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H I G H L I G H T S

• Seasonal rainfall time series from 1926
to 2016 for the Pantanal were
calculated.

• A positive trend in the mean rate of
rainy days for all seasons was detected.

• The rate of summer rainy days corre-
lates well with key Amazonia climate
variables.

• Pantanal's water security is decisively
associated to the Amazon rainforest.
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The Pantanal is a largewetlandmainly located in Brazil, whose natural resources are important for local, regional
and global economies. Many human activities in the region rely on Pantanal's ecosystem services including cattle
breeding for beef production, professional and touristic fishing, and contemplative tourism. The conservation of
natural resources and ecosystems services provided by the Pantanal wetland must consider strategies for water
security.We explored precipitation data from1926 to 2016 provided by a regional network of rain gauge stations
managed by the Brazilian Government. A timeseries obtained by dividing the monthly accumulated-rainfall by
the number of rainy days indicated a positive trend of the mean rate of rainy days (mm/day) for the studied pe-
riod in all seasons. We assessed the linkage of Pantanal's rainfall patterns with large-scale climate data in South
America provided by NOAA/ESRL from 1949 to 2016. Analysis of spatiotemporal correlationmaps indicated that,
in agreement with previous studies, the Amazon biome plays a significant role in controlling summer rainfall in
the Pantanal. Based on these spatiotemporal maps, amulti-linear regressionmodel was built to predict themean
rate of summer rainy days in Pantanal by 2100, relative to the 1961–1990mean reference.We found that the de-
forestation of the Amazon rainforest has profound implications for water security and the conservation of
Pantanal's ecosystem services.
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1. Introduction

The Pantanal wetlands are located in the border region of Brazil, Bo-
livia and Paraguay. The wetlands occupy a lowland sedimentary basin
whose basement rocks date to ~1.75 billion years (Cordani et al.,
2010; Warren et al., 2014). About 200 million years ago, major tectonic
and bioclimatic changes occurred, at which time the proto-Pantanal
Basin began to differentiate from Gondwana along with the Paraná
and the Bolivian and Paraguayan Chaco basins (Warren et al., 2014;
Assine et al., 2015a).More recently, a proxy reconstructionof vegetation
from fossil pollen suggests that the Pantanal was relatively dry about
20,000 years ago, during the last glacial maximum (Whitney et al.,
2011). Nevertheless, this record is at oddswith a paleo-precipitation re-
construction produced from oxygen isotopes on speleothems retrieved
from the southeastern Pantanal border (Novello et al., 2017). Current
studies of sediment deposition, obtained in hydrologically open fresh-
water lakes and hydrologically closed saline/alkaline lakes, indicate
that the Holocene climate was variable, although usually drier than
present (McGlue et al., 2017). In general, rainfall and floods in the
Upper Paraguay River Basin became more regular after ~3300 years
ago to present (McGlue et al., 2012, 2017).

The South America Summer Monsoon (SASM) (Marengo et al.,
2010a) modulates rainfall patterns in the Upper Paraguay River Basin.
Orbital precession and solar forcing control the SASM, in which equato-
rial temperature changes andmeridional shifts of the Intertropical Con-
vergence Zone (ITCZ) define SASM intensity at glacial-interglacial and
secular time scales over the last 1000–1500 years (Novello et al., 2016,
2017; Rojas et al., 2016). As part of the SASM, the water vapor flux
from the equatorial Atlantic associated with trade winds is the main
moisture source to the Amazon River Basin. That influx of moisture is
the key atmospheric factor that favors the establishment and persis-
tence of the Amazon rainforest (Salati, 1987; Grootes et al., 1989).

The Amazon rainforest plays a vital role asmoisture source to south-
ern tropical SouthAmerica during the SASM (Grootes et al., 1989; Rao et
al., 1996). Precipitable water increases inland from 50° to 65° W and
from the Equator to 10° S, while the observed decrease in moisture
transportmust be due to diminishingwind speed in low levels of the at-
mosphere; these are basic reasons for referring to the atmosphere over
Amazonia as an aerial lake of moisture (Arraut et al., 2012). About 30%
of this aerial lake moisture leaving Amazonia (70–50° W, 15–0° S) in a
southerly direction is due to rainforest evapotranspiration, whereas
the ratio of evapotranspiration to the total moisture flux shows a max-
imumof about 40% over Bolivia/Pantanal with a secondarymaximumof
about 30% over southern Brazil (Barbosa et al., 2012).

Many human activities in the Pantanal, including cattle breeding for
beef production, professional and touristic fishing, and contemplative
tourism, rely on regional rainfall that sustain general ecosystem ser-
vices. As a result, there is a great deal of interest in knowing if water se-
curity in the Pantanal wetland can be susceptible to climate or land-use
changes (Junk et al., 2012). The effects of global warming on the clima-
tology of the Pantanal are rather ambiguous, however. Some climate
change projections based on global climate models (Marengo et al.,
2010b, 2015) suggest an increase in average air temperatures between
5 and 7 °C, whereas changes in rainfall remain remarkably uncertain
(Marengo et al., 2016). On the other hand, government policies leading
to the deforestation of the Amazon rainforest above a certain tipping
point can reduce Amazon rainforest evapotranspiration to a level
where the available atmospheric moisture is insufficient to release the
latent heat needed to maintain the evapotranspiration feedback
(Bagley et al., 2014; Boers et al., 2017) in South America. Despite the
steady decrease in the annual Amazon rainforest suppression from
27,772 to 6624 km2 in the 2004–2017 period, the deforestation rate in
the federal states of Amazonas, Mato Grosso, Pará and Rondônia have
shown an slight upward trend since 2013 (PRODES, 2017).

The main objective of this study is to improve the understanding of
the Pantanal's rainfall patterns through a systemic analysis of historical

precipitation and climate data in great tropical South America. These
data were useful to study the influence of a changing climate on the hy-
drology and ecosystem services of the Pantanal, and to evaluate the po-
tential effects of Amazon deforestation (Bagley et al., 2014; Boers et al.,
2017) over the atmospheric transfer ofmoisture to the Pantanal (Arraut
et al., 2012; Barbosa et al., 2012). As far as we know, this is the first at-
tempt with consistent long-term data and analytical approaches to as-
sess the relationships among Amazon climate, deforestation and
rainfall patterns in the Pantanal.

For that purpose, we gathered a spatiotemporal dataset collected by
the Brazilian Water Agency (ANA) of regional rainfall data throughout
the Brazilian Pantanal Basin (Fig. 1). The assessment of the interannual
variability of seasonal rainfall was made according to two main vari-
ables: the station-averaged monthly quantity of rainwater and the
station-averaged number of rainy days per month for the years 1926
to 2016. We further evaluated correlations of the derived rainfall
timeseries with key large-scale climate variables from 1949 to 2016 in
South America, available from the National Oceanic and Atmospheric
Administration/Earth System Research Laboratory (NOAA/ESRL)
website (see the Supplementary Material).

Spatiotemporal correlation maps were used to assess relationships
between large-scale climate and rainfall patterns in the Pantanal. The
derivation of mean timeseries for each climate variable allowed the de-
velopment of multi-linear statistical regression models to predict
Pantanal's future rainfall patterns. Lastly, we discuss the sustainable
use of ecosystem services provided by both Amazonia and Pantanal,
spanning from biodiversity to food, social, economic and innovation se-
curities, according to probable scenarios for Amazonia deforestation
and climate changes.

2. Methodology

2.1. Characterization of the study area

The Pantanal Basin today sits between latitudes 16–21° S and longi-
tudes 55–58°W in a sub-humid region. Its floodplains comprise an area
of ~150,000 km2 in the Upper Paraguay Basin, whose relief varies be-
tween 80 and 200m (Fig. 1). The network of floodplains in the Pantanal
is connectedwith the plains of the Paraguayan Chaco to the south. Close
to the Brazilian plateau (green shades in Fig. 1), bedrock rivers turn to
alluvial rivers when entering the Pantanal Basin, which has been filled
by sediments carried by this network of river systems. Faults are evident
in the morphology of the basin, conditioned by the occurrence of Pre-
cambrian terrain on thewestern edge of the basin and themodern allu-
vial drainage within the basin. Sedimentation occurs in an extensive
alluvial depositional tract formed by the Paraguay River plain and by
several fluvial fans (Assine et al., 2015a).

The climate of the Pantanal ismodulated by the equatorial migration
of the ITCZ and the formation of the South American Convergence Zone
(SACZ) of the SASM during spring and summer that covers October to
March (Zhou and Lau, 1998;Marengo et al., 2010a). The average annual
rainfall in the region is approximately 1350 mm and about 70% of this
volume ofwater is concentrated in the spring and the summer. Daily av-
erage temperatures also have a well-defined seasonality, ranging be-
tween 13 and 26 °C in spring and summer and 10 and 22 °C in
autumn and winter. Daytime temperature extremes are common and
can easily exceed 35 °C in the afternoon. In winter (particularly on
July), intense polar masses locally known as south-wind or cold fronts
can abruptly drop the air temperature below 10 °C.

The irregular distribution of rainfall in the Pantanal is to some extent
due to differences in regional relief, which produce a type of orographic
effect (Valeriano et al., 2012; Bergier, 2013). As a result, rainfall occurs in
greater volume at the plateau-plain interface, over the headwaters of
the principal Pantanal rivers: Miranda, Aquidauana, Taquari, São
Lourenço, Paraguay and Cuiabá. On the plateau, the rivers occupy rela-
tively steep bedrock valleys with high erosive potential, which is
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