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Abstract Moisture sensitive tree ring chronologies of Centrolobium microchaete have been developed
from seasonally dry forests in the southern Amazon Basin and used to reconstruct wet season rainfall
totals from 1799 to 2012, adding over 150 years of rainfall estimates to the short instrumental record for the
region. The reconstruction is correlated with the same atmospheric variables that inﬂuence the instrumental
measurements of wet season rainfall. Anticyclonic circulation over midlatitude South America promotes
equatorward surges of cold and relatively dry extratropical air that converge with warm moist air to form
deep convection and heavy rainfall over this sector of the southern Amazon Basin. Interesting droughts and
pluvials are reconstructed during the preinstrumental nineteenth and early twentieth centuries, but the
tree ring reconstruction suggests that the strong multidecadal variability in instrumental and reconstructed
wet season rainfall after 1950 may have been unmatched since 1799.
1. Introduction
Instrumental precipitation and streamﬂow data indicate an increase in hydroclimatic variability over the
Amazon Basin during the last 45 years [Callède et al., 2004, Gloor et al., 2013]. Two of the most severe droughts
yet recorded in Amazonia occurred in 2005 and 2010 [Lewis et al., 2011; Marengo et al., 2011], while in 2012
record ﬂooding was observed in western Amazonia simultaneously with extreme drought in northeastern
Brazil [Marengo et al., 2013]. In 2014 and 2015 summer rainfall was 100% above normal in portions of the southern Amazon Basin and caused record ﬂooding on the Madeira and Branco Rivers [Espinoza et al., 2014; Marengo
and Espinoza, 2016]. In fact several “once in century” hydrological extremes have occurred in just the past decade on the Amazon River, including ﬁve extreme ﬂoods and two extreme low ﬂows [Marengo and Espinoza,
2016]. These hydroclimatic changes have included more extreme streamﬂow seasonality, with lower minimum ﬂows and higher maximum ﬂows [Gloor et al., 2013]. This apparent ampliﬁcation of the hydrologic
cycle has been hypothesized to arise from both natural and anthropogenic factors, including interactions
between deforestation and climate over the Amazon [Gentry and Lopez-Parodi, 1980, Callède et al., 2004,
Chagnon and Bras, 2005, Khanna et al., 2017], anthropogenic alterations to global climate [Li et al., 2006,
Malhi et al., 2008], and increased water vapor transport from the tropical North Atlantic [Gloor et al., 2013].
A decline in annual precipitation is predicted for the 21st century over most of Amazonia based on Coupled
Model Intercomparison Project Phase 5 (CMIP5) climate model ensemble simulations under business-asusual greenhouse gas emissions and land cover changes [Feng and Fu, 2013]. Other climate simulations
suggest that a decrease in anthropogenic aerosols along with the increase in greenhouse gases will lead
to further increases in hydroclimatic extremes over the Amazon [Cox et al., 2008]. Remote sensing of tropical
precipitation and vegetation over the Amazon Basin indicates that deforestation leads to less efﬁcient
moisture recycling and that current trends in Amazonian deforestation may result in 12 to 21% declines in
wet and dry season precipitation over Amazonia, respectively [Spracklen et al., 2012]. Just how unprecedented these recent and predicted hydroclimate changes might be in the context of natural climate variability is difﬁcult to determine from the few instrumental records that begin at Manaus with measurements of
precipitation in 1901 [Garreaud et al., 2009] and with streamﬂow on the Rio Negro in 1902 [e.g., Richey
et al., 1989]. In fact, the entire 7.5 × 106 km2 drainage basin of the Amazon River, nearly as large as the coterminous United States, has only three precipitation records that date back to 1901 and modern Amazonian
weather stations are still very sparsely distributed [Garreaud et al., 2009].
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Proxy records of hydroclimatic variability from the Amazon Basin are available and under development
[Maslin and Burns, 2000; Strikis et al., 2011; Wang et al., 2017], but notably absent are long climate sensitive
tree ring chronologies, even though 16,000 tree species may be native to the lowland forests of the
Amazon [ter Steege et al., 2013]. It is remarkable that the most species-rich forest ecosystem in the world,
the rainforests of Amazonia [Gentry, 1988], have not produced a single well-replicated, independently validated, multicentury tree ring chronology useful for exact dating or climate reconstruction. However, strong
precipitation seasonality does exist over some sectors of the Amazon Basin and exactly dated, well-replicated
tree ring chronologies have recently been developed from upland sites in the southern portion of the basin.
These include a regional network of nine moisture sensitive ring width chronologies of Centrolobium microchaete in the southern Amazon Basin of eastern Bolivia [Lopez and Villalba, 2011], based on over 200 individual trees with anatomically distinctive annual growth bands that have been dated to the calendar year of
formation using dendrochronology. Seven of the nine chronologies are signiﬁcantly correlated over their
70 year common interval, and the two that are not correlated may have suffered human impacts on the
growth record (especially ﬁre and logging).
Here we describe the strong regional wet season moisture signal detected in the longest and most highly
correlated subset of four Centrolobium chronologies and use them to reconstruct wet season precipitation
totals from 1799 to 2012. This is the ﬁrst well-replicated annually resolved, preinstrumental reconstruction
of precipitation yet reported in the southern Amazon, and it is used to place the hydroclimatic changes of
the last 50 years into a longer historical perspective. The results indicate that the Centrolobium chronologies
provide outstanding proxies of regional rainfall and the continental-scale climate dynamics responsible for
wet season rainfall variability in the relative short instrumental record from the southern Amazon sector.
Subdecadal droughts and pluvials are reconstructed during the nineteenth and early twentieth centuries,
but the dramatic multidecadal variability in instrumental and reconstructed wet season precipitation after
1950 is unmatched in this reconstruction since 1799.

2. Data and Methods
Cross sections of C. microchaete were cut opportunistically from recently felled trees in legal logging concessions in the tropical seasonally dry Chiquitano forests of eastern Bolivia over the period 2005 to 2010 [Lopez
and Villalba, 2011]. Full or partial cross sections are often essential for the dendrochronology of tropical hardwood species with highly complex cellular anatomy of the annual growth layers. Increment cores rarely
provide sufﬁcient surface area for deﬁnitive annual ring identiﬁcation, especially in slow growing old trees
with microscopic rings [Stahle et al., 1999]. The internal correlation of ring width series from individual trees
at each site, the length of the chronology, the correlation of the derived ring width chronology among sites,
and the strength of the wet season precipitation signal in each chronology were all used to identify the four
best C. microchaete chronologies for precipitation reconstruction.
The ring width data from the four sites represent 152 dated radii from 97 separate trees that were
detrended and standardized using the ARSTAN computer program [Cook and Krusic, 2005]. The raw ring
width data were power transformed, and an age-dependent spine was used to remove nonclimatic effects
on radial growth and to standardize the mean and variance of each individual ring width time series [Cook
and Peters, 1981; Melvin et al., 2007]. The standard ring width chronologies were entered into principal
component analysis to summarize the common growth signal among the four chronologies. The ﬁrst
PC explains 75.2% of the four site growth variance (1925–2006), and the amplitude time series on the ﬁrst
PC was compared with regional precipitation data to deﬁne the optimum precipitation season for reconstruction. The Climatic Research Unit (CRU) 0.5° gridded monthly precipitation data set CRU TS3.10 was
used in this analysis [Harris et al., 2014]. The CRU precipitation data for the southern Amazon extend back
to 1901, but the gridded data before the middle twentieth century can suffer from the complete loss of
nearby station observations in remote regions of the study area. The grid point data for wet season
precipitation (October–March) over the southern Amazon region exhibiting the highest correlations with
the ﬁrst PC of tree growth were extracted from CRU TS3.10 and averaged to provide the predictand for
reconstruction from tree rings (the coordinates of the extracted region are 13.75–17.25°S and
61.25–63.25°W). These correlations with CRU precipitation data were restricted to the period 1971–2005
to deﬁne the response and optimal region.
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The reconstruction was computed with a nested principal components regression procedure and includes
four separate segments (or nests) linked continuously from 1799 to 2006. The reconstruction is based on
the single Purubí chronology from 1799 to 1833, two chronologies from 1834 to 1899 (Purubí and
Concepcion), three from 1900 to 1923 (Purubí, Concepcion, and Santa Monica (which was truncated to
1900)), and four from 1924 to 2006 (Purubí, Concepcion, Santa Monica, and Palestina). The instrumental precipitation totals for the October to March wet season were then used to extend the reconstruction forward
another 6 years from 2007 to 2012. The detrended and standardized ring width chronologies from all four
sites were used without autoregressive modeling of the predictors or predictand. Semiparametric 90% prediction intervals, based on a combination of standard least squares theory [Seber and Lee, 2003; Olive,
2007] and the use of the maximum entropy bootstrap method [Vinod, 2006] to randomly perturb the predictors and predictands, were computed to estimate uncertainties over time in the nested reconstructions [Cook
et al., 2013]. As part of the generation of the semiparametric prediction intervals, estimates of regression
model interpolations and extrapolations are generated from the Hat matrix of predictors and are used to
identify those extrapolated values in the reconstruction likely to be least reliable for interpretation
[Wiesberg, 1985]. Singular spectrum analysis (SSA) [Ghil et al., 2002; St. George and Ault, 2011] was performed
to identify important frequency components in the 214 year reconstruction.
The observed and reconstructed precipitation data were compared with instrumental geopotential
heights and 1000–700 hPa water vapor ﬂux to examine the possible large-scale forcing of wet season precipitation over the southern Amazon region during the calibration period. The atmospheric circulation and
humidity data were obtained from the NCEP/NCAR Reanalysis (National Centers for Environmental
Prediction/National Center for Atmospheric Research Reanalysis v1) [Kalnay et al., 1996]. The rainfall data
were also correlated with the global sea surface temperature ﬁeld [Huang et al., 2015], indices of the El Niño–
Southern Oscillation (Multivariate ENSO Index, MEI) [Wolter and Timlin, 2011], the Interdecadal Paciﬁc
Oscillation (Tripole Index) [Henley et al., 2015], and an index of the Southern Annular Mode (SAM) developed
by Marshall [2003] and now available from 1957 to present (also referred to as the Antarctic Oscillation).

3. Results and Discussion
The ﬁrst PC of tree growth is most highly correlated with wet season precipitation totals (October–March)
over a large sector of the southern Amazon Basin of eastern Bolivia and southwestern Brazil (Figure 1a).
This area is located in the headwaters of the Madeira River, the largest tributary of the Amazon and the ﬁfth
largest river in the world. The area of wet season precipitation correlation also crosses the drainage divide
from the Amazon into the Rio Paraguay Basin to the south. Over 75% of mean annual precipitation occurs
during the 6 month wet season from October to March in the region of the southern Amazon depicted in
Figure 1a and extracted from the CRU TS3.10 data set for reconstruction. The precipitation signal recorded
by the tree ring chronologies spans the entire summer wet season. The tree ring data are positively correlated
with monthly precipitation totals from October to April, signiﬁcantly for all months except October and
February (p < 0.05; 1965–2006). The highest single monthly correlation is computed for January (r = 0.56),
which is on average the wettest month of the year (Figure 1c). Summer precipitation variability in the study
area is strongly inﬂuenced on daily timescales by interactions between the South American Summer
Monsoon (SASM) and incursions of cold and dry extratropical air into the southern Amazon Basin
[Garreaud and Wallace, 1998; Marengo and Rogers, 2001; Hurley et al., 2015]. These dynamics appear to be
involved in our analyses of both instrumental and reconstructed rainfall on seasonal timescales.
The reconstructions were calibrated on the period 1965–2006 when the regionally averaged precipitation
data appear to be of highest quality (Figure 1b) and are also well correlated with the individual tree ring
chronologies. However, none of the nested reconstructions could be successfully validated against the regional average CRU precipitation data before 1965. Instead, the instrumental data were divided from 1965 to
2006 into two subperiods for experimental validation of the tree ring estimates of wet season precipitation
(Table 1). All four nested subsets of tree ring data can be reasonably calibrated and veriﬁed during the short
subperiods of 1965–1983 and 1984–2006 (and other subdivisions of 1965–2006), and for this reason the full
42 year period from 1965 to 2006 was used to calibrate the ﬁnal reconstructions presented in Figure 2. These
nested reconstruction models represent from 36 to 51% of the variance in instrumental wet season precipitation totals, based on the single to four chronology subsets, respectively (Table 1). The reduction of error
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statistic calculated with a leave-oneout procedure during the calibration
period (calibration period crossvalidation reduction of error (CVRE);
Table 1) is positive for all four models
and provides one measure of the skill
involved with the nested calibrations
based on the full 1965–2006 period.
The Hat matrix of predictors estimated as part of the semiparametric
prediction intervals indicate only four
probable extrapolations (1808, 1840,
1868, and 1985 exceed the 0.1
threshold; not shown), in spite of
the decline in tree ring chronology
predictors associated with each
nested reconstruction model and
the reduction in sample size within
these chronologies.

Figure 1. (a) The regional tree ring data are correlated with the 0.5° CRU
TS3.10 gridded precipitation data averaged for the October–March wet
season over tropical South America for the period 1971–2005 (i.e., the
amplitude time series from the ﬁrst principal component of four tree ring
chronologies from eastern Bolivia (x)). Note the positive correlations over the
southern Amazon Basin of Bolivia and western Brazil (drainage basin of the
Amazon River indicated by black line). (b) The October–March wet season
precipitation totals for the southern Amazon region are plotted from 1902 to
2012 for the instrumental data and 1965 to 2006 for the tree ring reconstruction. Note the attenuation of instrumental precipitation variance prior to
circa 1950 due to limited observations. (c) The monthly mean precipitation
amounts computed for the period 1965–2012 are also plotted.

both instrumental and reconstructed October–March precipitation,
are correlated at r = 0.41 (p < 0.01; 1952–2006).

The instrumental and reconstructed
precipitation data are plotted
together in Figure 1b and illustrate
the agreement at interannual and
especially decadal scales. This agreement is reﬂected in the statistics presented in Table 1, and even the
nested subset based on only one tree
ring chronology explains 36% of the
variance in the instrumental data during the 1965–2006 calibration period
(Table 1). The decadal component is a
dominant feature of instrumental precipitation over the southern Amazon,
and the reconstruction reproduces
the decade-long droughts of the late
1960s and 1990s and the pluvial of
the 1970–1980s. However, the skill
of the reconstruction is not only
based on coherent decadal variability. The ﬁrst difference time series of
free of decadal excursions and trend,

The reconstruction is not correlated with the CRU precipitation data prior to 1965 (r = 0.19; 1902–1964). This
loss of signal is related in part to the complete absence of precipitation observations before 1943 in the
reconstructed grid box and the reduction in stations from the larger region available for gridding into the
study area before 1950. The gridded CRU precipitation data set was ﬁlled with climatological mean values
when nearby station observations were not available [Harris et al., 2014]. This gridding strategy extends
the precipitation data back to 1901 but can attenuate the variance of selected grid point precipitation when
observations are scarce (e.g., prior to 1950; Figure 1b). Consequently, the reliability of the tree ring reconstruction prior to 1950 was also checked against a few instrumental hydroclimatic time series that are available
from the southern Amazon region during the early twentieth century. For example, the reconstruction is
weakly correlated with October–March precipitation totals recorded at Santa Cruz, Bolivia, from 1925 to
1950, but using just a 4 month wet season (November–February), the correlation with this single station is
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Table 1. Calibration Validation and Results are Listed for the Four Nested Principal Components Regression Models Used
a
to Reconstruct October–March Precipitation Totals in the Southern Amazon Basin
NEST
Four Chronologies
INP-PAL-PUR-SMO
Three Chronologies
INP-PUR-SMO
Two Chronologies
INP-PUR
One Chronology
PUR

Calibrate
1965–2006
1965–1983
1984–2006
1965–2006
1965–1983
1984–2006
1965–2006
1965–1983
1984–2006
1965–2006
1965–1983
1984–2006

Validate
1984–2006
1965–1983
1984–2006
1965–1983
1984–2006
1965–1983
1984–2006
1965–1983

Radj

2

CVRE

0.51
0.61
0.39
0.50
0.59
0.42
0.42
0.45
0.39
0.36
0.40
0.35

0.50

RSQ

RE

CE

0.39
0.61

0.25
0.55

0.23
0.54

0.42
0.58

0.27
0.52

0.26
0.52

0.39
0.44

0.33
0.43

0.32
0.42

0.35
0.40

0.20
0.34

0.19
0.33

0.49

0.40

0.34

a

The four chronologies used were Inpa-Concepcion, Palestina, Purubi, and Santa Monica, all located in eastern Bolivia
(coordinates = 16.32904°S–61.61400°W, 16.21824°S–61.66284°W, 15.96766°S–62.22718°W, and 15.63916°S–62.41079°W,
respectively). The reconstructions are all based on the full calibration period 1965–2006, and the subperiod calibration
2
and validation results are also listed for each model (Radj = coefﬁcient of determination adjusted for loss of degrees of
freedom, CVRE = calibration period cross-validation reduction of error, RSQ = Pearson correlation coefﬁcient squared for
the veriﬁcation period, RE = reduction of error, CE = coefﬁcient of efﬁciency). The Durbin-Watson test for autocorrelation
of residuals is not signiﬁcant for all calibrations.

r = 0.63 (p < 0.001) during the 26 year precalibration interval. The reconstruction is also signiﬁcantly
correlated with the level of the Paraguay River recorded at Ladario, Paraguay, for the period 1901–1950
(r = 0.41; p < 0.01). These correlations prior to the calibration period help substantiate the dating accuracy
and proxy climate value of the reconstruction. For comparison, the grid box average CRU October–March precipitation totals are correlated with minimum water levels in the Paraguay River from 1965 to 2006 (r = 0.54)
and from 1951 to 1964 (r = 0.36) but are not from 1901 to 1950 (r = 0.03). The grid box average precipitation
totals are correlated with the single Santa Cruz station record for October–March from 1965 to 2006 at
r = 0.42 and from 1951 to 1964 at r = 0.39. But the correlation drops to r = 0.26 for the period 1926 to
1950 (the Santa Cruz station began observations in 1926). This loss of regional hydroclimate signal in the
CRU grid box average wet season precipitation data before 1950 and the absence of correlation between
the reconstructed precipitation data and the CRU regional precipitation average prior to 1950 both highlight
the value of the reconstruction, which is providing over 150 years of new wet season rainfall data for the
poorly instrumented southern Amazon Basin.
The nested reconstruction is plotted in Figure 2 along with the signiﬁcant SSA waveforms identiﬁed in the
time series. Subdecadal to decadal droughts are estimated by the nested reconstructions during the ﬁrst decade of the 1800s, the 1820s, and 1890s, and pluvials are estimated during the 1840s, 1870–1980s, and early
1900s (Figure 2a). These reconstructed regimes do not equal the magnitude or duration of drought during
the 1960s or the pluvial during the 1970–1980s (Figures 1b and 2), but they do indicate, not surprisingly, that
subdecadal and decadal variability was a feature of hydroclimatic variability over the southern Amazon during the nineteenth and early twentieth centuries.
The reconstruction is dominated by interannual variability, but spectral analysis indicates that subdecadal,
decadal, and multidecadal modes of variability are important components of the reconstruction and might
reﬂect forcing from various internal and potentially external climate dynamics. The subdecadal component
with a periodicity of 4.7 years that represents 11.4% of the reconstructed variance is plotted in Figure 2b.
The amplitude of this subdecadal component varies over the past 214 years but is most important from
approximately 1890–1940. The reconstruction is not strongly or consistently correlated with indices of the
El Niño/Southern Oscillation (ENSO), but the subdecadal component might nonetheless reﬂect some regional
precipitation response to ENSO forcing. A decadal component is identiﬁed with a period of 10.9 years that
represents 16.9% of the reconstructed variance (Figure 2c). The amplitude of the decadal component is strongest before 1850 when the reconstruction is based on the fewest tree ring series. A multidecadal component
of variability is also identiﬁed in the reconstruction with a period of 28.5 years representing a third of the
variance in the reconstruction (34.5%). The multidecadal component of variability increased substantially
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after 1950 (Figure 2d), reﬂecting
more intense and prolonged
droughts and pluvials, which may be
part of the hydroclimatic changes
seen more broadly across the
Amazon [e.g., Marengo and Espinoza,
2016].
Comparisons with the atmospheric
circulation ﬁeld indicate that the
reconstructions faithfully reproduce
the large-scale climate dynamics
associated with instrumental rainfall
variations over the southern Amazon
(Figure 3). In regression analyses,
instrumental and reconstructed wet
season rainfall are both strongly and
positively associated with the
700 hPa geopotential height ﬁeld
over midlatitude South America
(Figures 3a and 3b). This strong lowlevel anticyclonic circulation favors
the advection of cold extratropical
air into the southern Amazon sector
(especially in Figure 3b). The equatorward edge of these extratropical
surges of low-level moisture (1000–
700 hPa) collides with warm moist
tropical air from the Atlantic, in large
bands of deep convection that
enhance summer rainfall over the
southern Amazon. These results are
Figure 2. (a) The tree ring reconstructed wet season rainfall totals for the
consistent with previous studies indisouthern Amazon Basin are plotted from 1799 to 2012 along with the 0.05
cating that summer precipitation
and 0.95 semiparametric prediction intervals. The SSA waveforms for the
(b) subdecadal, (c) decadal, and (d) multidecadal components of reconstructed variability in the area is strongly inﬂurainfall are also illustrated.
enced on daily timescales by interactions between the South American
Summer Monsoon and incursions of cold relatively dry extratropical air into the southern Amazon
[Garreaud and Wallace, 1998; Marengo and Rogers, 2001; Hurley et al., 2015]. The organized bands of deep
convection caused by the intrusion of cooler air from the extratropics may produce between 25 and 50%
of the total summer rainfall over the southern Amazon [Garreaud and Wallace, 1998] and over 70% of the
total summertime (December, January, February) snow accumulation on the Quelccaya Ice Cap, Peru
[Hurley et al., 2015]. The regression results in Figure 3 therefore suggest that excess wet season rainfall
may largely reﬂect an accumulation of the daily convection dynamics associated with incursions of extratropical air that appear to intensify the SASM in this sector of the southern Amazon [Hurley et al., 2015].
The instrumental and reconstructed records of wet season precipitation over the southern Amazon study
area do not exhibit strong and consistent relationships with ENSO, as noted in previous studies of instrumental summer rainfall from the area [e.g., Garreaud et al., 2009; Espinoza et al., 2014] or with indices of the
Interdecadal Paciﬁc Oscillation. The instrumental and reconstructed wet season records are also not strongly
or consistently correlated with SSTs in the Atlantic, which have been linked with precipitation over the western Amazon during the dry season [Fernandes et al., 2015]. The instrumental and reconstructed precipitation
data are correlated with SSTs in the Humboldt Current sector of the extreme southeastern Paciﬁc (not
shown), but these correlations may simply be the consequence of the strong correlation with anticyclonic
ﬂow over midlatitude South America (Figure 3).
LOPEZ ET AL.
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There is some evidence for a teleconnection between southern Amazon
precipitation and middle- to highlatitude circulation associated with
the Southern Annular Mode, which
is the most important extratropical
circulation feature in the Southern
Hemisphere [Jones and Widmann,
2004]. The zonal mean October–
March geopotential heights for
1000–100 hPa were regressed
against the October–March instrumental and reconstructed precipitation from the study area for
1965–2006. There is an out-of-phase
pattern between the Antarctic and
midlatitude Southern Hemisphere
conﬁned to the middle to lower troposphere (not shown), reﬂecting the
apparent
relationship
between
southern Amazon precipitation and
the SAM.
The teleconnection between wet season precipitation in the southern
Amazon and the SAM is, however,
highly nonstationary, as has been
noted in analyses of midlatitude South
American precipitation by Silvestri
and Vera [2009]. Reconstructed
precipitation over the southern
Amazon is positively correlated with
the January average SAM index
[Marshall, 2003] from 1957 to 1981
Figure 3. The vertically integrated October–March water vapor ﬂux (arrows)
(r = +0.47; p < 0.05) but becomes
and 700 hPa geopotential height (contours) regressed against the
October–March (a) instrumental and (b) reconstructed precipitation from the negatively correlated from 1982 to
2006 (r = 0.73, p < 0.001). The
southern Amazon Basin study area during the 1965–2006 period. Water
vapor ﬂux is in units of kg/m/S (only signiﬁcant ﬂuxes are plotted (95%
instrumental October–March precipiconﬁdence level; note 1 sigma wind-scale vector)). Orange shading indicates tation data for the southern Amazon
areas where the correlation between geopotential height and precipitation
are not correlated with the January
is signiﬁcant at 95% level. The contour interval is 0.5 gpm.
SAM index before 1981 (r = +0.07
for 1957–1981) but become negatively correlated for 1982–2006 at 0.47 (p < 0.05). Silvestri and Vera [2009] report a similar change in the
sign of correlations between the SAM index and instrumental precipitation over a larger sector of southern
South America.

4. Conclusions
The calibration statistics indicate that the Centrolobium tree ring chronologies provide high-quality proxies of
October–March wet season precipitation totals, which represent over 75% of the average annual rainfall in
this highly seasonal moisture regime of the southern Amazon Basin (e.g., Figure 1c). But these tree ring
proxies also faithfully represent the continental-scale climate dynamics responsible for deep convection
and higher warm season rainfall over the southern Amazon. This includes anticyclonic circulation in the lower
troposphere over midlatitude South America that favors the intrusion of cooler drier air into the southern
Amazon where it converges with moist tropical air and results in organized bands of deep convection
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responsible for a signiﬁcant fraction warm season rainfall. Although the new rainfall record is only 214 years
long, which is relatively short for dendroclimatic reconstructions, the gridded instrumental precipitation data
for the reconstructed area suffer from limited station observations before 1950. The reconstruction therefore
adds some 150 years of new hydroclimatic information to help clarify the nature and causes of rainfall variability over the southern Amazon.
The recent large increase in the multidecadal variability of wet season rainfall totals over the southern
Amazon is an important feature of the new tree ring reconstruction. These decadal changes in wet season
moisture are clearly evident after 1965 in the instrumental rainfall data for the southern Amazon (Figure 1b)
and in the annual mean stream levels of the Madeira River that drains this region [Marengo and Espinoza,
2016]. Decadal droughts and pluvials are present in the reconstruction during the nineteenth and early
twentieth centuries, but they are not estimated to have been as severe and sustained as those observed
and reconstructed after 1950. The new tree ring reconstruction therefore suggests that the increase in multidecadal variability may be part of the hydroclimatic changes documented during recent decades over
Amazonia with instrumental data, and they may have been unprecedented since 1799. The successful rainfall
reconstruction based on Centrolobium demonstrates that these hypotheses can be tested with the development of additional tree ring proxies of wet season rainfall across the Amazon.
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