also observed
in other urban areas.”**’ The ratio between VOCs and NOx
(VOC/NOx) combined with the maximum incremental
reactivity (MIR) scale has been frequently used as an indicator
of the O; formation r<egim<e.“’29’30 MIR is a parameter used to
quantify the contribution of VOCs to O; formation showing
that HCHO has one of the highest O; yields among all
VOCs.! According to Sillman,"? a value of 0.28 for the ratio
HCHO/NO, (NOy = NO + NO, + HNO, + PAN + NO, +
2N,0;) usually marks the transition between the VOC-limited
and NOx-limited regimes. As the pollution plume meanders
over the forest, driven by the trade winds and river breezes, it
disrupts the balance of VOCs and NOx, disturbing a much
larger area than that of the urban environment.

Using a state-of-the-art atmospheric chemistry model with
an improved emission inventory for the city of Manaus, which
we developed for this study, we simulated the Amazonian
atmosphere and chemistry, intending to understand how
Manaus pollution impacts O3 and SOA production. This is the
first modeling study of O; formation during the GoAma-
zon2014/5 experiment. Our investigation occurs during the
wet season, when urban emissions are the sole contributors of
anthropogenic pollution. We focus on the “golden” week that
ends on the experiment’s “golden” day,'*** March 13, 2014.
This period mainly had steady winds during the daytime, a few
clouds, sunny skies, and reduced precipitation; the urban
plume transported elevated gas and aerosol concentrations
hundreds of kilometers downwind of Manaus. Modeled
concentrations and meteorology are validated using ground
and aircraft-based observations.

We show that, on average, the O; and SOA production
peaks at 2 pm LT and ~150—200 km downwind of Manaus
(further than any previous estimates) where average
concentrations are 5- and 8-fold higher, respectively, than
simulations without the urban plume. Dynamics, and not only
photochemistry, play a crucial role. Far from Manaus, O; and
SOA are produced when the lofted layer of nighttime-
transported anthropogenic precursors is mixed with ground
emissions of BVOC:s, following the early morning boundary
layer development. A forested area of about 11,250 km? is
affected by this enhanced O; concentration daily basis, with
possible important impacts on the vegetation.*®

B METHODS

Code Availability. The study region was simulated with
the WRE-Chem model, version 3.9.1.1°°" using full coupled
and online meteorology, gas-phase chemistry, and aerosol and
radiation feedback. Recently, a new predictive framework for
Amazon forest fire smoke dispersion over South America has
been developed based on WRF-Chem.””
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WRF-Chem Setup. We used the WRF-Chem model
version 3.9.1.1,°"°" with meteorology fully coupled to aerosol
and gas-phase chemistry, including feedback on radiation. The
model grid covers the study region with a horizontal grid
spacing of 3 km and nx = 200 and ny = 150 grid points.
Vertically, hybrid sigma coordinates were used to split the
atmosphere into S1 levels, the bottom 10 levels within the
planetary boundary layer (PBL).

Meteorological fields from the European Centre for Medium
Range Weather Forecasts (ECMWF) Reanalysis vS (ERAS)
were provided in 6 h increments with a horizontal grid spacing
of 25 km, and 137 hybrid sigma pressure levels were used for
the initial and boundary conditions of the meteorological
variables. The chemistry initial and boundary conditions were
provided by the ECMWEF operational model in 3 h increments
at a horizontal resolution of about 40 km X 40 km with 60
vertical levels from the surface up to 60 km. The physics,
chemistry, and emission options used in this study, as well as
their corresponding references, are listed in SI Appendix, Table
1. The first day was used as a spin-up period; as such, it was
discarded from the analysis.

No sensitivity simulation was made regarding the aerosols
feedback effects. The study region was not affected by extreme
events that would necessitate a sensitivity simulation during
the study period, such as large fires, which could bring a great
amount of smoke plumes and consequently attenuate the
radiation (e.g., Forkel et al,®° Kong et al,! Vara-Vela et al,**
Liu et al.®)

Study Area. The study area and the distribution of
surrounding anthropogenic emission source and surface sites
are described in detail in the study of Nascimento et al.'® The
geographical positions of the sampling stations used for the
validation of the modeling in this investigation are presented in
SI Appendix, Table 3. The study area with the sampling
stations can be seen in the abstract graphic.

Observational Data. We used in situ measurements from
several GoAmazon2014/5 surface sites.>” At the ATTO site,
the O; and NOx mixing ratios were measured using a 49i O,
Analyzer (Thermo Environment) and Eco physics CLD TR,
respectively. At the T3 site, organic and inorganic submicron
aerosol mass loadings were measured with a time-of-flight
aerosol mass spectrometer (ToF-AMS).> Mixing ratios of O,
and CO were obtained with a 49i O; Analyzer (Thermo
Environment) and a N,O/CO analyzer (Los Gatos Research -
LGR). Meteorological observations were made with a Vaisala
WXT520 metstation, and PBL heights were measured using a
ceilometer and Lidar.”® Observed data were averaged at 1 h
intervals for comparison with WRF-Chem output. Standard
temperature and pressure (STP) corrections were applied to
all measurements.

Measurements on-board the DoE Gulfstream 1 (G-1)'"'*
aircraft were also used. Measurements of VOC species, O3, and
CO were made with an Ionicon quadrupole high-sensitivity
proton-transfer-reaction mass spectrometer (PTR-MS), a
Thermo Scientific Model 49i O; analyzer based on measure-
ment of UV absorption at 254 nm, and a Los Gatos Research
CO—N,0—H,0 analyzer, respectively. Tropospheric (below 3
km) O, satellite data were obtained from previous studies®”>*
by the combination of the infrared atmospheric sounding
interferometer (IASI) thermal infrared data with the global
ozone monitoring experiment-2 (GOME-2) ultraviolet meas-
urements.
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Figure 1. Observational O; and CO measurements in the central Amazon region. (A) Daily median O; profile from February to March (wet
season) at the TOa site during 2014 (yellow line), the T1 site during 2016 (red line), the T2 site during 2014 (blue line), and the T3 site during
2014 (green line). The shaded areas show the 25th to 75th percentiles of the respective median lines. At the T2 and T3 sites, the O; values were
selected by Manaus urban plume events (Methods). (B) Violin plots showing G1 aircraft measurements of O; at various distances from Manaus at
ca. 500 m altitude on March 13, 2014. (C) Gl aircraft measurements of O (top) and CO (bottom) in the Manaus pollution plume at ca. S00 m
altitude compared to simulations with (orange) and without (green) Manaus emissions on March 13, 2014. The G1 Flight time is between 10:12

and 11:30 LT.

Anthropogenic Emissions. Two different inventories”*
were used to create the anthropogenic emission fields used in
the simulations. The inventory developed by® includes the
contributions of fixed (refinery and thermoelectric) and mobile
sources, while the inventory from’ is focused only on mobile
sources. Analyses of the contributions of each source and the
emission factors of the chemical species given by the
inventories along with comparisons of observed data with
simulations carried out using these inventories led us to reduce
the VOC emissions of the Issac Sabba (REMAN) refinery and
power plants in the area given by® by a factor of 10. From these
inventories, and our analysis, we generated emissions fields that
produced satisfactory results for the representation of VOCs
(acetaldehyde (CCHO), toluene (TOL Appendix, Figure
$20)), as well as gaseous chemical compounds such as CO
and NOwx. These emissions fields ultimately led to the
successful representation of secondary compounds such as
O; and SOA.

Biogenic Emissions. Biogenic emissions were calculated
online using the model of emissions of gases and aerosols from
nature (MEGAN) version 2.>° Based on the driving variables
such as ambient temperature, solar radiation, leaf area index,
and plant functional types, this model estimates the net
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terrestrial biosphere emission rates for different trace gases and
aerosols with a global coverage at ~1 km? spatial resolution.

O3 Variation Region. The scatter plots in Figures 2C—F
and 4A, B show the simulated mixing ratios (with
anthropogenic emissions turned on) in grid squares where
the difference in HCHO or NOy between simulations with
anthropogenic emissions on and off (On—Off) is greater than
three standard deviations above the mean. The regions
selected by this criterion are the most significant in O,
production and consumption (Figure 2A, B).

Analysis Regions. To understand the mechanisms of O;
production and how they are affected by the anthropogenic
emissions, we analyzed areas around Manaus that presented
different VOC and NOx regimes. Particularly, the boom region
corresponds to the area most affected by the urban emissions
and where the highest maximum daily concentration of Oj is
typically found, as seen in Figure 2F. It is a forest area
downwind of the T3 site and comprises 11,250 km® (—60.75
to 565 62.29 Lon and —3.82 to —3.06 Lat). Averaging over this
region was used to create Figure 3A—D.

HYSPLIT Trajectory Analysis. To calculate the transport
time of polluted air masses over the forest, NOAA’s hybrid
single-particle Lagrangian integrated trajectory (HYSPLIT)
model’™” was used. Simulations with HYSPLIT were driven

https://doi.org/10.1021/acs.est.2c01358
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Figure 2. WRF-Chem simulated data from 8:00 (left column) and 14:00 (right column) (LT). (A,B) O, spatial distributions at 8:00 and 14:00
(LT) averaged daily between 9 and 14 March, 2014 and averaged between 200 and S00 m above the surface. The red line shows the Oj; variation
region, the area where O production is affected by urban emission plumes (see Methods). This area is also where the points for scatter plots (C—
F) are drawn from. The cyan square represents the boom region (see Methods). (C, D) scatter plots of the O; mixing ratio, distance from Manaus,
and Oj; production regime within the Oj variation region at 8:00 and 14:00 (LT) averaged daily between 9 and 14 March, 2014, and averaged
between 200 and 500 m above the surface. The black dashed line represents the average background values in the same area from a simulation with
urban emissions turned off. (E, F) Scatter plots of the HCHO and NOx mixing ratios and distance from Manaus under the same selection and
averaging conditions as scatter plots (C, D). Dashed line represents the O, production regime threshold of HCHO/NOx = 0.28 (see Methods).

by the meteorological fields from our WRF-Chem simulations
(3 km horizontal grid spacing). Forward trajectories were
integrated for 24 h with a 1 h time step, starting every hour
from 8:00 LT on March 9, 2014 to 19:00 LT on March 13,
2014. For each start time, an ensemble of 40 trajectories were
followed, with starting positions in the metropolitan area of
Manaus, and initial heights between 100 m and 500 m above
the ground level. These 4800 trajectories were used to
compute the density of polluted air masses for different
locations in the surroundings of Manaus (SI Appendix, Figure
S11A). We divided the study domain into a rectangular grid
with 0.2° horizontal spacing and counted how many
trajectories crossed each grid cell. The density was defined as
the ratio of the number of trajectories at a given location
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divided by the total number of simulated trajectories. The
travel time map (SI Appendix, Figure S6A) was computed as
the average of the time needed for trajectories to reach a given
location, which does not vary significantly throughout the day.
To understand the origin of different air masses contributing to
the maximum O; mixing ratio around 14:00 LT, we selected
those trajectories arriving between 14:00 and 18:00 h UTC
(10:00—14:00 h LT) at a particular location. For this subset,
we calculated the average trajectory departure time from
Manaus (SI Appendix, Figure S6B), as well as the shortwave
radiation, daytime hours, and cumulative precipitation along
the trajectories, between the departure and arrival hours (SI
Appendix, Figures S11B, S18 and S19).

https://doi.org/10.1021/acs.est.2c01358
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Manaus Urban Plume Event Criteria. In-situ ground
measurements at the GoAmazon sites TOa, T1, T2 and T3
were used to investigate the impact of the urban plume on O;
at different distances from Manaus (Figure 1A). TOa was
assumed to be always outside the plume, while T1 was always
inside. At T2, in-plume time was determined based on the
wind direction and speed, following a previous study'” while
the urban plume index of Thalman™® was used at T3. Periods
with precipitation between T1 and T3 were excluded.

B RESULTS AND DISCUSSION

Ozone Spatial Distribution Downwind of Manaus
and Model Validation. Ground-based and aircraft measure-
ments of Oj inside and outside the Manaus plume clearly show
the impact of the urban pollution on O production (Figure
1A—C). In downtown Manaus (T1 site), the O; mixing ratio is
low despite the high concentration of precursors. The average
diurnal O3 peak reaches 10ppbv, only slightly above
background conditions during the GoAmazon2014/1S cam-
paign (TOa site, averaged O; of 7 + 2 ppbv) (Fi§ure 1A) and
previous experiments (TOz site, 8.5 + 1.9 ppbv).”* The low O,
production at the T1 site is due to high NOx levels, which
quickly react with OH radicals (NOx + OH — HNO;). This
depletion of OH through HNO; formation results in a
decrease in the availability of RO,, thus causing a decline in O,
formation. As a consequence, Manaus and its surroundings are
in a VOC-limited O; production regime.

As one moves downwind of Manaus, the dilution and mixing
of primary and secondary pollutants with the BVOC-rich forest
environment shift the VOC/NOx equilibrium, favoring O,
production. Just 14 km downwind (T2 site, across the Negro
river), the O; production is higher, and maximum daily O,
concentration reaches ~21 ppbv (16—27 ppbv minimum and
maximum). Further away, at the T3 site 70 km downwind of
Manaus, the values are similar to those at T2, ~20 ppbv (16—
28 ppbv minimum and maximum). In all sites, nighttime in-
plume mixing ratios are much lower (1—2 ppbv) than
background values (S ppbv), as NO, quickly react with O;.

A similar picture is seen in the aircraft data (for distances
<90 km downwind of Manaus). Figure 1B shows how
measured O; concentrations vary with the distance from
Manaus, increasing from ~14 ppbv over T2 (10 km
downwind) to ~32 ppbv over T3 (70 km downwind of
Manaus). Similar values of O; were found at the ground level
(SI Appendix, Figure S2), showing how well mixed the
Amazon boundary layer is during the day. Differences between
the in-plume and background concentrations are statistically
significant (Figure 1C), indicating that Manaus’ urban
pollution is responsible for these changes in O; chemistry, in
agreement with the previous studies.”” Moreover, all sites
present almost simultaneous high O; values, when solar
radiation peaks (~12—1 pm LT), suggesting that the O; found
around T2 and T3 is produced locally, and not transported
from upwind.

To investigate the underlying mechanisms of O; formation,
WREF-Chem simulations were performed with an improved
urban emissions inventory (see Methods). The model allows
us to directly assess the plume’s impact by contrasting
simulations with and without the anthropogenic emissions
and also to look at the impacts of the Manaus urban plume
beyond the region measured by the aircraft and ground
stations.
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Figure 1C shows the excellent agreement between the
observed and simulated O; and CO mixing ratios, following
the aircraft flight transects at ~500 m altitude on March 13 (a
similar agreement is found on other days where flights
occurred). At the ground level, simulated O; concentrations
and boundary layer heights also agree well with observations
(SI Appendix, Figures S1 and S2), showing that the
simulations correctly captured both the downwind dispersion
of the plume and the production of O; during the transport.
The maximum O; mixing ratio occurs ~150 km downwind of
Manaus in approximately the same location shown by the
simulations (Figure 2F). These results represent a great
improvement over previous modeling studies, ”>> demonstrat-
ing that the model can simulate the atmospheric chemistry and
boundary layer processes.

Ozone Production Regimes. Figure 2A,B shows how the
simulated O; mixing ratio varies as a function of Manaus
distance in areas influenced by the pollution plume (Methods).
The region close to Manaus (<25 km from the city center) is
always VOC-limited because of high NOx emissions that
sustain high NOy concentrations even during the daytime
(Figure 2A—D). There are not enough VOCs in such areas to
generate the radicals needed to convert NO to NO,, thus
suppressing O; production.”'®*® In regions downwind of
Manaus (50—200 km), the O; production regime varies
through the day, following the dispersion of precursors and the
emission of BVOCs, which depend on solar radiation and
temperature.2

The average calculated HCHO/NOy ratio increases from
0.27 to 3.48 between 8:00 and 14:00 LT, influenced by the
increase in HCHO (0.7 ppbv) and decrease in NOy (20.5
ppbv) mixing ratios (Figure 2C, D). HCHO increases during
the day because it is produced by the oxidation of BVOCs
emitted by the forest during the daytime™*°™* and directly
emitted by vehicular emissions in Manaus.® Conversely, NOy
decreases because it is consumed in the production of O; and
diluted by mixing with unpolluted air. However, the NOx
mixing ratios are still much larger inside the plume than
outside (~0.02 ppbv).

Our simulations show that because of the continuous
transport of NOw, the Manaus plume impacts O; mixing ratios
during the whole day over a large area (11,250 km?), with an
excess consumption from 20—7 LT and excess production
from 10-16 h LT (Figure 2E, F). The simulated O; production
increases sharply after 10 LT, and the maximum mixing ratio
occurs around 14 LT, ~150—200 km downwind of Manaus. A
region of high O is found in satellite observations at (~10:00
LT) during the wet seasons of 2018—2020 (SI Appendix,
Figure S3), consistent with the increase in simulated O; at 10
LT mentioned above. The SOA mixing ratio also peaks at 14
LT at the same location (SI Appendix, Figure S4). It is
important to mention that, on all simulated days, there are
areas ca. 140 km from Manaus, within the boom region where
O; values at 14:00 (LT) are greater than ~47 ppbv (SI
Appendix, Figure S5). Day-to-day variations show that O,
concentrations even reach values higher than ~50 ppbv at
some times and locations. The contribution of NOx emitted
by Manaus, although small, is sufficient to massively enhance
O, formation at these distances. Next, we discuss how the
interplay of chemistry and dynamics explain these results.

Interpreting the O; Production Mechanism. Pollutants
from Manaus are spread to regions downwind and mixed with
other compounds in the atmosphere. In order to investigate
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Figure 3. WRF-Chem simulated mixing ratios of NOx (A), isoprene (B), HCHO (C), and O; (D) during the daytime (6:00—14:00 LT) averaged
between 9—14 March, 2014 and calculated inside the boom region. (E, F) Vertical cross-section of mixing ratios along the line intersecting T1 and
T3 for NOx at 8:00 LT (E) and O, at 14:00 LT (F) with the PBL height represented by the red line. The brown area on the bottom is the ground.

the reasons for the peak in O; production ~150—200 km away
from Manaus, we analyzed chemical and dynamical processes
that contribute to O; production. First, we estimated the time
required for the Manaus plume to reach this region (see
Methods). We found this to be 7.2 + 2.9 h on average (SI
Appendix, Figure S6A), without large variations during the day.
Polluted air masses arriving at the boom region between 10 and
14 LT left Manaus before dawn, between 3 and 7 h LT, and
traveled partially without sunlight. Moreover, because the
nocturnal boundary layer (NBL) is quite low and stable, the
pollution plume travels as a layer 300 m above the ground with
minimal mixing with surface-level biogenic emissions (Figure
3E). Thus, despite pollutants being continuously blown away
from Manaus, the morning rush-hour emission peak (5—7 h
LT"®) contributes greatly to the pollutants available to
enhance O; production in this distant region beginning at 10
LT.

9929

Figure 3A—D shows the hourly (6 to 14 LT) simulated
vertical profiles of NOx, O;, isoprene, and HCHO, all averaged
over the boom region (Methods). Our results show that the
NBL is entirely eroded by about 8—9 h LT (notice the NOx
profile in Figure 3A), which agrees well with observations.”
The NBL erosion increases the rate of O3 precursor mixing in
the atmosphere, bringing the NOx layer downward (raising
NOx concentrations below 200 m to ~3.5 ppbv), to meet the
forest’s increasing isoprene emissions at the surface. It is
important to mention the nocturnal survival of isoprene (~3
ppbv along the vertical profile 0—1000 m) (SI Appendix,
Figure S7A,B), which helps the O; and SOA production during
the early morning with the development of the planetary
boundary layer (PBL). The nighttime isoprene in low-NOx
emissions regions with high biogenic emissions were reported
as an important source of VOCs on the formation of upper
tropospheric organic aerosol.”’
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Figure 4. WRF-Chem simulated concentrations of Ox and SOA at 8:00 (left column) and 14:00 (right column) (LT). (A, B) Scatter plots of the
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line represents the average background values in the same area from a simulation with urban emissions turned off. (C, D) Scatter plots showing the
correlations between Ox and SOA mixing ratios and distance from Manaus averaged between 9 and 14 March, 2014 and over 200—500 m altitude.

There is a minor contribution to the available NOx from the
nighttime storage of NOx oxidation products.”"** In the early
morning, N,O; and NO; are rapidly photolyzed, adding <0.01
ppbv of NOx (SI Appendix, Figure S8A,B). Figure 3B shows
how the emission of isoprene surpasses its consumption, with
the isoprene mixing ratios in the atmosphere increasing rapidly
at the surface (4 to 6 ppbv, from 10:00 to 14:00 LT). NOx
concentrations are significant only in the urban environment
(37 to 34 ppbv); their concentrations decrease rapidly
downwind through consumption and dilution (3.3 to 1.2
ppbv, from 10:00 to 14:00 LT) but are still much higher than
those found in clean forest areas, where values are around 0.02
ppbv (SI Appendix, Figure S9B). The O; concentration
reaches a maximum around 14:00 (LT), 2 h after the
maximum solar radiation (SI Appendix, Figure S10). At this
time, the boundary layer is fully developed, and high O,
concentrations are found up to 110 km beyond the T3 site
(Figure 3F).

The production of O; depends on the photolysis of
precursors, and hence, there is not only a delay relative to
the local solar maximum but also a dependence on the
exposure of the polluted air-masses to solar radiation.”” From
our trajectory analyses (Methods), we calculated the
accumulated shortwave radiation (SW) along the trajectories
that arrive at any given location between 10:00 and 14:00 LT
(SI Appendix, Figure S11B). We found that beyond the boom
region, the accumulated SW no longer increased. This is
because trajectories reaching further downwind started earlier
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and traveled longer during the nighttime. Lastly, the maximum
O; mixing ratio location is not always the same during the
whole simulation period because of variations in the plume
trajectory. Looking at individual days (SI Appendix, Figure
SS), the maximum Oj can be higher (up to 60 ppbv) and can
be further away (up to 150 km) than we have described for the
average day. Thus, the location of the boom region is also
determined by the variability of the plume position. SI
Appendix, Figure S11A shows the density of air mass
trajectories, which decrease significantly beyond the western
border of the boom region, defusing the maximum Oj; found
there.

Summarizing, our simulations show that the high amounts of
O; present in the boom region, beginning at 10:00 (LT), are
the result of local production and not due to O, transport from
other areas. The elevated O, concentrations (10:00—14:00
LT) are due to the mix of night-time and early morning
transport of NOx and HCHO from Manaus and BVOCs
emitted from the forest during the day. The combination of
sufficient solar radiation and the mixing of these O precursors
create conditions ideal for O; production in the boom region,
far from Manaus, with a maximum mixing ratio at 14:00 LT.
The location of the boom region depends on the plume age
(primarily through the total solar irradiation) and the wind
velocity. This shows that nocturnally reserved compounds
transported over long distances such as NOx in this study, or
isoprene as reported by Millet et al,” can have a powerful
effect on O; and SOA, leading to the large-scale local
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production of these chemicals in areas far from the source of
their precursors.

Manaus Plume Impact on SOA Formation in the
Central Amazon Region. Our simulations show that Manaus
emissions significantly impact SOA, defined as the sum of
biogenic (BSOA) and anthropogenic (ASOA) secondary
organic aerosols. We find that SOA is maximum ~140 km
downwind of Manaus around 14 h LT (Figure 4A, B), the
same region of the maximum Oj; concentration. Values reach
1.0 to 1.8 pugm™>, well above background levels. These high
concentrations reach a larger area (SI Appendix, Figure S4)
than previously estimated.”'*™'° However, Palm et al.'®
estimated that some amount (0—12 ugm™) of SOA could
form beyond T3 using an oxidation flow reactor at the site.

Figure 4C, D shows the strong correspondence between
atmospheric oxidants Ox, here characterized by the sum of O,
and NO,,*** and the SOA concentration. The remarkable
correlation between Ox and SOA during daytime (SI
Appendix, Figure S12) is explained by the fact that both of
them rely on the photochemical production of radicals and
VOC oxidation. These results show that the boom region
presents a powerful oxidative condition, driven mostly by the
OH concentration (SI Appendix, Figure S14) and an increase
in O; (Figure 2B, D), which is a result of combining urban
emissions, sufficient solar radiation, and high BVOC
concentrations, as previously discussed. To understand what
controls the peak of the SOA concentration in the boom
region, we look at BSOA and ASOA separately (SI Appendix,
Figure S13). The concentration of ASOA in the pollution
plume is very close to the background values near Manaus. It
increases up to 140 km downwind of Manaus, reaching 0.5 to
0.8 ugm™, and decreases to background values again around
250—300 km downwind. The production of ASOA depends on
the oxidation of aromatic volatile organic compounds
(AVOCs), which are only emitted in the urban environment,
and they are not readily oxidized in the presence of O;.'*
AVOCs and NOx are both consumed for the production of
SOA and O;, and hence, their mixing ratios only decrease as
the plume disperses. Therefore, the ASOA concentration is
maximum at a certain distance (140 km) downwind of
Manaus, in agreement with the amount of the oxidant hydroxyl
radical (OH) available (SI Appendix, Figure S14).

The situation is different for the biogenic contribution. The
concentration of BSOA is already higher over Manaus than the
background value, with values of 0.2 to 0.5 ugm™. The BSOA
concentration increases up to 140 km downwind of Manaus,
reaching 0.6 to 1.0 ugm™ and stabilizing further downwind.
The production of BSOA depends on the oxidation of BVOCs,
nonaromatic compounds emitted in abundance by the
forest,'®***® which can be oxidized in the presence of O
Because BVOCs are consumed and emitted as the plume
travels over the forest, BSOA mixing ratios do not fall so
sharply (SI Appendix, Figure S1SA). Indeed, the BSOA mixing
ratios start to increase beyond 140 km downwind of Manaus
city, reaching background values around 250 km downwind of
Manaus. Moreover, because Ox stays high, the production of
BSOA continues beyond the boom region. The oxidative
capacity of the Amazonian atmosphere is broadly determined
by the presence of OH and Oj. Our simulations show that the
urban emissions modify this capacity significantly. In terms of
SOA production, the Manaus plume contributes more by the
extra production of BSOA than by the production of ASOA.
Indeed, the maximum contribution of ASOA is ~50% around
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140 km downwind of Manaus, dropping to ~15% around 250
km downwind of Manaus. Of course, the dynamical processes
discussed in the previous section are also relevant here.

The plume reaching the boom region between 10-14 h LT
left Manaus early in the morning. Anthropogenic oxidants
transported aloft are mixed with BVOC:s at the surface after the
NBL is eroded, circa 8—9 h LT.* The position of the SOA
plume varies from day to day, and so does the region of
maximum SOA concentration, which can reach beyond 200
km downwind of Manaus (SI Appendix, Figure S16). OA
measurements at the T3 site (SI Appendix, Figure S17), as well
as from aircraft (SI Appendix, Figure S21), were compared
with simulated SOA to evaluate the model’s SOA production
downwind Manaus. Our results give further evidence of SOA
production in the perturbed forest environment and show the
mechanism, intensity, and reach of this perturbation.

This research shows the significant impact urban center
emissions can have on SOA and Oj; production in the tropical
environment. With anthropogenic emissions from Manaus, the
O; and SOA production peaks ~150—200 km downwind of
Manaus city, much further downwind than any monitoring
station, and beyond the T3 site (the furthest downwind site) of
the GoAmazon2014/5 campaign. With favorable meteoro-
logical conditions, emissions of NOx from Manaus can reach
regions ~70—200 km downwind,'*'>3? giving them the
opportunity to mix with biogenic VOCs from the forest and
leading to conditions favorable to O; formation. NOx
concentrations downwind of Manaus begin to fall to
background levels (<1ppbv) only beyond ~300 km downwind
of Manaus. This large area with elevated NOx values has very
significant impacts on SOA and Oj production, with O; ~40
ppbv and SOA ~1.8 ug m~>, above the background. The
production of O; downwind of Manaus is also significant as it
is an important oxidant gas for BSOA formation and can
impact forest health. The simulations provide unique insights
in understanding how the O; and SOA formation mechanisms
in a relatively pristine tropical region may be affected by
anthropogenic contributions ~150—200 km away from an
urban center.

O; in the perturbed Amazon forest is predominantly
produced by the mixing of and interactions between urban
pollutants and biogenic VOCs.”** Therefore, the O enhance-
ment depends on the distance from the urban emissions, with
varying behavior at ranges farther than 200 km downwind of
Manaus (Figure 2). The contribution of NOx from Manaus is
one of the key elements impacting O; production in regions
affected by the Manaus pollution plume. The results show that
the Manaus NOx emissions and day-time emitted BVOCs
from the forest, when combined with sufficient solar radiation,
create conditions ideal for O; enhancement in the boom region,
the region of the highest O; mixing ratios at 14:00 (LT)
(Figure 2F). At the heart of our study is a WRF-chem
simulation of the area around Manaus. This simulation was
validated with data from ground-based, aircraft, and remote-
sensing sources. The simulations accurately represent the
meteorological fields, photochemistry, and transport of
aerosols, O3, and CO. Agreement between simulated and
observed mixing ratios for a number of chemical species related
to the production and transport of SOA and O; was found.

It is difficult to determine if SOA mass is anthropogenic or
biogenic in origin or a combination of both, given only aircraft
experimental data.'* However, a modeling study that
represents the SOA well, as ours does, gives this partition.
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Future work could be done using this and similar simulations
to find relationships between the partition ratio and other
atmospheric variables measured by aircraft in the Amazon
region. The emissions of urban centers such as Manaus have a
significant impact on the chemistry in their surroundings,
creating a more oxidative atmosphere even far downwind of
the urban area. One of the biggest consequences of high
anthropogenic emissions is their effect on human health and
vegetation. The increase in O; production, especially in regions
far from Manaus in otherwise pristine forest, may affect the
forest photosynthesis ratio and primary productivity, meaning
that studies like this are critical for the development of Oj
pollution control strategies in tropical forest regions.

Large SOA and Oj; production may be occurring in other
similar regions where urban centers are located within tropical
forests, such as Africa, Indonesia, and other Amazonian regions
with urban centers. The cities of Santarem and Belem, also
surrounded by Amazonian forest, may have similar impacts on
SOA and O; production and represent potential regions to be
investigated. The high O3 levels during the day may have a
significant and damaging effect on vegetation in the central
Amazon. Tropical forests evolved with O; values even lower
than ones found in boreal and temperate forests (> ~40
ppbv).*”** Thus, the threshold of O; needed to cause damage
to vegetation is also likely lower. O; may begin to have
potential impacts on vegetation above ~20—30 ppbv."’
However, most botanic assessments do not account for the
biodiversity of the Amazon forest, further hampering our
ability to estimate the extent of the O; damage.

In summary, our findings indicate that anthropogenic
activities, namely, the pollution emissions of urban centers,
have a unique and significant effect on tropical forest regions
far from their source. Because the mixing of anthropogenic and
biogenic chemical species is a common phenomenon, because
of favorable meteorological conditions, large amounts of NOx
emitted in Manaus reach regions 150—200 km downwind of
the urban area. This, combined with high solar radiation and
VOCs emitted in Manaus and by the forest, creates a perfect
scenario for O5 production, which consequently contributes to
SOA production, as the O; is a direct oxidant to BSOA
production.'® This leads to high O; and SOA concentrations of
greater than ~47 ppbv and 1.8 ug m™>, respectively, 150—200
km downwind of Manaus. These highly oxidative areas are
under a NOx-limited regime so that changes in NOx emissions
from Manaus have a large impact on O; and SOA production.
Future work should be done to confirm these results with in
situ measurements by drone or aircraft. The results found in
this research will be checked by and used to guide new field
campaigns, such as the Chemistry of the Atmosphere-Field
Experiment in Brazil (CAFE-Brazil) and the Fluvial Observa-
tions of key climatic drivers in The Amazon (FLOAT-
Amazon). These projects are scheduled to begin in 2022.
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effect of the Manaus plume on the boom region for other
simulated days; additional HYSPLIT analyses to under-
stand the origin of different air masses contributing to
the maximum O; mixing ratio in order to compute the
density of polluted air masses for different locations
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zon2014/5 field campaign used in this study are publicly
available on the Atmospheric Radiation Measurement (ARM)
website: http://campaign.arm.gov/goamazon2014/
observations/. The simulations and analysis code generated
for this study are available upon request from JPN.
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