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Abstract. The Amazon rain forest experiences the combined
pressures from human-made deforestation and progressing
climate change, causing severe and potentially disruptive
perturbations of the ecosystem’s integrity and stability. To in-
tensify research on critical aspects of Amazonian biosphere–
atmosphere exchange, the Amazon Tall Tower Observatory
(ATTO) has been established in the central Amazon Basin.
Here we present a multi-year analysis of backward trajecto-
ries to derive an effective footprint region of the observatory,
which spans large parts of the particularly vulnerable east-
ern basin. Further, we characterize geospatial properties of
the footprint regions, such as climatic conditions, distribution
of ecoregions, land cover categories, deforestation dynam-
ics, agricultural expansion, fire regimes, infrastructural de-

velopment, protected areas, and future deforestation scenar-
ios. This study is meant to be a resource and reference work,
helping to embed the ATTO observations into the larger con-
text of human-caused transformations of Amazonia. We con-
clude that the chances to observe an unperturbed rain forest–
atmosphere exchange at the ATTO site will likely decrease
in the future, whereas the atmospheric signals from human-
made and climate-change-related forest perturbations will in-
crease in frequency and intensity.
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1 Introduction

The Earth is increasingly shaped by human activities
(Crutzen, 2002; Song et al., 2018). Concerning the atmo-
sphere, global climate change and air quality impacts on
human health are two of the most important recent conse-
quences (e.g., Stocker et al., 2013; Lelieveld et al., 2015;
Cheng et al., 2016; Reinmuth-Selzle et al., 2017). The Ama-
zon rain forest and its atmosphere are particularly vulner-
able since they are experiencing the combined pressures
from human-made deforestation and progressing climate
change (Lenton et al., 2008; Malhi et al., 2008). Davidson et
al. (2012) presented comprehensive perspectives on the eco-
logical and atmospheric “transition” of the Amazon biome
due to continuous land use change and a cascade of related
perturbations and feedbacks. Particularly, the hydrological
cycle with its large amounts of recycled water and energy
represents an Achilles’ heel in the ecosystem’s integrity and
stability (e.g., Andreae et al., 2004; Rosenfeld et al., 2008;
Hilker et al., 2014; Machado et al., 2018). The Amazon is de-
fined by a pronounced continental gradient in climatic condi-
tions, socioeconomic activities, and land use change. Climat-
ically, the northwestern part is characterized by high precip-
itation rates with comparatively weak seasonal amplitudes,
whereas the southeastern part experiences a much stronger
seasonality, associated with dry season drought stress for the
vegetation (e.g., Malhi et al., 2008, 2009). Socioeconomi-
cally, the northwestern part is protected by its remoteness
and, therefore, still mostly unperturbed, whereas the south-
east is heavily influenced by infrastructure development, log-
ging, and agro-industrial expansion (e.g., Soares-Filho et al.,
2006; Nepstad et al., 2008; Silva et al., 2013). The regional
and global consequences of the Amazon’s transition process
for the Earth’s climate system, water resources, biodiversity,
and human health are still widely unknown.

To address the mechanisms and consequences of the an-
thropogenic perturbation of the Earth atmosphere, a sound
understanding of the starting point – the background state
– of this transition process is required. However, regions of
definable background state conditions are becoming increas-
ingly rare worldwide (Andreae, 2007; Hamilton et al., 2014).
To some extent, the Amazon Basin still represents one of the
last continental exceptions and, thus, a unique outdoor lab-
oratory for atmospheric science. Certain – although short –
episodes in its clean wet season still open a window into
the preindustrial and unpolluted past, while the dry season
is influenced by heavy pollution from numerous deforesta-
tion and land management fires (Martin et al., 2010b; An-
dreae et al., 2015; Pöhlker et al., 2018). The Amazon Tall
Tower Observatory (ATTO) has been established in the Ama-
zon Basin for two main reasons: first, it supports a better un-
derstanding of key processes in biosphere–atmosphere ex-
change and, therefore, helps to assess the global relevance
of the Amazon’s ecosystem services. For this task, the fre-
quent occurrence of very clean episodes provides crucially

important baseline data to approximate the era before glob-
ally pervasive anthropogenic pollution. Referring to Andreae
et al. (2015) it is “urgent to obtain baseline data now, to doc-
ument the present [. . . ] conditions before upcoming changes,
especially in the eastern part of the basin, will forever change
the face of Amazonia”. Second, the ATTO research docu-
ments the progressing change in the Amazon and, thus, pro-
vides essential knowledge to try to avoid irreversible damage
to this unique ecosystem. The extent and complexity of me-
teorological, trace gas, aerosol, and ecological studies at the
ATTO site are steadily increasing, promising more and more
insights into the manifold facets of biogeochemical and hy-
drological cycles in this unique ecosystem (e.g., Nölscher et
al., 2016; Rizzolo et al., 2016; Wang et al., 2016a, b; Chor et
al., 2017; Oliveira et al., 2018; Yáñez-Serrano et al., 2018).

Detailed knowledge on the spatial and temporal variability
of the site’s footprint region and, thus, the effectively probed
land cover mosaic is a prerequisite to embed atmospheric ob-
servations at ATTO into a broader Amazonian context. In
the course of our recent studies, the analysis of backward
trajectories (BTs) and geographic information system (GIS)
data helped substantially to explore air mass history and the
variability of atmospheric composition (e.g., Moran-Zuloaga
et al., 2018; Pöhlker et al., 2018; Saturno et al., 2018a, b).
Along these lines, the current study presents a systematic
BT and GIS data analysis, providing a robust characteriza-
tion of spatiotemporal patterns in the advection of air masses
towards ATTO, relevant hydrological regimes, and current
land use patterns and future trends in the ATTO footprint re-
gion. We envision that this work may serve as a helpful re-
source and look-up reference for the interpretation of current
and future observations in the region. Furthermore, we con-
clude with a discussion on anticipated future developments
within the ATTO footprint region in response to progressing
climate and land use change, which are influences of crucial
importance for future ATTO research.

2 Methods and data analysis

2.1 The ATTO site in the central Amazon Basin

The remote ATTO site (position of 325 m tall tower, oper-
ational since 2017: 2.1459◦ S, 59.0056◦W, 130 m a.s.l.) is
located about 150 km northeast of Manaus, Brazil. It was
established in 2010/11 as a long-term research station for
aerosol, trace gas, meteorological, and ecological studies in
the Amazon forest. For detailed information we refer the
reader to Andreae et al. (2015). In addition to ATTO, the
ZF2 site (2.59454◦ S, 60.20929◦W, 90 m a.s.l.), which is lo-
cated 60 km north-northwest of Manaus, has served as a key
research station for atmospheric and ecological studies in
the central Amazon Basin since 2008. Details regarding the
ZF2 site can be found in Martin et al. (2010a). During the
GoAmazon2014/5 field campaign, both sites served as back-
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ground stations (called T0a and T0z), providing comprehen-
sive data on the atmospheric state upwind of the Manaus city
plume (Martin et al., 2016a, b).

2.2 HYSPLIT backward trajectories

The systematic backward trajectory (BT) analysis is based on
the Hybrid Single-Particle Lagrangian Integrated Trajectory
model (HYSPLIT, NOAA-ARL) with meteorological input
data from the Global Data Assimilation System (GDAS1,
1◦ resolution) (Draxler and Hess, 1998; Stein et al., 2015).
The HYSPLIT model is a hybrid between Eulerian and La-
grangian approaches (Draxler and Hess, 1998). In an Eule-
rian model, air concentrations are calculated by the integra-
tion of mass fluxes in each grid cell, based on their diffusion,
advection, and local processes. In a Lagrangian model, air
concentrations are computed by summing virtual air parcels
of zero volume (so-called “particles”), which are advected
through a grid cell along its trajectory (e.g., Escudero et al.,
2006). For the HYSPLIT BT analysis presented here it is im-
portant to note that the meteorological analysis in GDAS,
which serves as input for the trajectory model, relies on
comparatively few radiosonde stations in the Amazon re-
gion and that several of the radiosonde stations upwind of
ATTO are located at the coast and, therefore, likely will not
adequately represent the boundary layer height in the basin.
However, GDAS also uses a global data set of surface ob-
servations, wind profiler data, aircraft reports, buoy observa-
tions, radar observations, and satellite observations in its 3-D
model assimilation, which mitigates the scarcity of available
radiosondes. The associated uncertainties have to be consid-
ered carefully in the interpretation of the BT results.

As a basic data set, 14 d BTs were calculated every 1 h
for different starting heights at ATTO for a multi-year pe-
riod, namely 1 January 2008 until 30 June 2016.1 The BTs
were calculated including selected meteorological parame-
ters (i.e., air pressure, relative humidity, sun flux, and po-
tential temperature, as well as rainfall and mixing depth)
by using the HYSPLIT download package (version 4, Re-
vision 664, October 2014). This resulted in an ensemble of
74 496 individual BTs, which were archived as ASCII files.
The further processing of these “raw” BT files was conducted
in IGOR Pro (version 6.3.7, Wavemetrics, Inc., Portland, OR,
USA).

Figure 1 shows two exemplary 14 d BT ensembles for
selected wet and dry season months. In the context of the

1This time period from January 2008 to June 2016 was chosen
for two main reasons: (i) it includes 8.5 years of BT data, which
is a comparatively broad statistical basis to retrieve characteristic
BT clusters for the ATTO region. (ii) It includes the AMAZE-08
campaign at the ZF2 site (February and March 2008; Martin et al.,
2010a), which brought together a comprehensive set of instrumen-
tation and represents the starting point of continuous atmospheric
observations in the region, operational since 2008 at the ZF2 site
and also since 2011 at the ATTO site.

present study, we focused on 3 and 9 d BTs, which are short-
ened versions of the initially calculated 14 d files. The 3 d
BTs cover the air mass movements over the South American
continent and, therefore, represent the continental sources
that are presumably most relevant for the ATTO site. Fig-
ure 1 illustrates that 3 d BTs in the wet and dry seasons
typically span from ATTO to the Brazilian coastal regions
and, in some cases, even onto the Atlantic Ocean. The 9 d
BTs cover the entire Atlantic region. On these timescales,
they provide (at least some) information on potential source
regions of long-range transport (LRT) aerosol from the
African continent. However, the relative error of the BT
model scales with the absolute length of the BTs. The un-
certainty of the location of the trajectory center of gravity
of the contributing air masses is estimated to be 15 %–30 %
of the travel distance (https://www.arl.noaa.gov/hysplit/
hysplit-frequently-asked-questions-faqs/faq-hg11/, last ac-
cess: 25 February 2018). In terms of transport time, Fig. 1
indicates 6–7 d from the African coast to ATTO.

The 14 d BTs were calculated for starting heights of 80,
200, 1000, 2000, and 4000 m a.g.l. (above ground level). The
overall BT variability of all starting heights has been com-
pared and summarized in Sect. 3.1 and 3.2. However, only
the BTs started at 1000 m a.g.l. were used systematically
throughout this study and particularly for the GIS analysis in
Sect. 3.3. As a result of the rather simple terrain upwind and
because of the boundary layer (BL) height variability, this ar-
rival height is representative for sampling heights at ATTO. A
comparison of BT ensembles at 200 m vs. 1000 m a.g.l. gave
similar results, indicating that the analysis was not very sen-
sitive to varying start heights within the lower 1000 m of the
troposphere (for further details see Sects. 2.4 and 3.2). En-
sembles of BTs were converted into maps of relative trajec-
tory densities by IGOR Pro routines as illustrated in Fig. S1
in the Supplement. Slightly modified, this procedure was also
used to obtain averaged trajectory heights. The BT density
maps are called “air mass residence time maps” throughout
this study.

Precipitation was available through GDAS (HYSPLIT
model) for every hourly data point of the individual BTs.
Based on these data, cumulative precipitation, PBT, for ev-
ery individual 3 d BT (started at 1000 m a.g.l.) was obtained
by integrating the precipitation data along the BT track. The
resulting PBT value represents the amount of rain that the
corresponding air parcel experienced during its last 3 d of
transport towards ATTO. Accordingly, the PBT time series
reflects the variability of cumulative rain and, thus, also the
extent of rain-related aerosol scavenging of the arriving air
masses. The HYSPLIT precipitation output does not depend
on BT transport height (see Moran-Zuloaga et al., 2018).
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Figure 1. The 14 d HYSPLIT backward trajectory (BT) ensembles (starting height 1000 m a.g.l.) with color coding representing BT transport
times: (a) northeast tracks of BTs from 1 to 31 March 2014, characteristic for the Amazonian wet season conditions, and (b) southeast tracks
of BTs from 1 to 30 September 2014, characteristic for the Amazonian dry season conditions. The transport times indicate that the BTs spend
about 2–3 d over the South American continent. Moreover, transport time from the African coast to ATTO takes about 6–7 d.

2.3 Comparison of HYSPLIT and FLEXPART
backward trajectories

Trajectory models have been constantly improved, while
gridded meteorological data became more sophisticated
(Gebhart et al., 2005). In addition to the HYSPLIT model, the
FLEXible PARTicle dispersion (FLEXPART) model is fre-
quently used in the atmospheric sciences. The FLEXPART
model is a Lagrangian transport and dispersion model to sim-
ulate long-range and mesoscale transport, diffusion, and dry
and wet deposition. A detailed description can be found else-
where (Stohl et al., 1998, 2005; Stohl and Thomson, 1999).

The present study is mostly based on HYSPLIT BT data.
The HYSPLIT BT ensembles combine the trajectories repre-
senting the center of gravity (“lines”). We conducted a com-
parison with FLEXPART for two periods, March 2014 and
September 2014. The FLEXPART model accounts for lat-
eral mixing (or dispersion in forward mode), provides distri-
butions of residence times of air masses, and, hence, reflects
the relative importance of potential source areas. The same
starting heights and time frames were applied in both models.
The purpose of this comparison was to validate the results of
line trajectories (HYSPLIT model) compared to backward
modeling accounting for dispersion. The HYSPLIT BT en-
sembles for the case study periods comprise 9 d BTs, started
every 1 h at ATTO at altitudes of 200 and 1000 m a.g.l. dur-
ing the months March and September 2014. Similarly, the
FLEXPART BTs were started at ATTO at altitudes of 200
and 1000 m a.g.l. with a backward integration time of 9 d,
spanning the months March and September 2014.

2.4 Cluster analysis of backward trajectories

Based on the entire set of 74 496 3 d BTs (1 January 2008–
30 June 2016) we conducted a k means cluster analysis
(CA, with Euclidian distances) – the most commonly used
partitioning clustering approach – which provides a (non-
supervised) classification of the trajectories’ spatiotemporal
variability (MacQueen, 1967; Kassambara, 2017). The 3 d
BTs were selected as input data for the clustering to retrieve
the BT’s spatiotemporal variability over the South American
continent and, particularly, over the NE Amazon Basin. The
clustering was performed with the statistical software pack-
age PASW Statistics (version 18.0.0, IBM, Armonk, NY,
USA). The 74 496 BTs, each with 72 pairs of latitude and
longitude coordinates, represented the input data for the clus-
tering. Further information, such as the altitude of BTs, was
not included here. The cluster centers as well as the cluster
membership of every BT represented the output data of the
CA. The subsequent analysis steps of the CA output were
conducted in IGOR Pro. Note that for k means clustering the
number of clusters, k, has to be predefined prior to the anal-
ysis. Certain criteria, such as the total within-cluster sum of
squares and the silhouette coefficient, have been introduced
to select an appropriate k for the CA (e.g., Rousseeuw, 1987;
Steinley, 2006). The total within-cluster sum of squares is
supposed to be as small as possible and represents a measure
for the “compactness” of the clustering (Kassambara, 2017).

An analysis of the total within-cluster sum of squares as a
function of k shows its bend (i.e., the “elbow”) in the range
between k = 5 and k = 10 (Fig. S2). The elbow is typically
considered an indication for an “appropriate” k; however, no
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“hard” criterion for the choice of k exists. Here, we tested dif-
ferent numbers of clusters (i.e., k = 5, 10, and 15) to identify
the most suitable k within the scope of this study. The clus-
ters of the k = 5 case (before the elbow is reached) capture
the overall spatiotemporal BT variability and result in four
major BT directions: northeast (NE), east-northeast (ENE),
east (E), and east-southeast (ESE) (Fig. S3a). The clusters of
the k = 10 case (after the elbow if reached) similarly clas-
sify the individual BTs in the main directions of advection
(i.e., NE, ENE, E, and ESE); however, they start separating
the BTs into different wind speed regimes – for example, two
clusters represent different wind speeds in the NE direction
(Fig. S3b). Upon further increase in k (i.e., k = 15) an even
finer wind speed classification is obtained (Fig. S3c). Here,
three to four wind speed regimes are separated for the main
directions of air mass advection (i.e., three for NE, four for
ENE, four for E, and four for ESE). Furthermore, the k = 15
case results in a separate cluster towards the southwest (SW).

In this study, we have chosen k = 15, which represents a
relatively high k with a correspondingly high resolution of
spatiotemporal BT details, for the following reasons: the sep-
aration into different wind speed regimes appears to provide
useful further information beyond the general geographic
direction of air mass advection. Specifically, the separated
wind speed regimes reflect different residence times of the air
masses. Accordingly, the contrast between slow vs. fast BTs
may correspond to concentration variations in the ATTO ob-
servations (e.g., Pöhlker et al., 2018). Furthermore, the con-
trasting wind speed regimes reflect differences in cumulative
precipitation and, therefore, in the extent of rain-related scav-
enging. Specifically, the slower BTs such as NE1, ENE1, E1,
and ESE1 receive on average significantly more precipita-
tion than the faster ones (Fig. S4). Such proxies for the ex-
tent of scavenging are valuable for the analysis of the ATTO
aerosol observations (e.g., Moran-Zuloaga et al., 2018). Fur-
thermore, for k ≥ 15, a separate cluster towards the city of
Manaus in the southwestern (SW) direction is resolved. The
frequency of occurrence of the SW1 cluster helps to estimate
how often the Manaus city plume may have impacted the
ATTO region, which is an important aspect in the data anal-
ysis.

2.5 Definition of the backward trajectory-based ATTO
footprint region

The footprint concept has been introduced for atmospheric
measurement sites to quantify the distribution and extent
of biosphere–atmosphere exchange in their surroundings,
which contributes to the variability of observed trace com-
pound concentrations (Gloor et al., 2001). Schmid (2002)
formally defined the footprint (sometimes also called airshed
or effective upwind fetch) of a measurement as “the transfer
function between the measured value and a set of forcings
on the surface–atmosphere interface” as a general descrip-
tion of various footprint modeling frameworks. Footprints

have been mostly used in the context of long-term trace gas
observations (e.g., greenhouse gases) (e.g., Thompson et al.,
2009; Winderlich et al., 2010). The size of a footprint largely
depends on the height of the measurement, and tall tower
sites are known to cover large footprint regions, which makes
them particularly valuable for representative regional moni-
toring (Gloor et al., 2001). The geographic distribution of a
footprint is defined by the distribution of relevant sources and
the predominant wind directions.

The modeling of specific footprints for the ATTO observa-
tions based on specific source–receptor relationships (i.e., for
specific compounds and observational conditions) is beyond
the scope of this work and will presumably be the subject of
dedicated future studies. Here, we use the term footprint in
a more simplistic and general sense as the area on the South
American continent that is covered by the air mass residence
time maps, which are based on multiple years of 3 d HYS-
PLIT BTs. In order to discriminate our approach from foot-
print modeling attempts according to Schmid (2002), we use
the term “BT footprint” in this study. The choice of 3 d for
this analysis is justified, for example, by a study by Lammel
et al. (2003), reporting the characteristic formation times of
secondary aerosols of about 48–72 h as well as the fact that
coarse-mode particles “were derived from emissions < 36 h
back”. With this approach, we aim to map the history of the
air masses that were advected towards ATTO on the South
American continent. Since primary aerosol and trace gas
emissions mostly occur at ground level, only those BTs effec-
tively pick up emissions that reach into the so-called footprint
layer, a “vertical layer adjacent to the ground in which sur-
face emissions are present and assumed to affect passing air
tracer particles” (e.g., Hüser et al., 2017). Accordingly, only
the HYSPLIT BTs being transported at lower altitudes reach
into the footprint layer and, thus, identify effective source re-
gions. In order to analyze specific relationships between pol-
lution sources and the receptor site (ATTO), assumptions on
the vertical depth of the footprint layer and the BT mixing
depth have to be taken into account.

The sensitivity of the geographic extent of the BT footprint
region towards different BL heights and convective mixing
inside the BL has been tested by applying dedicated filters to
the BT data. We calculated different versions of the BT foot-
print region on the basis of multi-year BT ensembles with
settings as specified in Table 1. Three types of filters were
applied, which introduce increasingly strict conditions into
the approach:

Height filter. The BT height is an output parameter of
the HYSPLIT model. Height thresholds of 1500, 1000, and
500 m were defined as proxies for BL heights in the Ama-
zon. Typical daytime BL heights at ATTO range from 1000
to 2000 m (Fisch et al., 2004). Accordingly, the thresholds at
1500 and 1000 m are realistic, whereas the threshold at 500 m
is based on more extreme assumptions and, thus, primarily
serves as a sensitivity test. The filter excludes all sections of
the individual BTs from the analysis with heights exceeding
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Table 1. Filters applied to the multi-year BT ensemble. Height fil-
ter crops segments along individual BTs if values exceed the height
threshold (e.g., height of 1000 m; named “H1000”). En route con-
vection filter crops segments along individual BTs if sun flux values
are below threshold (named “Cer”). Convection filter at ATTO re-
moved entire BTs from analysis if sun flux upon arrival (i.e., in the
ATTO pixel) is below threshold (named “Catto”).

Filters Height Convection Convection
filter filter en route filter at ATTO
(m) (W m−2) (W m−2)

No filter none none none
H1500 < 1500 none none
H1000 < 1000 none none
H0500 < 500 none none
H1500_Cer < 1500 > 50 none
H1000_Cer < 1000 > 50 none
H0500_Cer < 500 > 50 none
H1500_Cer_Catto < 1500 > 50 > 50
H1000_Cer_Catto < 1000 > 50 > 50
H0500_Cer_Catto < 500 > 50 > 50

the defined threshold. The remaining sections (with heights
below the threshold) are assumed to be located within the
convectively mixed BL.

En-route convection filter. The sun flux along the BTs is
a meteorological output parameter of the HYSPLIT model
ranging from 0 to ∼ 900 W m−2. The sun flux of the BTs
upon arrival (i.e., in the ATTO pixel) has been compared with
local meteorological measurements and shows a reasonably
good agreement. A sun flux threshold of 50 W m−2 has been
chosen as a precondition for a possible onset and end of con-
vective mixing along the individual BTs. The filter excludes
all BT segments with a sun flux below the threshold from
the analysis (i.e., the nighttime segments). The underlying
assumption is that only the BT segments that are in convec-
tive connection with the surface are relevant for the footprint
analysis.

Convection filter at ATTO. Assuming that only those BTs
are relevant that arrive at ATTO during convective hours (i.e.,
excluding conditions with decoupled layers during night-
time), we further applied a filter that keeps only those BTs
in the analysis whose sun flux upon arrival (i.e., in the ATTO
pixel) exceeds a threshold of 50 W m−2.

Based on these differently filtered BT ensembles defined
in Table 1, corresponding footprints were calculated statis-
tically as outlined below. The original 1 h trajectory points
were interpolated to minute-wise steps and then counted
within a 0.1◦ by 0.1◦ grid according to Sect. 2.2. Within the
distribution of pixel values, which represent air mass resi-
dence times, contour lines for the upper 1 %, the upper 5 %,
the upper 10 %, the upper 25 %, and the median level were
calculated. The continental part of the area, which includes
the 25 % of highest air mass residence time levels, has been

defined as the ATTO BT footprint region. The different BT
footprints based on the filtered BT ensembles as specified in
Table 1 are shown in Fig. S5.

With the same statistical approach, the BT cluster foot-
prints of the 15 clusters from the k means clustering have
been defined. For certain aspects of the geographic analysis
in Sect. 3.3, land cover properties have been weighted by the
air mass residence time (see Sect. 2.7). In these cases, we
refer to the “weighted BT footprint”. In order to create GIS
maps, which includes the most relevant regions, we define a
rectangular region of interest (ROI) that includes the ATTO
site BT footprint region (ROIfoot: 62, 40◦W, 8◦ S, 6◦ N).

2.6 Geographic analysis by means of selected GIS data
sets

We conducted a detailed analysis of the land cover type
and/or change in the ATTO BT footprint region using a num-
ber of different GIS data sets processed using the QGIS soft-
ware package (“Las Palmas” version 2.18.2, QGIS develop-
ment team). The QGIS software (formally known as Quan-
tum GIS) is freely available under http://www.qgis.org (last
access: 25 February 2018). All GIS data sets were handled
using the coordinate reference system WGS84 (world geode-
tic system from 1984). A detailed list of all GIS data sets
used in this study, together with a short summary of relevant
information, web links, and references, can be found in the
Supplement Sect. S1.1.

The classification of land cover types as well as the quan-
tification of land cover changes and dynamics is a complex
task for various reasons: GIS data sets are often based on
different spacecraft instruments and data acquisition meth-
ods (e.g., satellite grid resolution, spectral retrievals and sen-
sitivity, image processing, and categorization), which could
restrict their comparability. Artifacts such as cloud and/or
smoke cover as well as terrain-related shadow effects have
to be considered. GIS layers typically differ with respect to
their acquisition time frames, which mostly represent states
in the past (e.g., GlobCover 2009 representing land cover
in the year 2009). Moreover, land cover is subject to dy-
namic seasonal and phenological changes (e.g., in agricul-
tural lands), which is not covered by all GIS data sets (e.g.,
Ju and Roy, 2008; Jin et al., 2023; Tyukavina et al., 2017).
Thus, all corresponding GIS maps are subject to limitations
and uncertainties. In this work, mostly well-established GIS
products have been used, which have been documented and
discussed in previous studies. In Sect. S1.1, we also point out
major uncertainties and restrictions with respect to the com-
parability of different GIS maps; however, for more detailed
information we refer the reader to the referenced studies.
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2.7 Analysis of backward trajectory footprint region in
relation to geographic data

Using scripts written in Python 2.7, an analysis weighted by
air mass residence time of several GIS data sets was con-
ducted to assess the relative significance of land cover cat-
egories, forest cover, and loss as well as fire events for the
ATTO observations. Each data set was weighted using raster-
ized BT density maps. The rasterized BT density maps were
calculated with cell sizes of 0.09◦ by 0.09◦ resolution. For
each raster cell, the total length of intersecting trajectories
within the cell was calculated. The sum of path lengths was
then set in relation to the highest sum found at the ATTO
site, where all trajectories crossed the same cell. To calculate
values for the cluster footprints, the GIS raster maps for land
cover, forest cover, and forest loss were combined with the
air mass residence time map. In the case of the land cover
maps, the relative area of each land cover category within
each cell of the BT density maps was multiplied by the corre-
sponding relative density value. In the case of the forest cover
map, the relative forest cover within each BT density map
cell was also multiplied by the corresponding relative density
value. For the forest loss maps, the same weighting was ap-
plied, yielding the relative forest loss in relation to the whole
BT footprint region. The relative forest loss was further set
in relation to the previously calculated weighted forest cover
of the footprint region in the year 2000. For the fire maps,
before processing the fire events, the fire map was overlaid
onto the land cover raster maps, thus assigning land cover
categories, which were used to characterize the fire events.
The weighting of the number of fires was performed analo-
gously to the forest cover data. Therefore, for each BT cluster
footprint, we calculated the following output:

i. the air mass residence time-weighted part of each land
cover category and forest cover in all 15 BT cluster foot-
prints.

ii. the air mass residence time-weighted forest loss for each
BT footprint in relation to the forest cover in 2000, per
year.

iii. the air mass residence time-weighted fire counts for
each BT footprint, per year and land cover category.

2.8 Precipitation, sea surface temperature, and
anomalies

The precipitation data used in this study are based on the
Precipitation Estimation from Remotely Sensed Information
using Artificial Neural Networks for Climate Data Record
(PERSIANN-CDR) data product (Ashouri et al., 2015),
which has been obtained from Google Earth Engine via
https://code.earthengine.google.com/ (last access: 4 March
2018) (Gorelick et al., 2017). The PERSIANN-CDR data
have been analyzed for selected regions: (i) a relatively small

area around the ATTO site (59.1, 58.6◦W, 2.25, 1.75◦ S),
(ii) the continental part of the ROIfoot (see Sect. 2.5), (iii) the
Amazon watershed region, and (iv) the combined areas of the
Brazilian states Acre and Rondônia.

The following anomaly indices for the Pacific and At-
lantic sea surface temperatures (SST), which were obtained
from https://stateoftheocean.osmc.noaa.gov/sur/ (last access:
4 March 2018), were used: (i) the Oceanic Niño Index
(ONI) within the Pacific Ocean area 170–120◦W, 5◦ S–
5◦ N, as a measure for the strength and phase of the El
Niño–Southern Oscillation (ENSO); (ii) the Tropical North-
ern Atlantic (TNA) index, within the Atlantic Ocean area
55–5◦W, 5–25◦ N; and (iii) the Tropical Southern Atlantic
(TSA) index, within the Atlantic Ocean area 30◦W–10◦ E,
20–0◦ S. Furthermore, the Atlantic Multidecadal Oscillation
(AMO) index was obtained from https://www.esrl.noaa.gov/
psd/data/timeseries/AMO/ (last access: 4 March 2018).

Anomalies in precipitation for the aforementioned regions
as well as for the BT frequency of occurrence have been cal-
culated as the relative differences of the monthly averaged
values to a multi-year monthly mean. For PERSIANN-CDR
precipitation anomalies, the reference time frame spans from
January 1983 to December 2016. For BT frequency of occur-
rence anomalies, the reference time frame spans from Jan-
uary 2008 to June 2016.

3 Results and discussion

The results and discussion section of this paper consists of
two main parts:

– Sect. 3.1 and 3.2 summarize the large-scale geographic
patters and seasonal variability of the ATTO BT ensem-
bles as well as their links to precipitation regimes and
selected teleconnections.

– Sect. 3.3 defines a BT-based footprint region of the
ATTO site and relates it to the current state and antic-
ipated future change of the covered land use mosaic.

In particular, Sect. 3.3 is meant to be a resource and look-up
reference summarizing ATTO-relevant land cover informa-
tion subdivided into the following categories:

– Sect. 3.3.1: climatic conditions, biomes, ecoregions, and
the “last-of-the-wild”;

– Sect. 3.3.2: land cover;

– Sect. 3.3.3: deforestation and agro-industrial expansion;

– Sect. 3.3.4: fires;

– Sect. 3.3.5: infrastructure, cities, traffic, and mining;

– Sect. 3.3.6: protected areas;

– Sect. 3.3.7: deforestation and climate change scenarios.
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All seven subsubsections, Sect. 3.3.1 to 3.3.7, begin with a
concise literature synthesis section and then relate the dis-
cussion to its specific relevance for the ATTO research. Due
to its length, the entire Sect. 3.3 has been structured and writ-
ten in a way that facilitates nonlinear reading.

All BT and GIS results obtained for the ATTO site also
generally apply to the nearby ZF2 site, due to the fact that
both sites are located close enough to each other (straight-
line distance 144 km) to be influenced by similar (large-
scale) circulation patterns (Fig. S6). During wet and dry sea-
son conditions, the air masses first pass ATTO before reach-
ing the ZF2 region after ∼ 8 h on average (see also Saturno
et al., 2018b). This aligned geographic configuration of two
broadly equipped atmospheric measurement stations in the
Amazon has opened interesting opportunities to study the
temporal evolution and the geographic extent of atmospheric
phenomena.

3.1 General backward trajectory circulation towards
the ATTO site

The annual north–south oscillation of the intertropical con-
vergence zone (ITCZ) defines the large-scale trade wind cir-
culation patterns in the Atlantic region, which govern the at-
mospheric seasonality in the central Amazon (compare Mar-
tin et al., 2010b; Andreae et al., 2012, 2015; Moran-Zuloaga
et al., 2018). Here we conducted a multi-year HYSPLIT BT
analysis (for five different starting heights: 80, 200, 1000,
2000, and 4000 m) to visualize the large-scale trends in the
ITCZ-related air mass advection towards ATTO with respect
to BT geographic patterns and transport altitudes (Figs. 2
and S7). For the lower starting heights (i.e., 80, 200, and
1000 m), the overall circulation pattern is predominantly de-
fined by the seasonal ITCZ oscillation and shows two com-
paratively narrow paths: a northeasterly path during the wet
season (February–May) and a southeasterly path during the
dry season (August–November). The center of the northeast-
erly path spans straight from ATTO to the Cabo Verde Is-
lands and the northwest African coast (area of Mauritania
and Western Sahara). The air mass transport from the west-
ern African coast towards ATTO takes approximately 6–7 d
(Fig. 1). The center of the southeasterly trajectory track rep-
resents a curved circulation pattern, which is directed east-
wards over the mouth of the Amazon River and then curves
towards the southeast along the Brazilian coast. For increas-
ing start heights, the separation into distinct northeast and
southeast paths becomes more and more smeared out. While
the northeast and southeast paths are still somewhat resolved
for the 2000 m case, the separation mostly disappears for
4000 m. The observation of the tightest BT bundles close
to the ground and their divergence with increasing altitude
results from the Hadley cell circulation. Its low-level trade
winds feed boundary layer air into the deep-convective ITCZ
belt as confluence between northeast and southeast trades

(Talbot et al., 1990; Shpund et al., 2011; Dudley et al., 2012;
Makowski Giannoni et al., 2016).

Transport within the northeast and southeast BT paths
generally occurs at comparatively low altitudes for all start
heights (Figs. 2 and S7). This is clearest for the northeasterly
circulation during the wet season with its low-level trades.
The average transport height of the southeasterly trades tends
to be somewhat higher than the northeasterly trades, which
can be seen for all starting height cases. For example, at a
BT starting height at 200 m (Fig. 2b), the northeast trades
are mostly located below 300 m over the Atlantic Ocean,
whereas the southeast trades range mostly up to 800 m. At
a BT starting height of 1000 m (Fig. 2d), the northeast trades
are mostly below 800 m, whereas the southeast trades are
mostly below 1400 m. A side aspect in the context of the
low-level air mass circulation is that the HYSPLIT BT results
(for starting heights 80 and 200 m) indicate a topography ef-
fect over the northeast basin. On their way to ATTO, the air
masses tend to rather closely follow the Amazon River valley
(Fig. S8), underlining the relative importance of trace gas and
aerosol sources along the river as discussed in more detail in
Sect. 3.3. A potential major uncertainty to keep in mind is the
influence of local breeze circulations at the large rivers in the
region that could significantly alter BTs in lower atmospheric
layers. However, in a previous study we found that HYSPLIT
performed quite well in reproducing the river breeze circula-
tion over the Amazon River near Manaus (Trebs et al., 2012)

The HYSPLIT BTs were found to be a useful tool in the
context of this study to analyze temporal and spatial trends of
atmospheric circulation patterns. However, it has to be kept
in mind that the individual BTs represent a simplified pic-
ture by providing center of gravity lines of the transported
air parcels, not accounting for dispersion. To assess the rel-
ative importance of dispersion for the large-scale circulation
patterns, we compared the HYSPLIT BTs with correspond-
ing FLEXPART results (accounting for dispersion) for wet
and dry season periods. Selected results are shown in Fig. 3
and illustrate that dispersion yields substantial differences
between the HYSPLIT and FLEXPART outputs. Generally,
the FLEXPART BTs cover a much larger area than the HYS-
PLIT BT ensembles, which is particularly obvious over the
Atlantic region. The comparison further illustrates that devi-
ations become larger the further the BTs reach into the past,
as lateral mixing (i.e., dispersion in forward mode) becomes
more significant. With respect to air mass transport over the
northeast basin (i.e., from ATTO to the Brazilian coast), how-
ever, the main BT paths of both model outputs appear to be
relatively similar.

3.2 Seasonality in backward trajectory advection and
precipitation regimes

The k means cluster analysis (CA) partitions the BT’s spa-
tiotemporal variability into dominant circulation patterns. It
further provides information on the (daily) frequency of oc-
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Figure 2. HYSPLIT backward trajectory (BT) ensembles showing the large-scale trade wind circulation in the Atlantic region and the
pronounced seasonal oscillation between northern and southern hemispheric influence at ATTO by means of air mass residence time maps
(a, c, and e) and average BT height maps (b, d, and f). The BT ensembles comprise all 74 496 individual 9 d BTs, spanning a multi-year
time period from 1 January 2008 until 30 June 2016. The BT analysis was conducted for the start heights 200, 1000, and 2000 m a.g.l. The
contour lines in (b), (d), and (f) were adopted from (a), (c), and (e) to visualize the patterns in relative BT density on top of the average BT
height map. Corresponding data for the BT start heights 80 and 4000 m can be found in Fig. S7.
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Figure 3. Comparison of FLEXPART (blue) and HYSPLIT (red) back trajectory results for wet season (1–31 March 2014, BT start height
1000 m a.g.l., a and b) and dry season (1–30 September 2014, BT start height 1000 m a.g.l., c and d) conditions. Both models were run under
comparable configuration settings (see Sect. 2.3). FLEXPART results are shown as image plot (color code represents relative BT density).
HYSPLIT results are shown as contour lines (similar to Fig. 2), representing BT ensembles. An alternative representation of the results can
be found in Fig. S9.

currence of the clusters and, thus, a time-resolved view on the
circulation patterns and corresponding seasonality. Figure 4
shows the 15 BT clusters on a map of the northeast Amazon
Basin for a BT starting height of 1000 m a.g.l. (for details
regarding the choice of k and starting height see Sect. 2.2
and 2.4). The clustering partitions the spatiotemporal vari-
ability of the BTs by geographic directions and wind speed
regimes. Accordingly, northeasterly (NE), east-northeasterly
(ENE), easterly (E), and east-southeasterly (ESE) BTs were
separated. In addition, shorter trajectories (low-wind-speed
regimes) and longer trajectories (high-wind-speed regimes)
were also separated from each other. Figure 4 shows that the
air masses arrived almost exclusively from a rather narrow
easterly wind sector (between 45◦ and 120◦) for the 1000 m
BT ensemble, which can be subdivided into the four major
wind directions and subsequently into different wind speed
regimes.

The first group includes three NE trajectory clusters (i.e.,
NE1, NE2, and NE3), which intersect the coastline in the re-
gion of French Guiana and then pass over forest areas to-
wards ATTO. All three trajectory clusters follow roughly
the same geographic track; however, they represent differ-

ent wind speed regimes: the longest – and therefore on av-
erage fastest – cluster NE3 spans a distance of ∼ 2600 km
and, thus, represents an average air mass velocity of ∼
870 km d−1, while the shortest – and therefore slowest – clus-
ter NE1 spans only ∼ 1300 km, representing an average air
mass velocity of ∼ 430 km d−1.

The second group includes four ENE BT clusters (i.e.,
ENE1, ENE2, ENE3, and ENE4), which intersect the At-
lantic coast north of the Amazon River delta (over the Brazil-
ian state of Amapá). These clusters also represent different
wind velocities, with cluster ENE1 being, on average, the
slowest (∼ 140 km d−1) and cluster ENE4 being the fastest
(∼ 900 km d−1).

The third group includes four E BT clusters (i.e., E1, E2,
E3, and E4), which follow the Amazon River valley. The BT
clusters meet the Atlantic Ocean in the area of the Amazon
River delta. In this group, cluster E1 represents the slowest
(∼ 400 km d−1), whereas cluster E4 represents the fastest air
mass movement (∼ 930 km d−1).

The fourth group includes four inland BT clusters in
the ESE and southwesterly (SW) directions. The east-
southeasterly clusters ESE1, ESE2, and ESE3 cross the states
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Figure 4. Map of northeast Amazon Basin with 15 clusters from
systematic k means back trajectory (BT) cluster analysis based on
an entire HYSPLIT data set (3 d BTs, 1 January 2008–30 June
2016, start height 1000 m). Back trajectory clusters show that air
masses arrive at the ATTO site almost exclusively from the north-
eastern to southeastern directions. Four major wind directions can
be discriminated: (i) northeastern (NE) clusters NE1, NE2, and
NE3; (ii) east-northeastern (ENE) clusters ENE1, ENE2, ENE3,
and ENE4; (iii) eastern (E) clusters E1, E2, E3, and E4; (iv) east-
southeastern (ESE) clusters ESE1, ESE2, and ESE3. A topographic
map is represented by a grey scale, which is capped at 600 m. The
regions of interest are shown: relatively small ROIs around ATTO
(59.1, 58.6◦W; 2.25, 1.75◦ S) and ROIfoot (62, 40◦W; 8◦ S; 6◦ N)
are shown as frames. For comparison, an analogous cluster analysis
for BTs at a start height of 200 m can be found in Fig. S10.

of Pará and Maranhão and (on average) do not reach the At-
lantic Ocean during the analyzed 3 d period. Cluster SW1
points from ATTO in the direction of the city of Manaus.

For comparison, Fig. S10b shows the clustering results for
the 200 m BT ensemble with a partitioning into 15 clusters
that is comparable to Fig. 4. Generally, the clusters for the
200 m starting height are shorter, which can be explained by
a higher surface shear and friction as well as topography ef-
fects. Overall, the comparison of Figs. 4 and S10b underlines
that the observed trends do not vary substantially within the
chosen starting height range.

The absolute numbers of individual BTs in the 15 clus-
ters as well as their frequency of occurrence, f , are sum-
marized in Table 2. Overall, the group of E clusters was
most abundant with fE = 33.4 %, followed by ENE with
fENE = 26.8 %, NE with fNE = 19.8 %, and finally ESE with
fESE = 18.5 %. The SW1 cluster BTs, which may transport
urban emissions from the city of Manaus to ATTO, were
rather rare. Analogous to Fig. 2, air mass residence time
maps were calculated for the individual 15 BT clusters and
can be regarded as cluster-specific BT footprints (shown in
Fig. S11). Note that the shapes of these cluster BT footprints
are rather diverse. For example, the clusters ENE3, NE2, and

Table 2. Absolute numbers of individual backward trajectories
(BTs) and their frequency of occurrence, resolved by main direc-
tions of BT advections (i.e., NE, ENE, E, and ESE) as well as for
all 15 BT clusters from k means cluster analysis (see Fig. 4).

BT clusters Absolute number BT frequency of
of BTs in clusters occurrence (f ) (%)

NE1 4261 5.7
NE2 5836 7.8
NE3 4679 6.3
Sum of NE clusters 14776 19.8
ENE1 3229 4.3
ENE2 7054 9.5
ENE3 6453 8.7
ENE4 3192 4.3
Sum of ENE clusters 19928 26.8
E1 6942 9.3
E2 8403 11.3
E3 6633 8.9
E4 3058 4.1
Sum of E clusters 25036 33.4
ESE1 2425 3.3
ESE2 5887 7.9
ESE3 5419 7.3
Sum of ESE clusters 13731 18.5
SW1 1025 1.4

Total 74496 100

NE3 are all characterized by high-wind-speed regimes and,
thus, by narrow, long, and “directed” BT footprints. In con-
trast, the low-wind-speed regime clusters SW1, ESE1, and
ENE1 are characterized by broader and short BT footprints
with air mass advection from different directions. The dif-
ferent BT footprint shapes determine the mix of land cover
types that are covered by them, as discussed in detail in
Sect. 3.3.

The clustering further provides time-resolved information
on the frequency of occurrence and, thus, seasonality of the
individual BT clusters, as shown in Fig. 5 along with the
seasonal cycles of selected precipitation products. In terms
of rainfall, the Amazon region shows heterogeneous pat-
terns with different precipitation regimes. Figure 5a com-
pares the characteristic seasonality in precipitation rates P

within the ATTO proximity, the rather large continental part
of the ROIfoot, the southwestern states Acre and Rondônia,
and the entire Amazon Basin. The following similarities and
differences in P amplitude and phase stand out: the phase
of the average P within the ROIfoot and at ATTO resem-
bles the phase within the entire basin (maximum around
March–April vs. minimum around September). The P am-
plitude within the ROIfoot ranges above the level for the en-
tire basin and below the level at ATTO. The precipitation
regime within the ROIfoot, which represents the northeast
basin, is clearly different from the regime in the southwest
basin, here represented by Acre and Rondônia, showing a P
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Figure 5. Seasonality in precipitation regimes and ATTO-relevant
backward trajectory advection. (a) Area-averaged precipitation
rates, P , for the ATTO region (see Fig. 4), the ROIfoot (continen-
tal part only; see Fig. 4), the entire basin (see Amazon watershed
region in Fig. 7), and the states Acre and Rondônia (see Fig. 7).
Furthermore, cumulative precipitation along 3 d BT tracks, PBT, is
shown. All precipitation data are shown as monthly means. (b) Fre-
quency of occurrence, f , of main directions of BT advection from
NE, ENE, E, ESE, and SW. Data are shown as monthly means.
(c) Frequency of occurrence, f , of all 15 BT clusters (see Fig. 4).
Data are shown as weekly means. The colored bar above panel (a)
represents aerosol-related definition of seasonality in the ATTO re-
gion according to Pöhlker et al. (2016).

maximum in February and a minimum in July. The seasonal-
ity (color bar above Fig. 5a), which has been defined in Pöh-
lker et al. (2016) primarily with respect to the aerosol pollu-
tion levels, agrees well with the precipitation regime within
the ROIfoot.

For further comparison, we added the cumulative precipi-
tation along the BT tracks, PBT, according to the HYSPLIT
model. Note that the PBT time series reflects the amount
of rain that the air parcels received en route and, therefore,
provides a measure for the rain-related aerosol scavenging.
Moran-Zuloaga et al. (2018) showed that the PBT is a valu-
able parameter to explain parts of the aerosol variability at
ATTO (e.g., the LRT from Africa). The seasonal cycle in

PBT – and thus rain-related scavenging – has its minimum
around August and September, which implies that the abun-
dant biomass burning smoke emitted at that time is effec-
tively distributed over the entire basin. The PBT maximum
occurs around April and May, which represents (in addition
to the minimum in pollution emission in Africa and South
America at that time) a main reason for the occurrence of
very clean episodes within this time window (see Pöhlker et
al., 2018).

In relation to the precipitation regimes, the pronounced
seasonality in BT frequency of occurrence is summarized for
the main wind directions in Fig. 5b as well as for all BT clus-
ters in Fig. 5c. In terms of main wind directions, the follow-
ing aspects are worth noting. The ATTO site receives rather
stable advection from the Northern Hemisphere (fNE+fENE
up to 90 %) during the transition period from dry to wet sea-
son and in the first half of the wet season. However, a certain
level of fE ∼ 10 % also prevails during this period. During
the second half of the wet season, the BT advection migrates
southwards. During the transition period from wet to dry sea-
son and the first half of the dry season, BTs from the South-
ern Hemisphere predominate (fE+fESE up to 100 % in July).
Note that the E BTs occur throughout the year with varying
f , whereas ESE BTs, which cover the southeastern Brazilian
states, occur only during a comparatively narrow time win-
dow (i.e., May to September with a maximum in July). The
(rather rare) SW BTs mostly occur during the late dry season.

Beyond the separation into main wind directions, the rep-
resentation of f for the individual BT clusters in Fig. 5c re-
solves further details. As an example, the classification into
wind speed regimes by means of the individual BT clusters
illustrates that the rather fast NE2 and NE3 BTs reach their
highest frequency from January to April (fNE2+ fNE3 up to
50 %), which corresponds with the most frequent arrival of
Saharan dust plumes in the ATTO region, due to the fact that
the fast NE advection tends to bypass strong precipitation in
the ITCZ belt (see details in Moran-Zuloaga et al., 2018).
A further remarkable observation is the relatively fast north-
to-south swing of the BTs, spanning over ∼ 3 months (i.e.,
April to June), in contrast to the rather gradual south-to-north
swing, extending over ∼ 6 months (i.e., August to January).
Overall, the BT seasonal cycle (i.e., northernmost circulation
around February vs. southernmost circulation around July) is
phase-shifted relative to the P seasonality. Along these lines,
knowledge on the characteristic seasonal patterns in BT ad-
vection has proven to be valuable in explaining central as-
pects of the aerosol variability at ATTO (see Moran-Zuloaga
et al., 2018; Pöhlker et al., 2018; Saturno et al., 2018b).

Figure 6 shows the inter-annual variation and anomalies in
BT advection. It is well known that atmospheric circulation,
moisture transport, and precipitation patterns over Amazonia
are linked through teleconnections to the variability of the
tropical Pacific and Atlantic sea surface temperatures (SSTs)
(e.g., Good et al., 2008; Fernandes et al., 2015; Tyaquiçã et
al., 2017). In particular, the tropical Atlantic meridional gra-
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Figure 6. Multi-year variability and anomalies in BT advection in relation to Atlantic sea surface temperatures. (a) Area-averaged precipi-
tation rates, P , for the ROIATTO and continental part of the ROIfoot (for both, see Fig. 4). Furthermore, cumulative precipitation along 3 d
BT tracks, PBT, is shown. All precipitation data are shown as monthly means. (b) Frequency of occurrence, f , of main directions of BT
advection from NE, ENE, E, ESE, and SW. Data are shown as monthly means. (c) Anomalies in frequency, f , of main directions in BT
advection. Data are shown as monthly means. Red boxes (i), (ii), (iii), and (iv) highlight examples of pronounced anomalies in f . (d and e)
Anomalies in sea surface temperature of tropical north Atlantic (TNA) and tropical south Atlantic (TSA). The colored bar above panel (a)
represents aerosol-related definition of seasonality in ATTO region according to Pöhlker et al. (2016).

dient has a direct influence on the position of the ITCZ and
trade wind patterns towards and over the basin (e.g., Chiang
et al., 2002). Specifically, a warming of the tropical north
Atlantic (TNA) relative to the tropical south Atlantic (TSA)
is associated with a northwards shift of the ITCZ and corre-
sponding weakening of the northeasterly trades, whereas an
anomalously warm TSA relative to the TNA tends to cause a
southwards shift of the ITCZ and a weakening of the south-
easterly trades (e.g., Cox et al., 2008; Espinoza et al., 2014;
Marengo and Espinoza, 2016; Erfanian et al., 2017). Fig-
ure 6 confirms these trends by comparing the anomalies in
BT frequency (i.e., fNE, fENE, fE, and fESE) with the anoma-
lies in TNA and TSA SSTs. For several episodes, diametral
patterns with an anomalous increase (decrease) in fNE and
corresponding decrease (increase) in fE and/or fESE can be
seen. Four characteristic examples are highlighted in Fig. 6c–

e as cases (i), (ii), (iii), and (iv). For instance, case (i) in 2009
shows a cooling in the TNA and a simultaneous warming
in the TSA, associated with anomalously high fNE and low
fE levels. In case (iii), a cooling of the TNA occurs with
an even stronger cooling of the TSA, which is associated
with a strong positive anomaly in fE. The aforementioned re-
sults indicate that the air mass advection and, thus, the atmo-
spheric state at ATTO is teleconnected to the Atlantic SSTs.
However, the statistical basis for the present analysis is only
8 years of BT data and future studies may be needed to ex-
plore the role of teleconnections in more detail.

Closely linked to their influence on atmospheric circula-
tion in the basin, teleconnections to Pacific and Atlantic SSTs
play a crucial role in the occurrence of droughts and floods
in Amazonia (e.g., Fu et al., 2001; Zeng et al., 2008; Fer-
nandes et al., 2015; Marengo and Espinoza, 2016). The Pa-
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cific SST variability, which is represented by the Oceanic
Niño Index (ONI), plays a central role in the El Niño–
Southern Oscillation (ENSO) and has a pronounced influ-
ence on the Amazonian hydrological cycle (e.g., Asner et al.,
2000; Ronchail et al., 2002). Periods with a high ONI indi-
cate El Niño conditions and are typically associated with dry
or even drought years in the central Amazon (e.g., Lewis et
al., 2011; Marengo et al., 2011). A negative ONI indicates
La Niña conditions, which are typically associated with rain-
rich years. The Atlantic SST further modulates the hydro-
logical conditions and can intensify ENSO-related anomalies
or even cause hydrological extremes itself (i.e., anomalously
high TNA can cause droughts, whereas anomalously high
TSA can cause floods) (Zeng et al., 2008; Lewis et al., 2011;
Marengo and Espinoza, 2016). The ATTO-relevant long-
term rainfall anomalies for the ROIfoot are shown in Fig. S12
along with the Pacific and Atlantic SST variability. This com-
parison clearly shows that ENSO has a significant influence
on hydrological extremes within the ROIfoot. For example,
El Niño periods caused severe droughts in the years 1983,
1993, 1997/98, 2003/04, 2009/10, and 2015/16, whereas La
Niña episodes caused large positive rainfall anomalies in the
years 1988/89, 1996, 1999/2000, and 2011. The drought pe-
riods 2009/10 and 2015/6 and an associated increase in fire
activity, which also strongly impacted the atmospheric state
at the ATTO and ZF2 sites, have been documented in pre-
vious studies (e.g., Saturno et al., 2018b; Tyukavina et al.,
2017).

3.3 Land cover analysis within ATTO site backward
trajectory footprint region

The BT analysis defines the areas in the northeastern Ama-
zon Basin that can be regarded as the ATTO site BT footprint
region. Its land cover status and anticipated future land cover
change are the subject of the analysis in the subsequent sec-
tions. As a general overview, Fig. 7 shows the geographic
extent of the Amazon Basin in combination with the air mass
residence time map. The distribution of air mass residence
times shows steeply decreasing values with increasing dis-
tance from the ATTO site. The upper 1 % of air mass resi-
dence times cover an area of 0.10×106 km2 towards the east
of ATTO, including regions in the Brazilian states Amazonas
and Pará. The upper 5 % (continental area 0.48×106 km2) as
well as the upper 10 % (continental area 0.81× 106 km2) in-
clude the northeastern parts of the state of Amazonas, the
northern half of the state of Pará, and the state of Amapá.
Accordingly, this region to the north of the Amazon River
– including the Amazon River valley itself – appears to be
an important source region for the ATTO observations. The
land cover, recent dynamics of land cover change, and any
ongoing or planned human-made perturbation (e.g., expand-
ing agriculture, large-scale infrastructure, and mining) in this
region are of particular relevance for the (future) ATTO re-
search. The region of the upper 25 % of air mass residence

times, which has been defined as the ATTO BT footprint re-
gion in the context of this work, covers a continental area of
∼ 1.46×106 km2 and also includes French Guiana and parts
of Suriname as well as the eastern Brazilian state of Maran-
hão.

The forest cover and forest loss map in Fig. 7 illustrates the
pronounced northwest-to-southeast gradient, with the north-
west being mostly unperturbed and the southeast being sub-
ject to intense, large-scale deforestation and land use change
(Davidson et al., 2012). Within this gradient, the forest loss
data emphasize the geographic extent of the so-called arc of
deforestation at the southern and southeastern margins of the
Amazon forest, which has been an active frontier of total for-
est loss (Morton et al., 2006). The arc of deforestation spans
from southern Pará and Maranhão in the southeast over Mato
Grosso and Rondônia in the south to Acre in the southwest of
the basin. The majority of forest clearance has been concen-
trated here over the last decades, mainly driven by agricul-
tural expansion (Malhi et al., 2008). The following sections
will zoom into the ROIfoot, as shown in Fig. 7, and analyze
the ATTO-relevant land cover properties and trends by means
of selected GIS data layers. As general background informa-
tion, an elevation map, which characterizes the terrain topog-
raphy in the ROIfoot, can be found in Fig. S13.

The footprint shown in Fig. 7 takes the entire BT ensemble
into account and serves as the base case footprint throughout
the subsequent land cover analysis. It is worth noting, how-
ever, that mostly those segments of the individual BTs, which
were in convective contact to the ground through BL mixing,
matter most to identify regions of particular relevance for the
ATTO observations. The same is true for those BTs that ar-
rive at ATTO during convective hours (i.e., excluding condi-
tions with decoupled layers during nighttime) and, thus, may
introduce emissions from sources in the footprint region into
the ATTO BL through vertical mixing. To estimate the im-
pact of such a “diurnally intermittent mixing” on the ATTO
BT footprint, we conducted a sensitivity analysis by apply-
ing a sequence of filters to the base case BT ensemble (for
details see Sect. 2.5). Overall, the filtering does not substan-
tially alter the geographic extent of the footprint’s easterly
core regions. Only minor variations in the outer parts of the
25 % contour lines were observed (Fig. S5). This underlines
that the base case BT footprint is generally suited to iden-
tify regions and land cover types that are of relevance for the
ATTO research.

Beyond the general consistency between the footprint re-
gions with and without the convection filters being applied,
some characteristic patterns emerge in the corresponding
map in Fig. 8, if diurnally intermittent mixing is taken into
account. In fact, this BT refinement suggests that certain
footprint regions tend to be more relevant for the ATTO ob-
servations than others. Specifically, the geographic locations
of the convective segments of those BTs that arrive at ATTO
during daytime are more relevant than the non-convective
(nighttime) segments of the same BTs. Due to the compar-
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Figure 7. Overview map of the Amazon Basin – here represented by the watershed region of the Amazon River and its tributaries – showing
the location of the ATTO site and the geographic extent of its footprint. The footprint is represented by (i) an air mass residence time map
based on the entire BT ensemble (color code), (ii) contour lines representing the largest 1 %, 5 %, 10 %, 25 %, and 50 % of air mass residence
times, and (iii) 15 cluster center lines from BT cluster analysis (blue dashed lines; see Fig. 4). For comparison, versions of footprint region
based on filtered BT ensembles are shown in Figs. 8 and S5. Green areas represent forest cover map (status 2000) according to Hansen et
al. (2013). Red areas represent total forest loss from 2000 to 2014 according to Hansen et al. (2013). The green thick line represents Amazon
Basin watershed region. The red rectangular shape highlights the region of interest ROIfoot (62 to 40◦W; 8◦ S to 6◦ N).

Figure 8. Overview map of the Amazon Basin – mostly identical to Fig. 7 – with refined air mass residence time map based on filtered BT
ensemble (color code). The BT filtering was conducted according to case H1000_Cer_Catto as shown in Fig. S5 and outlined in Sect. 2.5.
Contour lines represent the largest 1 %, 5 %, 10 %, 25 %, and 50 % of air mass residence times, based on the filtered BT ensemble.
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atively constant wind directions and velocities, the result-
ing dashed lines (convective vs. non-convective) of the large
number of BTs result in repeating geographic patterns. Fig-
ure 8 suggests that the region directly east of ATTO as well
as the easterly valley of the Amazon River are frequently and
convectively linked to the overpassing air masses and, thus,
most relevant for the ATTO observations.

3.3.1 Climatic conditions, biomes, ecoregions, and the
last-of-the-wild

This section provides a characterization of the BT footprint
region from a climatic and ecological perspective. Figure 9
shows maps of the mean temperature and annual precipita-
tion in the ROIfoot, underlining the (mostly) moist and warm
tropical conditions. However, precipitation patterns are rela-
tively heterogeneous: comparatively dry regions (i.e., annual
precipitation < 1500 mm) can be found toward the south-
east as well as in northern Roraima, whereas the highest an-
nual precipitation occurs along the Guianan coast, over the
Amazon River delta, and towards the southwest of ATTO.
In this context, an annual precipitation above the thresh-
old of ∼ 1500 mm is considered to be required for the ex-
istence of moist tropical forests, whereas an annual precip-
itation < 1500 mm tends to support savanna-like vegetation
types (Malhi et al., 2009). The heterogeneous precipitation
patterns are consistent with four different Köppen–Geiger
climate classes being included in the ROIfoot: the rain-rich
regions correspond with tropical rain forest (Af) and tropi-
cal monsoon areas (Am), whereas the regions with compar-
atively low precipitation correspond with tropical savannah
(Aw) and hot arid steppe (Bsh) areas (compare Figs. 9b and
S14) (Kottek et al., 2006; Peel et al., 2007; Rubel and Kottek,
2010).

Figure 10a presents a geographic biome classification ac-
cording to Olson et al. (2001), with the following five biomes
being included in the ROIfoot: (i) tropical and subtropi-
cal moist broadleaf forests, which occupy most of the area
(89.9 % of the continental part of the BT footprint region
and 84.4 % of the continental ROIfoot), (ii) tropical and sub-
tropical grasslands, savannas, and shrublands (8.2 % of foot-
print and 10.1 % of ROIfoot), (iii) deserts and xeric shrub-
lands, which occur in the southeast of the ROIfoot (0.6 %
of footprint and 4.4 % of ROIfoot), (iv) mangrove forests at
the Brazilian and Guianan coasts (1.3 % of the ATTO BT
footprint and 0.9 % of the ROIfoot), and (v) tropical and sub-
tropical dry broadleaf forests in the SE, which are merely
of marginal extent in the ROIfoot. The Olson biome classi-
fication and the Köppen–Geiger climate classification gen-
erally show consistent geographic features on large scales.
The Olson classification represents a hierarchical approach
with 867 ecoregions being nested within the larger biome
regions. Olson et al. (2001) defined the ecoregions as “rel-
atively large units of land containing distinct assemblage of
natural communities and species, with boundaries that ap-

proximate the original extent of natural communities prior
to major land-use change”. In other words, the Olson ecore-
gion classification takes into account that “Amazonia is not a
single biogeographic entity”, but rather “a mosaic of distinct
areas of endemism separated by the major rivers, each with
their own evolutionary relationships and biotic assemblages”
(Da Silva et al., 2005). These areas of endemism have been
defined rather differently, depending on the specific biogeo-
graphic distributions of the groups of organisms (e.g., birds,
reptiles) that constitute the basis for the resulting cartogra-
phy (e.g., Cracraft, 1985; Naka, 2011; Oliveira et al., 2017).
However, any classification of ecoregions and/or areas of en-
demism shows a generalized picture. Irrespective of this un-
certainty, our rationale to show the ecoregions by Olson et
al. (2011) here is to provide an impression of the biogeo-
graphic diversity within the ROIfoot.

Most of these ecoregions within the BT footprint be-
long to the biome category of tropical and subtropical moist
broadleaf forests (Fig. 10b). The ecoregion with the highest
overlap with the ATTO footprint is the Uatumã-Trombetas
moist forest. Moreover, regions with so-called várzea for-
est (i.e., the Monte Alegre, Gurupá, and Marajó várzea
forests) are located within the footprint, which represents
frequently flooded Amazonian white-water forests along the
rivers Solimões, Madeira, and others (e.g., Wittmann et al.,
2004; Junk et al., 2012, 2015; Myster, 2016). As the várzea
forests are frequently flooded, they comprise vegetation with
special adaptations. Due to the frequent flooding, the soil
in these forest regions experiences periodically anoxic con-
ditions, which have been reported to generate significant
methane flux to the atmosphere (e.g., Engle and Melack,
2000). Accordingly, the location of frequently flooded areas
– such as the várzea forests in the core region of the footprint
– are potentially of high relevance for the methane obser-
vations at ATTO (see Andreae et al., 2015). In addition to
the forests, tropical savanna ecoregions with shrub- and/or
grassland vegetation (i.e., the Guianan savannas and the Cer-
rado region) are also covered by the footprint (Dixon et al.,
2014). For comparison, Fig. S15 shows the potential natu-
ral vegetation in the absence of human alterations, which
illustrates that the overall distribution of forests, savannas,
and shrublands (i.e., Cerrado region and Guianan savannas)
corresponds with the patterns in climatic conditions (i.e., an-
nual precipitation; see Fig. 9b) rather than human influences.
Overall, this general characterization of different/contrasting
biomes and ecoregions in the ROIfoot may be of value –
for instance – for future bioaerosol studies at ATTO as the
different ecoregions are presumably associated with varying
bioaerosol populations and emission patterns (Després et al.,
2012).

An additional GIS layer in Fig. 10a visualizes areas with
the lowest anthropogenic influence – so-called last-of-the-
wild areas – as an approximation of the biosphere in a pris-
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Figure 9. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with GIS data layers of
(a) mean temperature and (b) annual precipitation, both obtained from the WorldClim database (Hijmans et al., 2005; http://worldclim.org/,
last access: 19 May 2019). The BT data are represented as center lines of the 15 BT clusters (black dashed lines; see Fig. 4).

tine state (Sanderson et al., 2002).2 The last-of-the-wild map
suggests that comparatively large parts of the ATTO foot-

2Sanderson et al. (2002) used selected proxies for contempo-
rary human influence, such as population density, land transforma-
tion, and infrastructure as a basis to define the last-of-the-wild areas.

Note here that the last-of-the-wild map provides only a very general
visualization of biosphere regions in untouched state for the follow-
ing reasons: (i) the map represents the status prior to the year 2000,
which means that since then the geographic extent of the last-of-the-
wild regions likely has shrunk substantially, (ii) within regions with
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Figure 10. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with GIS data layers of
(a) a biome classification according to Olson et al. (2001) and a map of the wildest/most unperturbed areas in the corresponding biomes (last
of the wild, shaded in grey on top of the biome classification map) according to Sanderson et al. (2002) as well as (b) ecoregions according
to Olson et al. (2001). The BT data are represented as center lines of the 15 BT clusters (black dashed lines; see Fig. 4).

human influence the severity of human impact/pressure on the bio-
sphere can be rather variable, and (iii) the specification of regions
with human influence does clearly not account of the complexity of
human activities and their interaction with the biosphere. A more

print region – particularly in the northeast – could be consid-
ered mostly untouched regions (∼ 54 % of the BT footprint).

detailed discussion along these lines can be found in Sanderson et
al. (2002).
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However, it also visualizes that the last-of-the-wild regions
are fragmented by rather broad corridors of human-made
perturbation along the rivers and highways, as discussed in
greater detail in the subsequent Sect. 3.3.3 and 3.3.6. In this
context, a lively discussion on the distribution and extent of
human settlements and landscape transformations in the pre-
Columbian era has arisen (e.g., Piperno et al., 2015). This de-
bate has refuted the perception that the entirety of the Ama-
zon Basin was a “virgin forest” in a pristine state before
European arrival in 1491 CE (Bush et al., 2015). Instead ar-
chaeological, paleoecological, and ethnographic research has
collected evidence for complex regional settlements, cultural
forests, agricultural areas, infrastructure, and, thus, large-
scale landscape transformations (e.g., Heckenberger et al.,
2003; Clement et al., 2015). These ancient human activities
were spatially and temporally heterogeneous with certain ar-
eas being highly reshaped and others remaining mostly un-
touched. Specifically, it has been found that ancient activi-
ties were mostly concentrated in riverine settings, such as the
várzea floodplain forests, along the major rivers in the cen-
tral and eastern basin, as well as in savanna and seasonally
flooded forest environments (McMichael et al., 2014). Al-
though rapid forest regrowth occurred in abandoned settle-
ments – particularly after the collapse of the native civiliza-
tion starting in 1491 CE – it is debated whether the ancient
human activities have had enduring consequences for the
present forest structure and diversity, due to burning, hunt-
ing, and the enrichment/depletion of useful/unwanted plants
(e.g., Bush et al., 2015; McMichael et al., 2017). The stud-
ies by McMichael et al. (2014, 2017) suggest that rather high
levels of ancient human activities (e.g., slash and burn agri-
culture) were concentrated along the major river corridors in
the ROIfoot. This could be of relevance for the contemporary
forest structure and biodiversity in the ATTO footprint and
has to be considered in future studies.

3.3.2 Land cover

Figure 11 shows the land cover classification according to
the GlobCover 2009 data set within the ROIfoot (Arino et al.,
2008; Congalton et al., 2014). The location of the arc of de-
forestation with its extended agricultural areas (represented
by the land cover categories 14, 20, and 30) is clearly visi-
ble in the SE of the ROIfoot. Major roads were added as an
additional GIS layer to Fig. 11, underlining their role as start-
ing points for forest fragmentation and clearing (e.g., Fearn-
side and Graca, 2006, and references therein). This effect can
clearly be seen for the Trans-Amazonian Highway (BR-230).
Furthermore, some of the aforementioned ecoregions can be
identified in the land cover categorization. A prominent ex-
ample are the grass- and shrublands (categories 120, 130, and
140) of the Guianan savanna regions, which represent “is-
lands” in the extended moist forests (category 40) (de Car-
valho and Mustin, 2017). Moreover, the land cover classes
representing frequently or permanently flooded areas such as

the aforementioned várzea forests (categories 160, 170, and
180) can be recognized along the major (white-water) rivers
(e.g., Junk, 2013).

Beyond the qualitative analysis, we quantified the “land
cover mix” within the BT cluster footprints (Fig. 12). For
this analysis, the land cover analysis has been weighted by
the air mass residence time in the clusters (see Sect. 2.7). Ac-
cordingly, regions within the footprint that are located close
to the ATTO site were crossed more frequently by BTs and,
thus, are weighted more strongly than regions in the periph-
ery of the footprint. As a result, 11 GlobCover 2009 cate-
gories account for 99.9 % of the land cover variability within
the BT footprint region as summarized in Table 3. The cat-
egories 40 (broadleaved evergreen or semi-deciduous forest)
and 210 (water bodies, mostly part of the Atlantic Ocean)
expectedly dominate the results (i.e., accounting for 87.3 %).
Agricultural areas (i.e., categories 14, 20, and 30, account-
ing for 4.2 %), wetlands (i.e., 160 and 180, accounting for
4.7 %), and shrub- and grasslands (i.e., 110, 130, and 140,
accounting for 3.4 %) represent minor fractions of the land
cover mix.

For the footprints of the individual BT clusters, the land
cover categorization is summarized in Fig. 12. The follow-
ing trends can be observed: (i) agricultural lands contribute
negligibly to the NE and ENE clusters (sum of categories
14, 20, and 30: ≤ 1 %), whereas their contribution is no-
ticeable for the E clusters (∼ 3–5 %) and strongest for the
ESE clusters (6 %–20 %). The highest relative fraction was
observed for cluster ESE3 (∼ 20 %), which reaches directly
into some hot spots of intense agriculture in southern Pará
and Maranhão (compare Sect. 3.3.3). (ii) The categories 160
and 180 are associated with regularly flooded areas. These
categories are rather rare in the NE cluster (sum of 160 and
180: ≤ 2 %), show variable contributions to the ENE clus-
ters (2 %–5 %), and are comparatively abundant in the E and
ESE clusters (4 %–11 %). The comparison of Figs. 11 and 12
shows that particularly those BT clusters that have a rather
high residence time over the Amazon River (i.e., ENE1, E1-
4, SW1) show the strongest floodplain contribution, with
the aforementioned potential relevance for methane obser-
vations. (iii) The categories 110, 130, and 140 represent ar-
eas with grass, shrub, and/or moss/lichen coverage. They
are comparatively rare in the NE and ENE clusters (< 3 %),
whereas larger contributions are found for the E and ESE
clusters (2 %–12 %).

Based on the land cover characterization, we further con-
ducted an analysis of the forest phenology within the ROIfoot
by means of normalized difference vegetation index (NDVI)
data. The NDVI targets specific spectral properties of the
plants’ chlorophyll absorption and, thus, represents a mea-
sure for vegetation “greenness” or net primary productiv-
ity (e.g., Pettorelli et al., 2011; Wu et al., 2016). In numer-
ous previous studies, the response of Amazonian phenologi-
cal cycles to climatic, environmental, and biological factors
has been investigated, which helps to assess the Amazon’s
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Figure 11. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with GIS layers of a
land cover map based on the GlobCover 2009 data (Arino et al., 2008) and a map of major roads. The BT data are represented as center lines
of the 15 BT clusters (black dashed lines; see Fig. 4).

vulnerability towards climate change (e.g., Atkinson et al.,
2001; Schucknecht et al., 2013; Silva et al., 2013; Hilker et
al., 2014). It has been shown that vegetation phenology re-
sponds primarily – and typically with time lags – to rainfall
and radiation as well as, with somewhat less relevance, tem-
perature variations (Zhao et al., 2017). Generally, phenolog-
ical cycles in the Amazon are highly complex (e.g., Bradley
et al., 2011; Zhao et al., 2017). Accordingly, the phenolog-
ical aspects discussed here focus only on the overall trends
for the ROIfoot-relevant land cover categories in Table 3.

The results in Fig. 13 show a pronounced NDVI seasonal-
ity for all relevant land cover classes. Specifically, the sea-
sonal cycles follow two contrasting patterns in relation to
rainfall and cloud fraction with the latter one being an in-
direct proxy for incoming solar radiation (e.g., Hilker et al.,

2014). The NDVI results for the evergreen moist forest cat-
egories (i.e., 40 and 160) show a minimum around February
and a maximum around July. Thus, the seasonality is gen-
erally in phase with solar radiation and suggests sunlight-
enhanced growth upon decreasing cloud cover in the dry sea-
son, in combination with a time lag of greening after the rain-
rich wet season (Hilker et al., 2014, and references therein).
Presumably, the increasing drought stress in the dry season is
buffered by the comparatively deep-rooted trees in the moist
soils and, therefore, does not (significantly) affect the NDVI
(Nepstad et al., 2008). In contrast, land cover categories rep-
resenting agricultural lands (i.e., 14, 20, and 30), shrub- and
grasslands (i.e., 110 and 130), and deciduous forests (i.e., 50)
show a NDVI maximum in May (∼ 2 months after the rain
maximum) and a minimum around September to October.
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Figure 12. Quantitative characterization of land cover types (see Fig. 11) in all 15 backward trajectory (BT) cluster footprints (see Fig. S11).
The land cover contributions have been weighted with the relative BT density and, thus, represent an ATTO-relevant “land cover mix”. A
comprehensive summary on the land cover mix within the ATTO BT footprint can be found in Table S1 in the Supplement.

Table 3. Summary of GlobCover 2009 categories that account for 99.9 % of land cover variability within the weighted ATTO BT footprint
with specification of relative contributions of individual categories. A comprehensive summary of the land cover mix for ATTO BT footprint
is available in Table S1.

GlobCover 2009 ID categories Contribution to ATTO

ID Description BT footprint (%)

40 Closed to open (> 15 %) broadleaved evergreen or semi-deciduous forest (> 5 m) 57.2

210 Water bodies 30.1

160 Closed to open (> 15 %) broadleaved forest regularly flooded (semi-permanently or temporarily) 3.0
– fresh or brackish water

130 Mosaic vegetation (grassland/shrubland/forest) (50 %–70 %)/cropland (20 %–50 %) 2.8

20 Mosaic cropland (50 %–70 %)/vegetation (grassland/shrubland/forest) (20 %–50 %) 2.1

180 Closed to open (> 15 %) grassland or woody vegetation on regularly flooded or waterlogged soil 1.7
– fresh, brackish, or saline water

30 Mosaic vegetation (grassland/shrubland/forest) (50 %–70 %)/cropland (20 %–50 %) 1.5

14 Rainfed croplands 0.6

110 Mosaic forest or shrubland (50 %–70 %)/grassland (20 %–50 %) 0.3

140 Closed to open (> 15 %) herbaceous vegetation (grassland, savannas, or lichens/mosses) 0.3

50 Closed (> 40 %) broadleaved deciduous forest (> 5 m) 0.2
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Figure 13. Seasonal cycles in normalized difference vegetation in-
dex (NDVI) for the ROIfoot-relevant GlobCover 2009 categories
as specified in Table 3. The NDVI data are provided as monthly
means. Seasonal cycles for precipitation and cloud cover, which in-
directly represents solar radiation, have been added and are shown
as monthly means with error bars representing 1 standard deviation.

Thus, the seasonality is in phase with precipitation (although
with a certain time lag) and suggests a rainfall-constrained
growth (Atkinson et al., 2011). Apparently, the dry season
drought stress affects the greenness of these “low/sparse veg-
etation” categories severely. The land cover categories 140
and 180 show an NDVI seasonality that resembles an in-
termediate state including elements of both aforementioned
cases, generally showing an in-phase relationship with ra-
diation, however, with a secondary minimum in September
to October upon dry season drought stress. The presented

seasonal patterns within the ROIfoot are generally consis-
tent with previous studies, which have analyzed the hetero-
geneous distributions of phenoregions in the Amazon region
as well as their diverse seasonality in growing seasons and
the associated NDVI patterns (Bradley et al., 2011; Silva et
al., 2013).

3.3.3 Deforestation and agro-industrial expansion

Amazonian deforestation and further forest degradation ac-
tivities (e.g., ecosystem fragmentation, fires, selective log-
ging, illegal mining, overhunting) as a function of biophysi-
cal, climatic, socioeconomic, and cultural factors have been
addressed by a large number of previous studies (e.g., Nep-
stad et al., 1999; Laurance et al., 2002; Asner et al., 2005;
Malhi et al., 2008; Godar et al., 2012a; Cisneros et al., 2015).
Here, we discuss the ATTO-relevant deforestation trends and
drivers.

Figure 14a provides an overview of the deforestation pat-
terns within the ROIfoot by showing forest cover and forest
loss maps according to Hansen et al. (2013) in comparison
with the biome classification from Fig. 10a. The geographic
extent of the tropical and subtropical moist broadleaf forest
biome provides an estimate of the area that was originally
covered by primary moist forests within the ROIfoot (com-
pare also ter Steege et al., 2015). For the Amazon Basin,
the total cumulative deforested area by 2017 equals about
800 000 km2, which is ∼ 20 % of the original Brazilian rain
forest area (Fearnside, 2005).3 Further note that the satellite-
based deforestation monitoring used here does not detect se-
lective logging and surface fires in standing forests, which
have a significant forest degrading effect (Nepstad et al.,
1999; Cochrane and Laurance, 2008). Souza et al. (2013) es-
timated that the area of degraded forest is equivalent to 30 %
of the area deforested at the same time. The map in Fig. 14a
underlines the northwest-to-southeast gradient indicated by
an increasing extent of forest fragmentation or complete for-
est loss towards the southeast. With respect to the ATTO site
BT clusters, the following three regions with different defor-
estation states along this gradient can be defined.

The ESE clusters cover the areas with the strongest for-
est fragmentation and perturbation within the ROIfoot. This
region – particularly in southern Pará and Maranhão – has
been a very active frontier within the arc of deforestation
(e.g., Soares-Filho et al., 2013). In fact, Pará is one of the
two Brazilian states (the second one is Mato Grosso) with the
largest tree cover loss in recent years (Tyukavina et al., 2017).
The clusters overpass formerly forested areas that have been

3For this calculation, the following numbers have been used:
Fearnside (2005) reported a total deforested area of ∼ 650 000 km2

by 2003. From 2004 to 2017, a further ∼ 150 000 km2 has
been deforested according to http://www.obt.inpe.br/OBT/assuntos/
programas/amazonia/prodes (last access: 23 February 2018). The
original rain forest area in Brazil was estimated as∼ 4 000 000 km2

(Fearnside, 2005).
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Figure 14. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with GIS layers of (i) a
forest cover map of the year 2000, according to Hansen et al. (2013), (ii) a map on annual forest loss within the period 2001–2014 (Hansen
et al., 2013), and (iii) contour lines representing the dominant biomes (see Fig. 10a). The BT data are represented as center lines of the 15
BT clusters (blue dashed lines; see Fig. 4). A map of the ROIfoot with aforementioned GIS layers is shown in (a), whereas (b) and (c) zoom
into two smaller regions of interest.

cleared and converted (almost) completely into agricultural
lands (i.e., extended regions in southern Pará), on the one
hand, and active hot spots with currently progressing defor-
estation (also in southern Pará), on the other hand.

The Amazon River and its shores are covered by the
E clusters. Here, some deforestation hot spots (i.e., at the
northern shore, about halfway between the ATTO region
and the river delta) have emerged and could potentially de-
velop into large-scale forest destruction in the future, de-
pending on overall socioeconomic trends and conservation

efforts (Fearnside, 2007). Accordingly, these clusters repre-
sent a semi-perturbed area of the basin and, thus, an “inter-
mediate state in the Amazon’s transition” (Davidson et al.,
2012).

The ENE and NE clusters cover areas where deforestation
activities are comparatively low (i.e., northern Pará, Amapá,
and French Guiana). Therefore, the ENE and NE clusters still
represent a mostly unperturbed state of the forest.

The so-called “fish bones” along the major highways rep-
resent a typical deforestation pattern, which consist of per-
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pendicular smaller and mostly illegal access roads, pene-
trating (deeply) into the surrounding forest (Laurance et al.,
2009). In Fig. 14, these patterns can be recognized, for ex-
ample along the highways BR-163 (the so-called “soybean
corridor” connecting the international port in Santarém with
the soybean production in the southern states) and BR-230
(Trans-Amazonian highway) (Soares et al., 2004). The defor-
estation is typically associated with a strong fragmentation
of the remaining forest areas. The fragmentation creates so-
called edge effects, which perturb the humid, dark, and stable
microclimate in the forest’s canopy and understory with im-
pacts on forest structure, tree mortality, and biodiversity (e.g.,
Wirth et al., 2007; Broadbent et al., 2008; Dohm et al., 2011;
Laurance et al., 2011).

The main socioeconomic drivers of Amazonian defor-
estation can be grouped into two categories. The first cate-
gory comprises subsistence and family agriculture, includ-
ing some extractive activities, such as logging and hunt-
ing. These individual actions typically occur on rather small
scales, but they are practiced by a rather large number of
smallholders and colonists, which ultimately sums up to
a substantial level of deforestation pressure (Godar et al.,
2012a). The second category comprises deforestation on
larger scales, which has been mostly driven by international
economic interests, market demands, and government poli-
cies/subsidies (e.g., Soares et al., 2014). It is conducted by
a comparatively small number of largeholders4, involving
industrial logging to create soy plantations, cattle ranches,
large-scale timber production, and mining. In the Amazon,
cattle ranching has clearly been the dominating factor, ac-
counting for about 70 % of deforestation (Souza, 2006; Malhi
et al., 2008; Barona et al., 2010). Note that the relative contri-
butions of small- vs. largeholders as a function of socioeco-
nomic conditions is still a subject of active and controversial
debate (e.g., Ludewigs et al., 2009; Pacheco, 2012; Pereira et
al., 2016).

Figure 14b and c zoom into two selected areas within the
ROIfoot that illustrate the typical deforestation trends, on the
one hand, and represent regions of particular relevance for
the ATTO site, on the other hand. Figure 14b covers part of
the region along the northern shore of the Amazon River that
represents a recent deforestation hot spot (i.e., in the munici-
palities Oriximiná, Óbidos, Curuá, Alenquer, and Monte Ale-
gre) in the center of the ATTO footprint (within 1 % contour
of highest residence times, Fig. 7). Due to a northwards mi-
gration of investors and colonists, the extent of cattle ranch-
ing, soy farming, and related deforestation has increased over
the last years in this region (Fearnside, 2007; Bowman et
al., 2012; Cisneros et al., 2015). Figure 14b highlights one
of the expanding fish bone branches in this area. In addition
to the agriculture-related forest loss, mining activities repre-

4The term “largeholder” is frequently used as the opposite of
smallholder in the literature on deforestation (e.g., Godar et al.,
2012a, b; Pacheco, 2012). We have adopted this notation here.

sent an additional perturbation of the forest. As one example,
Fig. 14b shows the extent and growth of a large-scale bauxite
mine in the municipality of Oriximiná, which is discussed in
further detail in Sect. 3.3.5.

Figure 14c zooms into a region in central Pará along
the Trans-Amazonian highway (BR-230), which has been
a corridor of continuous and active deforestation during
the last decades. This region has been selected for three
reasons: (i) the characteristic fish bone deforestation pat-
terns are particularly pronounced here, (ii) the region rep-
resents a deforestation hot spot that is comparatively close
to ATTO (within 10 % contour of highest residence times,
Fig. 7) and, thus, presumably has noticeable influence on
the atmospheric observations, and (iii) its deforestation dy-
namics have been well documented previously by Godar et
al. (2012a, b). Specifically, the municipalities of Medicilân-
dia and Novo Brazil in Fig. 14c are characterized by con-
trasting socioeconomic deforestation trends: in Medicilân-
dia, smallholder (family) agriculture has been predominant,
which corresponds with a comparatively low degree of defor-
estation, rather short “fine bones”, small deforested patches
that are rather close to the BR-230, as well as declining de-
forestation rates (Godar et al., 2012a). In contrast, in Novo
Brazil, largeholder agriculture with extensive cattle ranching
and industrialized soy farming has had a much more pro-
nounced influence, which corresponds to a stronger degree
of fragmentation, longer “fish bones”, many large rectangu-
lar patches (mostly for cattle ranching with several hundreds
of hectares) that are located rather far from the BR-230, and
increasing deforestation rates (Godar et al., 2012a; Cisneros
et al., 2015).

Based on the annual forest loss data in Fig. 14, we con-
ducted a quantitative analysis of the deforestation levels and
dynamics within the weighted footprints of the individual
BT clusters (Fig. 15 and Table S2). Figure 15 shows that
the overall annual forest loss levels span from ∼ 0.01 to
∼1 % a−1. For comparison, the basin-wide forest loss lev-
els range between ∼ 0.1 % a−1 (for 2012) and ∼ 0.5 % a−1

(for 2004).5 The highest deforestation rates in the basin reach
up to about 3 % a−1 and have been observed in hot spots
such as the BR-163 corridor (Müller et al., 2016). Further-
more, the cluster-resolved forest loss data in Fig. 15 reflect
the northwest–southeast gradient with the highest forest loss
levels in the south of the ROIfoot and lowest levels in the
north (i.e., NE < ENE < E < ESE). In terms of forest loss
temporal trends within the period 2001 to 2014, we found
a (slightly) decreasing trend for the ESE clusters (on aver-
age −0.0013 % a−1), which can probably be explained by
political efforts to reduce forest destruction in the arc of de-

5The calculations are based on the annually deforested area of
∼ 27 800 km2 for 2004 and 4600 km2 for 2012 according to http:
//www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes (last
access: 23 February 2018) and a total rain forest area of ∼ 5.52×
106 km2 according to Goulding et al. (2003).
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Figure 15. Quantitative characterization of forest loss trends in
cluster BT footprints for main wind directions NE, ENE, E, and
ESE, based on Fig. 14. The annual forest loss has been calculated
relative to the forest cover in the year 2000. The forest loss data in
the cluster BT footprints have been weighted by the air mass resi-
dence time. The corresponding trends for all BT clusters are shown
in Fig. S16.

forestation (i.e., blacklisting) (e.g., Cisneros et al., 2015).
In the most recent years, the basin-wide deforestation rates
have increased again after a minimum in 2012 in response
to a relaxation of environmental laws (Tollefson, 2016). In
contrast to the ESE trend, the forest loss rates in the NE,
ENE, and E clusters tend to increase (0.0013 % a−1 for NE
and ENE vs. 0.0032 % a−1 for E). The increasing forest loss
trends in the NE, ENE, and particularly in the E clusters re-
flect the northwards migration of colonists and investors with
the associated increasing pressure on the forest ecosystem in
the affected areas. In addition to the overall trends, we also
observed a rather strong year-to-year variability of the for-
est loss rates, which is related to regionally heterogeneous
biomass burning activities with strong interannual variations
as discussed in the following section.

3.3.4 Fires

This section presents the spatiotemporal patterns of fire oc-
currence within the ROIfoot. Fires are of significant im-
portance for the ATTO observations since they are highly
destructive or transformative for the rain forest ecosys-
tem (Cochrane and Laurance, 2008) and represent the pri-
mary pollution source with fundamental consequences for
atmospheric composition and processes (e.g., Andreae et
al., 2004; Lin et al., 2006; Aragao et al., 2008; Artaxo et
al., 2013; Saturno et al., 2018b). In an unperturbed state,

the humid, dense, and high-canopy Amazonian forests are
mostly nonflammable, which has made wild fires rare events
(Cochrane, 2003; Nepstad et al., 2008). Accordingly, the
Amazonian vegetation is evolutionary ill-adapted to the oc-
currence of (even low-intensity surface) fires and typically
reacts highly vulnerably to it (e.g., Uhl and Kauffman, 1990;
Cochrane and Schulze, 1999). However, fires have become
ubiquitous in the basin over the last decades due to human-
made activities: numerous agriculture-related fires are ig-
nited on purpose. Moreover, the progressing forest fragmen-
tation and degradation perturbs the moist forest climate and,
thus, tends to increase the forest’s flammability, which makes
the uncontrolled escape of fires more likely (Morton et al.,
2011; Alencar et al., 2015). During El Niño years and the
associated drought conditions, the flammability can be even
further enhanced (e.g., Nepstad et al., 2001; Fernandes et
al., 2011; Cano-Crespo et al., 2015). In this context, further
changes in the Amazon fire regime may play critical roles
in positive feedback mechanisms and, thus, foster and accel-
erate large-scale rain forest dieback, as projected by model-
ing studies (e.g., Nepstad et al., 2008; Cochrane and Barber,
2009).

Figure 16 shows a fire map within the ROIfoot, repre-
senting the average fire-related carbon emission flux from
2000 to 2016, according to Kaiser et al. (2012). Generally, a
rather heterogeneous distribution of fires can be observed. On
large scales, a northwest-to-southeast gradient, with signifi-
cantly higher fire abundance towards the southeast, charac-
terizes the ROIfoot. This gradient is closely linked to the agro-
industrial expansion and associated deforestation, since fires
are the primary tool for land clearing, which typically occurs
as slash-and-burn conversion of forest into fields and/or pas-
ture and, furthermore, produces ash as a valuable fertilizer for
the acidic, infertile soils (e.g., Nepstad et al., 2001; Cochrane
and Laurance, 2008). Moreover, fires represent an efficient
land management tool for maintenance and improvement of
fields and pastures. In the ROIfoot, the highest fire activities
have been observed in the state of Maranhão, which has a
dense coverage of cropland and pasture. Furthermore, several
fire hot spots are located in southern Pará, along the major
highways and rivers, representing the expanding agricultural
frontiers. Many of these regions are covered by the footprint
of the ESE clusters and are, therefore, within the scope of
the ATTO observations. In contrast, the ATTO-relevant NE
BTs cover extended unperturbed areas that have maintained
their “fire-immune” moist climate and thus showed no fire
activity.

In addition to the agriculture-related fire patterns, Fig. 16
further shows substantial fire densities in the savanna ecore-
gions (i.e., high activity in the Cerrado and modest activ-
ity in the Guianan savanna regions), which are character-
ized by lower precipitation, a different vegetation type, and
a tendency to higher flammability. In contrast to the fires in
moist forested regions, which are the result of human-made
ignition or the consequence of human-made forest degrada-
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Figure 16. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with (i) a map derived
from the Global Fire Assimilation System (GFAS) of the average fire-related carbon emission flux within the time period from 2003 to 2017
according to Kaiser et al. (2011) and (ii) a biome classification according to Olson et al. (2001) (see Fig. 10a). The pixel size of the fire map
equals ∼ 11 km. The BT data are represented as center lines of the 15 BT clusters (black dashed lines; see Fig. 4). For comparison, Fig. S17
shows a fire map with higher spatial resolution (∼ 1 km resolution), which shows the same geospatial patterns.

tion and increased flammability, the low precipitation lev-
els in the savanna regions makes them more prone to the
occurrence of fires. Accordingly, the savanna vegetation is
more adapted to an (infrequent) occurrence of natural fires
as well as more frequent use of fire by indigenous people
since pre-Columbian times (de Carvalho and Mustin, 2017).
Parts of both ecoregions, the Cerrado and Guianan savannas,
with their characteristic fire regimes are ATTO-relevant as
they are located within the BT footprint. On a year-to-year
basis, our analysis showed comparable geospatial patterns
in fire occurrence within the ROIfoot, however, with an an-
nual variability in fire intensities on regional scales (see fire
anomaly maps in Fig. S19). For instance, the warm and dry
years 2005, 2007, and 2010 showed a basin-wide increase
in fire activity (Alencar et al., 2015). The El Niño years
2009 and 2015 showed intense fires along the ATTO-relevant
part of the Amazon River valley, corresponding directly with
strongly increasing aerosol concentrations at ZF2 and ATTO
(Saturno et al., 2018b).

Beyond the fire map in Fig. 16, we conducted a quantita-
tive classification of the detected fires by two metrics: the

weighted BT cluster footprints and the land cover type in
which they were detected. Figure 17 shows the resulting rel-
ative fractions of fires per land cover type and grouped into
the four main BT directions, NE, ENE, E, and ESE. Note
that this analysis has been weighted by BT residence time
and, thus, provides an estimate for the ATTO-relevant “mix
of fires” (e.g., forest fires vs. savanna fires vs. agricultural
management fires). This is relevant for the ATTO observa-
tions since the fuel types (e.g., forest vs. agricultural waste)
and corresponding combustion modes (i.e., flaming vs. smol-
dering) typically emit gases and aerosol particles of different
composition and properties (e.g., Andreae and Merlet, 2001;
Janhäll et al., 2010). For example, breakout understory fires
(escaping from ignited land-clearing fires) are typically as-
sociated with less efficient smoldering combustion, whereas
pasture burning and high-intensity deforestation fires (after
clear-cutting and drying of the vegetation) tend to be predom-
inantly flaming combustion (e.g., Tang and Arellano, 2017).
Figure 17 shows different fire mixes for the NE, ENE, E, and
ESE clusters. The dominant contribution in all cases are fires
in rain forest areas (land cover category 40), which account

Atmos. Chem. Phys., 19, 8425–8470, 2019 www.atmos-chem-phys.net/19/8425/2019/



C. Pöhlker et al.: Land cover and its transformation in the ATTO footprint 8451

Figure 17. Relative fractions of ATTO-relevant fires (weighted with air mass residence times) within the different land cover categories,
discriminated by major BT directions: NE, ENE, E, ESE, and SW. Fire analysis is based on the INPE database (see Sect. S1.1). Results
shown here are averages of corresponding year-to-year data (2000–2016) as shown in Fig. S18. Fractions of all counted fires in this analysis
are provided along with BT frequencies for comparison (see Table 2).

for 60 %–63 % in the NE, ENE, and E directions and for
54 % in the ESE direction. Fires in shrub and grassland cate-
gories (i.e., 110, 130, 140) account for a comparable fraction
(10 %–16 %) for all directions. Fires associated with agricul-
tural categories (i.e., 14, 20, 30) show a pronounced gradi-
ent from NE (11 %) over ENE (13 %) and E (17 %) towards
ESE (28 %). This is consistent with the properties of absorb-
ing aerosols measured at ATTO (e.g., the relative fractions
of black vs. brown carbon), which have been related to the
air mass origin by means of BT directions (Saturno et al.,
2018b). Finally, we analyzed the seasonal cycle in fire occur-
rence for the entire BT footprint, resolved by land cover cat-
egories, and found a rather uniform seasonality with its min-
imum around April and its maximum around September (see
Fig. S20). These trends, particularly the onset of the biomass
burning season, are consistent with the observed atmospheric
composition and variability at ATTO (e.g., Andreae et al.,
2015; Pöhlker et al., 2016; Saturno et al., 2018b).

3.3.5 Infrastructure, cities, traffic, and mining

Biomass burning represents the predominant forest pertur-
bation and source of atmospheric pollution in the Ama-
zon Basin. However, several further categories of human-
made activities and infrastructure also impact the biosphere–

atmosphere exchange to a significant extent. Accordingly,
this section addresses the following infrastructure classes:
(i) population density and urban centers with their related
emissions, (ii) thermoelectric power plants as major fos-
sil fuel burning sources, (iii) major dams and reservoirs
with their significant environmental impacts, (iv) major high-
ways as drivers for forest fragmentation and degradation, and
(v) (cargo) ship traffic as a further pollution source.

The population density map in Fig. 18 shows that most
settlements and cities are located along the Atlantic coast
in the southeast of the ROIfoot (see also Andreae et al.,
2015). The associated emissions from these densely popu-
lated regions comprise a complex mixture of primary and
secondary pollutants from traffic, heating, cooking, indus-
try, waste, landfills, etc. (e.g., Gentner et al., 2017). Specifi-
cally, fossil-fuel-fired power plants represent one of the dom-
inant sources of pollution aerosols and gases in this con-
text (Kuhn et al., 2010). Figure 18 shows that thermoelec-
tric power plants within the ROIfoot are collocated with the
densely populated areas: a comparatively large number of
(relatively small) power plants can be found along the Ama-
zon River as well as close to the urban centers at the Atlantic
coast. Two major natural-gas-fired power plants are located
close to Belém in the Amazon River delta and, thus, within
the ATTO footprint. A yet unquantified fraction of the urban

www.atmos-chem-phys.net/19/8425/2019/ Atmos. Chem. Phys., 19, 8425–8470, 2019



8452 C. Pöhlker et al.: Land cover and its transformation in the ATTO footprint

Figure 18. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with GIS data layers
on (i) population density, (ii) thermoelectric power plants (marker size represents capacity), (iii) major dams and reservoirs, and (iv) the road
network. The BT data are represented as center lines of the 15 BT clusters (black dashed lines; see Fig. 4).

pollution mixture (i.e., from power plants, traffic, industry) is
likely being transported towards ATTO with the E and ESE
BTs. The significance of these emissions in comparison to
biomass burning for the ATTO site observations is subject of
currently ongoing analysis (e.g., Carbone et al., 2019; Sat-
urno et al., 2018b).

Dams and reservoirs worldwide have a substantial im-
pact on rivers and their ecology for a variety of reasons
(Lehner et al., 2011). An increase in methane (also car-
bon dioxide) emissions from reservoirs due to anoxic micro-
bial decomposition of flooded biomass has been one partic-
ular impact on the biosphere–atmosphere exchange – pre-
sumably also with direct relevance for the ATTO site ob-
servations (e.g., Abril et al., 2005; Kemenes et al., 2007;
Fearnside and Pueyo, 2012). Figure 18 shows that several
major dams are located within the ROIfoot. Examples are
the Curuá-Unã Dam on the Curuá-Unã River in central
Pará (flooded area ∼ 120 km2; ∼ 4 km2 MW−1), the Tucu-
ruí Dam on the Tocantins River in the SE of Pará (flooded
area: ∼ 3010 km2; ∼ 0.4 km2 MW−1), the Coaracy Nunes
Dam on the Araguari River in Apamá (flooded area: ∼
30 km2; ∼ 0.3 km2 MW−1), the Petit-Saut Dam on the Sin-
namary River in French Guiana (flooded area: ∼ 350 km2;

∼ 3 km2 MW−1), and the Boa Esperança Dam on the Par-
naíba River in Piauí (flooded area: ∼ 88 km2) (Lehner et al.,
2011). The Balbina Dam on the Uatumã River in northeast
Amazonas (flooded area: ∼ 4450 km2; ∼ 18 km2 MW−1) is
located ∼ 60 km northwest of ATTO and thus represents the
closest dam and moreover one of the largest in the basin. It is
located downwind according to the main BT directions; how-
ever it may be a relevant source during prevailing southwest-
ern air mass advection. Parts of the Balbina Dam are located
within the 25 % contour of highest residence times. Further-
more, localized air flow along the Uatumã River, which re-
ceives water from the turbines that are fed from the hy-
polimnion, might also have the potential to bring methane-
rich air to the ATTO site. A detailed analysis of the poten-
tial influence of the Balbina Dam on the ATTO observa-
tions requires a dedicated future study. Further smaller dams
are located in the SE of the ROIfoot, which are not explic-
itly mentioned here. A number of additional (major) dams
in the basin are planned or already under construction. The
most prominent and controversial example is the Belo Monte
Dam on the Xingu River in central Pará (planned capacity:
∼ 11 000 MW; estimated lake area:∼ 670 km2) (also marked
in Fig. 18). The construction of the Belo Monte Dam is asso-
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ciated with severe environmental destruction, such as flood-
ing of large areas and destruction of the Xingu Rivers hy-
drological regimes (Fearnside, 2017). Furthermore, the dam
is located directly within the SE segment of the BT foot-
print (i.e., included by the 10 % contour of highest residence
times) and, thus, may bring a large-scale anthropogenic im-
pact for future ATTO observations. Specifically, the flooding
of large forested areas upon filling of the dam and the asso-
ciated anoxic degradation of the biomass will release large
amounts of trace gases (i.e., methane, ammonia), which will
likely impact the ATTO measurements.

In the previous sections, we have noted that highways
in the Amazon Basin “have a keystone role in deforesta-
tion” and “stimulate the influx of population and investment”
(Fearnside and Graca, 2006). However, it is still being de-
bated to what extent roads have acted as main deforestation
controls. Figure 18 displays the currently existing road net-
work in the ROIfoot as well as some major highways that have
been proposed. In addition, an unofficial network of smaller
roads has been developing in parallel, which is only partly
shown in Fig. 18 (Barber et al., 2014). Figure 14 emphasizes
how the existing major highways, such as the BR-230, BR-
163, and BR-319, have initiated and fostered extensive defor-
estation. A particularly severe threat for the Amazon biome
is the construction of “all-weather highways into the core
of the Basin”, which is currently being realized by paving
the highways BR-319 (connecting Manaus with the south)
and BR-163 (connecting Santarém with the south) (Soares-
Filho et al., 2006; Barni et al., 2015). Also within the yet
untouched northeastern segment of the ATTO footprint, ma-
jor road constructions are being planned. Specifically, plans
exist to build the ∼ 1100 km long BR-210, connecting Boa
Vista in Roraima and Macapá in Amapá (de Carvalho and
Mustin, 2017). Currently, two initial segments of the BR-210
exist (i.e., ∼ 130 km in Roraima and ∼ 250 km in Amapá).
A further project, which is currently being debated, is the
construction of the so-called Arco Norte (the north arc)6 – a
connection between Boa Vista and Santarém via an eastern
segment of the BR-210 and a southern segment of the BR-
163 (see Fig. 17). A potential construction of the BR-210
and BR-163 would cut through the extended and mostly un-
touched forest areas in northern Pará and Amapá, which cur-
rently constitute the “pristine” NE and ENE clusters of the
ATTO footprint. The shortest distance between ATTO and
BR-163 would be about 250 km and, thus, parts of the high-
way would reach into the 1 % contour of highest residence
times (Fig. 7). In light of the destructive potential of roads
and the proximity to the ATTO site, the outcome of these in-
frastructure projects is of fundamental importance for future
ATTO research. Note that the existing section of the BR-210
in Roraima has initiated the growth of a major deforestation

6See, for example, Ministros assinam contrato que estuda lig-
ação de RR ao Pará pela BR-210. GLOBO G1 (27 June 2016);
http://go.nature.com/2lYa3sa (last access: 25 March 2018).

hot spot (see Figs. 14 and 16) and, thus, provides an outlook
on the potential destruction associated with the construction
plans (Barni et al., 2015).

Figure 19 displays a map, which zooms out from ROIfoot
and combines the ATTO BT footprint with ship tracks on the
Atlantic Ocean as well as on the South American inland wa-
ters. Worldwide, ship traffic is known as a strong source of at-
mospheric pollution due to the fact that heavy, sulfur-rich oils
serve as fuels. Accordingly, ship emissions comprise com-
paratively high loads of sulfate aerosols in addition to large
quantities of further pollutants (e.g., Aulinger et al., 2016).
Figure 19 illustrates the major ship routes along the eastern
South American coast, which are covered by the footprint.
In addition to offshore shipping, a significant amount of ves-
sel traffic also occurs on the major rivers and inland waters
in the Amazon Basin. In particular, the Amazon River it-
self represents the predominant route for cargo transportation
with major harbors along its shores (e.g., Manaus, Itacoat-
iara, Santarém, Belém). Inland water shipping represents a
potentially important source as it occurs comparatively close
to the ATTO site and uses dirty fuels with few emission con-
trols.

Figure 20 presents a map highlighting the ATTO BT foot-
print in combination with a GIS layer on mining activities
in the basin. Generally, mining – particularly large-scale pit
mines – has caused strong perturbations of the forest ecosys-
tem in affected areas (e.g., Potapov et al., 2017). Moreover,
large mines are potential sources of industrial air pollution as
well as soil dust suspension (i.e., coarse-mode aerosol parti-
cles) (e.g., Huertas et al., 2012). Both of these factors make
mining relevant for the ATTO research. Figure 20 empha-
sizes that comparatively large bauxite mines already exist
within the ATTO BT footprint. The largest of those mines,
which is shown in Fig. 14b, is located within the 1 % contour
of the highest air mass residence times according to Fig. 7
and is, thus, a potentially relevant source for the ATTO obser-
vations. It further caused substantial forest loss rates over the
last years (∼ 400 ha yr−1)7. Moreover, mining-related explo-
ration and registration activities are being conducted in the
entire ROIfoot, which reflects the strong economic interests in
resource extraction in this area. To highlight another relevant
example, in August 2017, the Brazilian federal government
abolished the protection status in major parts of the national
reserve of copper and associates (RENCA), located in north-
ern Pará and Amapá, to open these areas for the extraction
of gold, copper, and further minerals.8 The RENCA area is

7Annual forest loss of ∼ 400 ha yr−1 was obtained from http:
//www.globalforestwatch.org/ (last access: 18 November 2017) and
has been documented from 2001 to 2016. The total mine-related
deforested area corresponds to about 6200 ha.

8Some information on the initiative can be found here:
https://wwf.panda.org/?309330/WWF-statement-on-Brazil-
governments-decision-to-open-up-a-national-reserve-in-the-
Amazon-for-mining (last access: 14 November 2017).
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Figure 19. Map of eastern Amazon Basin, including ROIfoot, and western Atlantic Ocean in combination with ship tracks. Ship tracks are
represented by modeled shipping-related CO2 emission according to Asefi-Najafabady et al. (2014). The BT data are represented as center
lines of the 15 BT clusters (blue dashed lines; see Fig. 4).

located within the 5 % contour of the highest air mass resi-
dence times according to Fig. 7 and, thus, of major relevance
for the ATTO observations (see Fig. 20). The RENCA area
is further located in the center of the still untouched forests.
In the meantime, this initiative has been stopped judicially.
However, this case emphasizes that political and judicial de-
cisions can change the protection and land use status in the
ATTO footprint rapidly and profoundly. According to the re-
fined BT footprint in Fig. 8, which takes diurnally intermit-
tent mixing along the BTs into account, the RENCA area is
located within a region of very effective convective coupling
between the ground and overpassing air masses, whereas the
aforementioned bauxite mine is located in an area with much
less effective coupling. This observation emphasizes that po-
tential future mining in the RENCA area may be of signif-
icant relevance to the ATTO observations with potentially
even higher impacts than those caused by the much closer
bauxite mine.

3.3.6 Protected areas

The conservation efforts to protect the Amazonian forests are
manifold. Often, protection is initiated as a response to de-
forestation frontier expansion (Nepstad et al., 2006). World-
wide, a large variety of different types of conserved areas
(e.g., in terms of their legal, control, and habitation status)
exists. According to the world database on protected areas
(WDPA) classification, about 14 types are relevant in the
ROIfoot (Fig. 21a). About 41 % of the actual footprint re-
gion is protected. Basin-wide, about half of the forest area
has some protection status, whereas only 10 %–20 % is con-
sidered strictly protected (Barber et al., 2014; ter Steege et
al., 2015). The establishment of protected and controlled ar-
eas, such as parks, reserves, and indigenous lands, can be an
effective tool to reduce or even inhibit deforestation and fire
occurrence (e.g., Nepstad et al., 2006). However, contrasting
examples have also been reported, where protection has been
less effective (e.g., Nolte et al., 2013).
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Figure 20. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with GIS data on
mining activities. The legend specifies several categories of mining activities according to SIGMINE (see Sect. S1.1). The BT data are
represented as center lines of the 15 BT clusters (black dashed lines; see Fig. 4).

The ATTO site itself is located in a sustainable develop-
ment reserve (i.e., Reserva de Desenvolvimento Sustentável
do Uatumã). Such sustainable development reserves allow a
certain level of resource use and extraction, in contrast to
strictly protected areas. Figure 21a further shows that the
ATTO site footprint is to various degrees covered by pro-
tected areas. Specifically, almost the entire northern half of
the BT footprint with the NE and ENE clusters (i.e., in north-
ern Pará and Amapá as well as in French Guiana) consists of
protected lands. In contrast, the southern half, which overlaps
with the arc of deforestation and the ESE clusters (i.e., ESE2
and ESE3), comprises only few and rather small conservation
areas. The part of the Amazon River valley that is covered by
the E clusters contains few protected areas, and, therefore,
plays an intermediate role in this overall conservation pic-
ture. In Fig. 21a, a comparison of the protected areas and the
patterns in fire occurrence highlights examples for both suc-
cessful and less successful conservation efforts. For example,
most of the indigenous areas have been very effective in pre-
venting deforestation and, thus, do not overlap with the major
fire hot spots (see also Ricketts et al., 2010). Note also the
sharp edges between fire hot spots and indigenous areas in
certain cases. In contrast, the formally protected areas along

the highway BR-163 have not prevented the continuous for-
est fragmentation in this area. The future effectiveness of the
protected areas in the ROIfoot is hard to predict, as conserva-
tion efforts depend on (dynamic) contextual factors, such as
economic development, accessibility, regional climate, and
political willingness/capability to enforce conservation reg-
ulations (e.g., Schwartzman et al., 2000; Soares-Filho et al.,
2006, 2013; Nolte et al., 2013). The RENCA case shows that
a conservation status can change rapidly in response to so-
cioeconomic interests.

In addition to the institutionalized network of protected ar-
eas, the conservation of the Amazon forest can be discussed
as a passive de facto protection due to the remoteness of yet
unperturbed regions (Soares-Filho et al., 2006). Figure 21b
visualizes a “remoteness map” of the ROIfoot, based on a
global study by Weiss et al. (2018) on the land-based travel
times to the nearest densely populated area. The map illus-
trates the close relation between accessibility and fire occur-
rence along major highways and certain rivers. Again, the
critical role of highways in forest destruction clearly stands
out in this comparison. The still remotest regions in the
ROIfoot are located in northern Pará, Amapá, French Guiana,
and Suriname, and are covered by the NE BT clusters. Note
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Figure 21. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with GIS data layers of
(a) protected areas according to the WDPA categorization as well as (b) a global accessibility map with land-based travel times to the nearest
densely populated area according to Weiss et al. (2018) (called “remoteness map” here). In both maps, the road network from Fig. 18 and
the INPE data-derived fire map from Fig. S17 have been adapted. The BT data are represented as center lines of the 15 BT clusters (black
dashed lines; see Fig. 4).
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Figure 22. Map of the ATTO-relevant eastern Amazon Basin (ROIfoot) combining the backward trajectory (BT) data with the GIS data layer
on modeled deforestation scenarios, discriminating (a) governance and (b) business-as-usual cases according to Soares-Filho et al. (2006).
The BT data are represented as center lines of the 15 BT clusters (black dashed lines; see Fig. 4).

here that the Arco Norte and BR-210 highways have already
been considered in the remoteness map, although they do not
exist yet.

3.3.7 Deforestation and climate change scenarios

The construction of new roads – in particular paved all-
weather highways – has a keystone role in future deforesta-
tion as it opens large areas for colonization and resource ex-
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ploitation (e.g., Fearnside and Graca, 2006; de Carvalho and
Mustin, 2017). For the ATTO observations, the currently dis-
cussed construction of the Arco Norte with the extensions
of the BR-210 and BR-163 would be by all means the most
severe impact with a profound perturbation of the currently
still untouched NE segment of the ATTO footprint. Soares-
Filho et al. (2006) conducted a policy-sensitive simulation of
future deforestation scenarios. Within the ROIfoot, the cor-
responding results for a governance (Fig. 22a) and business-
as-usual (Fig. 22b) scenario show large differences and, thus,
define the range of possible future deforestation trajectories.
Overall, the business-as-usual scenario predicts massive de-
forestation that would impact the entire ATTO footprint re-
gion. However, even the governance scenario predicts sub-
stantial further deforestation, mostly along the major high-
ways BR-230 and BR-319 southwest of Manaus as well as
along the Arco Norte northeast of ATTO. In both scenarios,
the construction of the Arco Norte has been considered and
acts as a starting point for massive deforestation in the core
of the ATTO BT footprint. The varying degrees of predicted
deforestation along the Arco Norte relate to differences in
effectiveness of existing protected areas (compare Fig. 21a).
It has to be kept in mind that many policy-related input pa-
rameters for the modeling approach are subject to high un-
certainty. Nevertheless, the modeling results are valuable to
assess potential future developments within the ATTO foot-
print. The most striking result is the prediction that the con-
struction of the Arco Norte would initiate massive deforesta-
tion under both scenarios.

In addition to the infrastructural perturbations, climate
change tends to further increase the pressure on the Ama-
zon ecosystem. In extreme scenarios, a large-scale rain forest
dieback – i.e., a climate-driven substitution of moist forests
by semiarid and/or savanna vegetation – due to changing
hydrological and seasonal regimes has been predicted, al-
though these predictions still comprise large uncertainties
(e.g., Cochrane and Laurance, 2008; Nepstad et al., 2008;
Cochrane and Barber, 2009). Furthermore, it has been re-
ported that these effects will likely be most severe in the
eastern basin as large parts of its forest are already close to
the lower rainfall limit that sustains moist tropical vegetation
(Zelazowski et al., 2011). Even minor changes in precipita-
tion patterns could exceed thresholds that irreversibly push
the system beyond a tipping point towards seasonal and sa-
vanna forests with strong fire feedback cycles (Malhi et al.,
2009; Alencar et al., 2015). Accordingly, any changes in dry-
season water supply (i.e., precipitation or stored soil mois-
ture) are of critical importance for the rain forest ecosys-
tem (Boisier et al., 2015). Since climate models are known
to differ substantially with respect to regional rainfall pat-
terns in Amazonia, future spatially resolved projections are
highly uncertain (Cox et al., 2008; Xie et al., 2015). How-
ever, a general drying trend towards more seasonal biocli-
matic conditions as well as an increase in frequency and
severity of droughts is being observed already and will likely

intensify, particularly in the eastern basin (Good et al., 2008;
Lewis et al., 2011; Silva et al., 2013; Hilker et al., 2014). Ac-
cordingly, it appears to be a likely scenario that the ongoing
ATTO observations will witness further substantial, maybe
disruptive transformations within the eastern basin through
the synergistic effects of human-made perturbations and cli-
mate change.

4 Summary and conclusions

This study presents a backward trajectory (BT) and geo-
graphic data analysis for the ATTO site in the central Ama-
zon Basin. It extracts spatiotemporal BT patterns in relation
to the current state and anticipated future change of the land
cover within the ATTO footprint. The overall aim of this
work is to provide a robust characterization of the effectively
probed land cover mosaic in the footprint region to embed at-
mospheric observations at ATTO into a broader Amazonian
context. Since the footprint regions of the ATTO site and the
nearby ZF2 site are similar, the present work may further act
as a resource for the interpretation of ZF2 results. We envi-
sion that this work may serve as a resource and look-up refer-
ence for the interpretation of current and future observations
in the ATTO-relevant and vulnerable eastern basin, in which
the progressing climate and land use changes are influences
of crucial importance.

The multi-year BT analysis (2008–2016) shows the char-
acteristic central Amazonian air mass advection as the con-
fluence of northeasterly and southeasterly trade winds, feed-
ing boundary layer air into the ITCZ. In response to the an-
nual north–south ITCZ migration, the ATTO-relevant BTs
follow a seasonal swing between a NE path during the wet
season and a SE path during the dry season. The northern-
most BT advection occurs around February and the south-
ernmost around July with a north-to-south swing lasting
∼ 3 months and a south-to-north swing lasting ∼ 6 months.
The BT seasonality is phase-shifted relative to the rainfall
seasonality at ATTO (with a peak in March vs. a mini-
mum in September) as well as to the seasonality in pollu-
tion abundance (with a peak ∼September vs. a minimum
∼April/May). Air mass advection towards ATTO generally
occurs at relatively low altitudes. The BT variability can
be further classified in four main wind directions: NE (ac-
counting for∼ 20 % of all BTs), ENE (∼ 27 %), E (∼ 33 %),
and ESE (∼ 19 %), as well as faster- vs. slower-wind-speed
regimes. Overall, 15 clusters obtained from a k means clus-
ter analysis appropriately resolve the variability and show a
good agreement with the atmospheric observations at ATTO.
Anomalies in the BT seasonality have been found to be re-
lated to teleconnections with ocean sea surface temperatures.

The BT-derived ATTO footprint defined here includes a
continental area of ∼ 1.5× 106 km2. Climatically, the foot-
print is characterized by tropically warm and moist con-
ditions with heterogeneous precipitation patterns, spanning
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from moist forest to dry savanna regions. Large parts of the
forests in the footprint have been described as highly vul-
nerable towards a further drying of the eastern basin. Eco-
logically, the footprint includes four major biomes: (i) trop-
ical and subtropical moist broadleaf forests (∼ 90 % of the
continental area), (ii) tropical and subtropical grasslands, sa-
vannas, and shrublands in the Guianan savanna and Cer-
rado regions (∼ 8 %), (iii) deserts and xeric shrublands in the
Caatinga region, (∼ 1 %), and (iv) mangrove forests along
the Atlantic coast (∼ 1 %). About 54 % of the continental
footprint area is considered to be in an untouched state. The
effective land cover mix in the footprint consists of ∼ 60 %
rain forest,∼ 30 % water bodies,∼ 5 % wetlands and flooded
forests,∼ 4 % agricultural areas, and∼ 3 % shrub- and grass-
lands. It shows a strong NW-to-SE gradient. Classified by
land cover categories, two different seasonal patterns in net
primary productivity were observed: (i) a seasonal cycle
in phase with solar radiation (sunlight-enhanced growth) in
moist and relatively deep-rooted forests vs. (ii) a seasonal cy-
cle in phase with precipitation (rainfall-constrained growth)
occurring in low/sparse vegetation.

In terms of deforestation and agricultural expansion, the
ATTO site covers the full range of deforestation dynamics
spanning from major forest fragmentation and clearing hot
spots in the SE (deforestation rates ∼ 1 % a−1) to mostly un-
touched forests in the NE (deforestation rates∼ 0.01 % a−1).
Several major highways (i.e., the “soybean corridor” BR-
163 and the Trans-Amazonian highway BR-230), which have
initiated strong deforestation in previously inaccessible re-
gions, are located in the footprint. The agro-industrial ex-
pansion can be linked to the observed patterns in the fire
maps: towards the ESE of the footprint, large fire activities
are observed, due to human-made ignition and increased for-
est flammability as a function of forest fragmentation and
degradation. Towards the NE, no/low fire activities show
that the forests maintained their fire-immune moist climate.
A land cover-categorized and BT-weighted fire mix within
the footprint indicates 54 %–63 % of fires in rain forest ar-
eas, 10 %–16 % fires in shrub and grassland categories, and
11 %–28 % fires in agricultural areas. Existing or planned
infrastructure in the footprint region is of significant rele-
vance for the ATTO observations as it perturbs the natural
biosphere–atmosphere exchange and/or represents sources of
primary and secondary pollutants. The ATTO-relevant in-
frastructure categories are (i) extended urban areas and power
plants, (ii) at least six major dams with largely flooded areas
(including the new Belo Monte Dam), (iii) ship traffic, partic-
ularly on inland rivers, and (iv) active mining spots as major
forest destruction and industrial pollution sources. In particu-
lar, the realization of further planned (all-weather) highways
in the footprint, such as the Arco Norte by extending the BR-
210 and BR-163, would be a severe threat for the currently
unperturbed footprint regions. About 41 % of the ATTO foot-
print is conserved areas with protection categories of vary-
ing effectiveness in deforestation mitigation. Beyond this in-

stitutionalized network of protected areas, large parts of the
northern footprint region are at this time passively protected
by their remoteness.

Data availability. The following data from this study have been de-
posited under https://doi.org/10.17617/3.2g (Pöhlker et al., 2019)
for use in follow-up studies: (i) a time series, with the cluster
membership numbers resulting from the k-means cluster analy-
sis of the HYSPLIT backward trajectories (see Sect. 2.2 and 2.4)
in NASA Ames format (named “ClustMemb.dat”); (ii) the center
lines of the 15 k-means backward trajectory clusters (as plotted in
Figs. 4, 7, and several further maps), provided as ASCII and shape-
file formats (named “ClustCent.dat” and “ClustCent_Shape.zip”);
(iii) high-resolution versions of all figures, as well as selected sup-
plement figures; (iv) the air mass residence time maps and contour
lines of the BT ensembles in Figs. 7 and 8, provided as shapefile
format (named “BTContour_Shape.zip”). The GIS data used in this
study are freely available from sources and websites as specified in
the Supplement Sect. S1.1. For data requests beyond the available
data, please refer to the corresponding author.
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Appendix A: List of acronyms, abbreviations, and
symbols

Acronym Description
a.g.l. above ground level
AMAZE-08 Amazonian Aerosol Characterization Experiment 2008
AMO Atlantic multidecadal oscillation
ATTO Amazon Tall Tower Observatory
BL boundary layer
BT back trajectory
CA cluster analysis
CIAT International Center for Tropical Agriculture
E BT clusters towards east
ENE BT clusters towards east-northeast
ENSO El Niño–Southern Oscillation
ESA European Space Agency
ESE BT clusters towards east-southeast
f frequency of occurrence of BTs
FAO Food and Agriculture Organization
FFDAS Fossil Fuel Data Assimilation System
FLEXPART FLEXible PARTicle dispersion model
FoO frequency of occurrence
GFAS Global Fire Assimilation System
GHCN Global Historical Climatology Network
GIS geographic information system
GUF French Guiana
GUY Guyana
HYSPLIT Hybrid Single-Particle Lagrangian Trajectory Model
INPE Instituto Nacional de Pesquisas Espaciais
IPCC Intergovernmental Panel on Climate Change
ISLSCP II International Satellite Land-Surface Climatology Project, Initiative II
ITCZ intertropical convergence zone
IUCN International Union for Conservation of Nature
LBA Large-Scale Biosphere-Atmosphere Experiment in Amazonia
LRT long-range transport
MODIS Moderate Resolution Imaging Spectroradiometer
NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NDVI normalized difference vegetation index
NE BT clusters towards northeast
NOAA National Oceanic and Atmospheric Administration
ONI Oceanic Niño Index
OSM OpenStreetMap
P precipitation rate
PBT cumulative precipitation along 3 d BTs
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Acronym Description
PERSIANN-CDR Precipitation Estimation from Remotely Sensed Information

using Artificial Neural Networks for Climate Data Record
RENCA national reserve of copper and associates
ROI region of interest
ROIfoot region of interest covering the continental part of the ATTO BT

footprint (62, 40◦W, 8◦ S, 6◦ N)
SEDAC Socioeconomic Data and Applications Center
SPOT Satellite Pour l’Observation de la Terre
SRTM Shuttle Radar Topography Mission
SST sea surface temperature
SUR Suriname
SW BT cluster towards southwest
TNA tropical northern Atlantic
TSA tropical southern Atlantic
UNLC UN land cover classification
UNEP United Nations Environment Program
UTC coordinated universal time
WDPA World Database on Protected Areas
WGS 84 World Geodetic System from 1984
WWF World Wildlife Fund
WMO World Meteorological Organization
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Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/acp-19-8425-2019-supplement.
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