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Abstract

Rainfall and river levels in the Amazon are associated with significant precipitation anomalies of
opposite sign in temperate North and South America, which is the dominant mode of precipitation
variability in the Americas that often arises during extremes of the El Nino/Southern Oscillation
(ENSO). This co-variability of precipitation extremes across the Americas is imprinted on tree
growth and is detected when new tree-ring chronologies from the eastern equatorial Amazon are
compared with hundreds of moisture-sensitive tree-ring chronologies in mid-latitude North and
South America from 1759 to 2016. Pan-American co-variability exists even though the seasonality
of precipitation and tree growth only partially overlaps between the Amazon and mid-latitudes
because ENSO forcing of climate can persist for multiple seasons and can orchestrate a coherent
response, even where the growing seasons are not fully synchronized. The tree-ring data indicate
that the El Nifio influence on inter-hemispheric precipitation and tree growth extremes has been
strong and stable over the past 258-years, but the La Nifa influence has been subject to large
multi-decadal changes. These changes have implications for the dynamics and forecasting of
hydroclimatic variability over the Americas and are supported by analyses of the available
instrumental data and selected climate model simulations.

1. Introduction

The El Nifio/Southern Oscillation (ENSO) has a
strong influence on the spatial structure of precipit-
ation variability across the tropical to temperate lat-
itudes of North and South America [1-5]. El Nifo
conditions tend to induce drought over the east-
ern Amazon Basin and Nordeste region of Brazil,
simultaneously with wetness over the mid-latitudes
of both North and South America. This out-of-
phase tropical to temperate pattern is the leading
mode of precipitation variability in the Americas in
gridded instrumental observations and in precipit-
ation simulations based on the Community Earth
System Models-Last Millennium Ensemble (CESM-
LME; [6]). Hemispheric scale Pan American pre-
cipitation patterns exhibit decadal variability in the

© 2020 The Author(s). Published by IOP Publishing Ltd

CESM-LME simulations and may be more robust
during warm rather than cold sea surface temperat-
ure (SST) conditions in the tropical Pacific. High-
resolution climate proxies from the Amazon, in com-
bination with tree-ring data from the extra-tropical
Americas, could help document the high and low fre-
quency interactions of Pan American precipitation
during prehistory.

Exactly dated, climate sensitive tree-ring chrono-
logies record regional moisture anomalies and large-
scale ENSO teleconnections in the extra-tropical
Americas [7-10], but annual growth rings suitable for
tree-ring chronology development are rare in trop-
ical forests and long precipitation-sensitive chrono-
logies have not existed in the Amazon Basin until
recently [11-13]. Two ring-width chronologies of
Cedrela odorata have been developed in the eastern
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equatorial Amazon spanning the past 231- to 258-
years, both exhibiting the same calendar year dating
and tree growth response to wet season rainfall totals
in the eastern Amazon [13, 14].

In this article we demonstrate that tree-ring
reconstructed wet season precipitation extremes in
the eastern equatorial Amazon are coherent with tree
growth and reconstructed precipitation anomalies of
opposite sign in the mid-latitudes of North and South
America. This co-variability of Pan American precip-
itation and tree growth is driven primarily by ENSO,
especially El Nifio conditions, and exists even though
the seasonality of precipitation and tree growth only
partially overlaps between the Amazon and middle
latitudes. The new tree-ring chronologies from the
equatorial Amazon provide the proxy data needed
to investigate extremes and low-frequency variability
in these hemispheric connections and indicate differ-
ences in the strength of the El Nifio and La Nifa influ-
ence on coherent Pan American precipitation pat-
terns during the instrumental and pre-instrumental
periods.

2. Data and methods

The tree-ring chronologies used in these analyses
were developed from C. odorata at two locations in
the Rio Paru basin of the northeastern Amazon, Rio
Paru Alto (RPA, 0°58°36”S, 53°19°33”W; [13]) and
Rio Paru Baixo (RPB, 0°59’517S, 53°16”W; [14]).
The Rio Paru and several other large streams drain
an area of the Guiana Shield in the northeastern
Amazon covering over 400 000 km? extending from
the Amazon River north across the drainage divide
into the Guyanas. This area is roughly the size of Cali-
fornia and preserves one of the largest, most isolated,
and pristine tropical rainforests left on earth [15],
with the tallest trees yet discovered in the Amazon
Basin (>80 m in height; [16]). C. odorata is native to
these old-growth forests and this valuable rainforest
species can form annual growth rings suitable for the
long-term reconstruction of regional rainfall totals.
Cross sections salvaged from legally harvested
logs were dried, highly polished, and the annual
growth rings were dated to the exact calendar year
of formation with the Douglas method of cross-
dating [17]. The annual rings were precisely meas-
ured (0.01 mm) and sequential inter-series correla-
tion analyses in the computer program COFECHA
[18] were used to evaluate dating and measurement
accuracy. Data adaptive cubic smoothing splines were
used for detrending each ring-width series in order
to minimize growth excursions that are not consist-
ent between trees and likely reflect non-climatic stand
dynamics in these closed canopy rain forests (flexible
splines with a 50% frequency response of 100-years
were used for detrending; [14, 19]). The robust mean
index RPA chronology is based on 27 radii from 10
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trees and dates from 1786 to 2016 [13, 19]. The RPB
chronology uses 50 radii from 22 trees, dating from
1759 to 2016 [14].

The RPB chronology was used to reconstruct
wet season (Feb-Jul) precipitation totals for a 1x1°
regional average near Santarem, Brazil (0-1°S, 56—
57°W; [14]). The regional precipitation observa-
tions were obtained from the Global Precipitation
Climatology Centre-Full Dataset [20]. Because the
reconstruction just involved the rescaling of the RPB
chronology to regional precipitation using bivari-
ate regression [14], the extreme years are identical
whether based on the original ring-width chrono-
logy or the derived reconstruction. These RPB ring
width and reconstructed precipitation extremes in the
eastern Amazon are both used to compare with tree
growth and precipitation anomalies across the Amer-
icas during the instrumental and pre-instrumental
periods.

The existing RPA chronology of C. odorata [13]
is only used for comparison with the RPB data in
these analyses. The RPA chronology is well correlated
with the RPB time series, has a similar wet season
precipitation signal [14], and the RPA extremes are
coherent with tree growth and precipitation in the
extra-tropical Americas. But the RPA chronology is
not as long (1786—2016) and the climate response is
not as strong as the signal observed in the RPB time
series.

The RPB chronology from the eastern Amazon
and the derived wet season precipitation reconstruc-
tion [14] were compared with the publically avail-
able tree-ring chronologies from North and South
America using both composite and correlation ana-
lyses. The mid-latitude chronologies were obtained
from the International Tree-Ring Data Bank (ITRDB;
[21]), National Centers for Environmental Inform-
ation (NCEI), NOAA Paleoclimatology Program
(www.ncdc.noaa.gov/data-access/paleoclimatology-
data). All chronologies were de-trended and stand-
ardized [19], in some cases by the original contrib-
utors and in others specifically for this study. De-
trending is designed to minimize non-climatic effects
associated with the increasing size and age of the
sample trees. Standardization removes differences in
absolute growth rates for the unbiased calculation
of the mean index chronology. Temporal changes in
sample size and tree age can induce variance trend in
the mean index chronology so the variance of these
chronologies was also de-trended using the methods
of Meko et al [22].

Pan American precipitation patterns were invest-
igated with gridded standardized precipitation
indices (SPI) for North and South America from
the Global Precipitation Climatology Center Full
Dataset (GPCC_FD; [20]) extending from 1891 to
2016 at a resolution of 2.5 x 2.5° (i.e. 1 month SPI
averaged seasonally, 2.5° resolution used to facilitate
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cartographic comparison with the tree-ring data).
The Amazon tree-ring chronologies and wet season
precipitation reconstruction were compared with
the GPCC data and with the gridded (0.5°) tree-
ring reconstructions of cool season (Dec-Apr) SPI
included in the North American Seasonal Precipit-
ation Atlas (NASPA; [23]). ENSO influence on Pan
American precipitation and tree growth was invest-
igated using the Climate Prediction Center’s Oceanic
Nifio Index for the Nifio 3.4 region.

Singular spectrum analysis (SSA; [24, 25]) was
used to quantify the multi-decadal variability that
dominates the reconstruction (the leading 35.4-year
SSA waveform represents 20% of the time series vari-
ance; band width = 20). The extreme high and low
growth years in this RPB chronology from 1772-
1978 (upper and lower 10th percentiles) were used
to compute composite means for the hundreds of
tree-ring chronologies from North and South Amer-
ica available from the ITRDB (note that sample size
is low in the RPB chronology before 1772 and many
chronologies in the ITRDB end in 1978). There were
21 years in the upper, and 21 years in the lower 10th
percentile in the RPB chronology from 1772-1978.
Monte Carlo resampling (n = 10000) of each chro-
nology was used to estimate the one-tailed signific-
ance thresholds for the individual tree-ring chrono-
logy composite means over North and South Amer-
ica during extremes of tree growth in the eastern
Amazon. The reconstructed wet season (Feb-Jul) pre-
cipitation extremes computed by Granato-Souza et
al [14] were also compared with the gridded cool
season SPI reconstructions in the NASPA during
their common interval from 1759-2016 (also 1772—
2016) using composite and correlation analyses (note
that the gridded Dec-Apr SPI values in the NASPA
are based entirely on instrumental observations after
1978; [23]). Two tailed Students t-tests were used to
estimate the significance of grid point mean SPI dur-
ing extremes of reconstructed rainfall in the eastern
Amazon.

In addition to the inter-hemispheric comparis-
ons of the tree-ring data, we include analyses of the
monthly precipitation observations made at Manaus
(3°08’30”N, 60°01’W) from 1901 to 2016 [note that
the homogeneity of the wet season totals at Manaus
during the early 20th century are suspect [14] and
the missing monthly values for 1909 were replaced
with the monthly medians]. The annual maximum
river level observations of the Rio Negro at Manaus
from 1903 to 2016 are also used for composite and
correlation analyses of the GPCC and NASPA pre-
cipitation data sets. The monthly precipitation sim-
ulations computed with the CESM-LME were used
to provide a model perspective on multi-decadal
variability of Pan American precipitation and ENSO
forcing.
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3. Results

The tree-ring reconstruction of wet season precipit-
ation in the eastern Amazon is plotted from 1772—
2016 in figure 1(a). The reconstruction is well replic-
ated during this 1772-2016 interval, exhibits strong
multi-decadal variability, and the driest years are
associated with El Nifio conditions in the tropical
Pacific [14]. Several two- to three-year droughts in the
lowest 10th percentile occurred consecutively dur-
ing prolonged El Nifio events that are well docu-
mented in the instrumental record. These persistent
El Nifio events include the famous 1876-1878 and
1982-1983 episodes that were associated with pan-
tropical drought, crop failure, and famine [26-28],
simultaneously with record wet conditions in the
mid-latitude Americas (e.g. [29]). Multi-decadal vari-
ability of Amazonian hydroclimate has been identi-
fied in instrumental observations and climate model
simulations [30-34], in the composite Amazon-Rio
Negro river level data (e.g. [35]), and in high and
low resolution paleoclimate data [12, 36]. This quasi-
periodic low frequency variability may also impact
the inter-hemispheric co-variability of precipitation
extremes in the Americas.

Rainfall over the eastern Amazon is associated
with precipitation anomalies of opposite sign in mid-
latitude North and South America in the GPCC
instrumental SPI for the period from 1950 to 2016.
The leading mode of variance in principal compon-
ents analyses [37] of instrumental October-March
precipitation totals in the Americas is this pattern
of tropical to extra-tropical anti-phasing (PC1; fig-
ure 1(b); also noted in [2]). October-March was used
because ENSO influences on Pan American precipit-
ation are important during this season, but similar
PCA results were computed for February-July pre-
cipitation, which is the wet season for the eastern
Amazon (not shown). Dry (wet) conditions in the
eastern Amazon tend to co-occur with wetness (dry-
ness) over extra-tropical North and South America,
and this pattern represents 12% of the variance in
instrumental October-March precipitation (see also
[2]). The annual maximum river level of the Rio
Negro at Manaus (1903-2016), which integrates wet
season precipitation over a vast basin (691 000 km?)
in the northern Amazon, is also negatively correl-
ated with precipitation over mid-latitude North and
South America (figure 1(c)). This correlation between
Rio Negro maxima and October-March precipitation
is most notable over Mexico and the southwestern
United States, and is a strong hydroclimatic mani-
festation of the ENSO influence on Pan American
precipitation.

These large-scale inter-hemispheric precipitation
and streamflow connections are recorded by the avail-
able tree-ring chronologies for the Americas. When
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Figure 1. (a) The tree-ring reconstruction of wet season (Feb-Jul) precipitation for the eastern Amazon is plotted from 1772-2016
along with the leading SSA waveform highlighting multi-decadal variability (black; [14]). The years of highest and lowest tree
growth are noted (the 90th and 10th percentiles in blue and red, respectively). Note the consecutive years of reconstructed
drought extremes in 1825-26, 187678, 1905-06, 1957-58, 1981-83, and 200607, all during El Nifio events, with the possible
exception of 1825-1826. (b) The leading mode (PC1) of October-March SPI for the Americas from 1950 to 2016. (c) The
correlation between Rio Negro annual maxima and gridded December-April precipitation in the GPCC data set, 1950-2016. (d)
All available tree-ring chronologies from North and South America were averaged for the 21 years of most extreme reconstructed
drought in the eastern Amazon during the optimal common interval from 1772-1978. Monte Carlo resampling was used to
estimate the significance thresholds of the mean growth departures for each tree-ring chronology (10 000 draws). Positive tree
growth anomalies prevail over southwestern North America and Patagonia during drought in the eastern Amazon, similar to the
leading mode of instrumental SPI variability (b) and the spatial pattern correlation with Rio Negro maxima (c).

the 21 years of lowest tree growth in the RPB tree-
ring chronology (i.e. 10th percentile; figure 1(a)) are
used to composite the hundreds of chronologies avail-
able in the ITRDB for the well replicated common
period of 1772-1978, highly significant above aver-
age growth is observed in many chronologies across
southwestern North America and temperate South
America (i.e. northern Patagonia, figure 1(d)). The
21 years of highest tree growth in the Amazon are
not consistently matched with low growth anom-
alies over North America, but significant below aver-
age growth is observed over Patagonia when just the
11 most extreme high growth years in the Amazon
are used to compute these composite maps (i.e. 5th
percentile; not shown). The new Cedrela chronolo-
gies from the eastern Amazon, in conjunction with
the mid-latitude chronologies, may therefore rep-
resent useful proxies of the co-variability of Pan
American precipitation extremes, especially when
drought and low tree growth occurred in the eastern
Amazon.

The identification of Pan American symmetry in
tree growth and reconstructed precipitation extremes
relies on the exact calendar year dating of the tree-ring
data from both the tropics and mid-latitudes. The
accuracy and precision of the tree-ring dated chrono-
logies in mid-latitude North and South America were
demonstrated decades ago, but the formation of clear
annual rings in tropical tree species is much less com-
mon and development of exactly dated chronologies
has been more difficult. The co-occurrence of low tree
growth extremes in the eastern Amazon with signific-
ant positive growth anomalies in temperate tree-ring
chronologies from the Americas provides strong evid-
ence that the dating of Cedrela ring-width series from
the triple canopy rainforests of the Amazon is indeed
exact. In fact, the Cedrela low growth extremes are
anti-phased with some of the most rigorously dated
and repeatedly validated tree-ring chronologies yet
developed. In North America these include blue oak
(Quercus douglasii) at Mt. Diablo, California; pon-
derosa pine (Pinus ponderosa) from Santa Fe, New
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Mexico; and Douglas-fir (Pseudotsuga menziesii) at El
Salto in the state of Durango, Mexico. In South Amer-
ica, 23 of 25 Nothofagus pumilio chronologies exhibit
significant coherence during low growth over the
Amazon, including the chronology from Cerro Diego
de Ledn near San Carlos de Bariloche, Argentina. The
exact dating of the master tree-ring chronology of
C. odorata from the Rio Paru has significant prac-
tical value for dendrochronology and will leverage
the development of additional tree-ring chronologies
from the Amazon.

The inter-hemispheric co-variability of instru-
mental precipitation appears to be largely forced
by ENSO (e.g. [1-3]). When gridded instrumental
SPI are averaged for the February-May portion of
the wet season in the eastern Amazon during the
seven most extreme El Nifio events from 1950 to
2016, below average precipitation prevailed over the
eastern Amazon and northeast Brazil simultaneously
with above average precipitation in the mid-latitudes
of both North and South America (figure 2(a)).
February-May precipitation was used because these
totals represent much of the wet season most import-
ant to tree growth in the eastern Amazon, as well as
a portion of the season of strongest ENSO influence
over the Americas, but similar results are observed for
the October-March and October-May seasons. When
the instrumental precipitation data are averaged for
the seven most extreme La Nifa events, an oppos-
ite though somewhat weaker pattern of precipitation
anomalies prevailed, especially over western North
America (figure 2(b)).

Inter-hemispheric symmetry is also reproduced
when the seven lowest and seven highest years of
Cedrela growth in the eastern Amazon from 1950 to
2016 are used to composite the GPCC instrumental
precipitation data for the Americas (figures 2(c) (d)).
In this case the Rio Paru Baixo Cedrela chronology
represents a proxy for drought and wetness in the
eastern Amazon (i.e. low vs high growth extremes,
respectively) and the larger Pan American response
of precipitation to ENSO. However, the wet mid-
latitude SPI anomalies are stronger during Amazon
drought/low growth often associated with El Nino
conditions than the North American drought pattern
observed during Amazon wetness/high growth typ-
ical of La Nina events (figures 2(c) (d)). The coher-
ent Pan American anomalies of annual precipitation,
streamflow, and surface air temperature (Oct-Sep;
[2]) are also stronger during warm ENSO conditions.
However, the tree growth response to drought condi-
tions tends to be more consistent than the response to
extreme wetness [7], which may dilute the Pan Amer-
ican tree growth response to La Nifia forcing of wet-
ness over the eastern Amazon, as well as the El Nifio
forcing of wetness over the mid-latitudes of North
and South America.

The CESM-LME simulations of October-March
precipitation over North and South America are
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dominated by anti-phasing between the eastern
equatorial Amazon and the mid-latitudes, and the
simulated PC1 time series exhibits pronounced
decadal variability (figures 3(a) (b)). The Pan Amer-
ican interaction of precipitation is also stronger dur-
ing warm ENSO events when composite maps of the
CESM-LME precipitation simulations are compared
during warm and cold SST extremes in the Nifo 3.4
region of the tropical Pacific (figures 3(c) (d)). This
observed and simulated inter-hemispheric response
to ENSO appears to be largely responsible for the
spatial pattern of observed and simulated loadings
on PC1 for October-March precipitation across the
Americas (figures 1(b) and 3(b)).

The coherent Pan American response to precipit-
ation and tree growth extremes in the eastern Amazon
is well documented in tree-ring data from North
America, in part because the North American prox-
ies are numerous, cover most of the continent, and
have been used to develop skillful temporal and spa-
tial reconstructions of drought indices and seasonal
precipitation totals [23, 38]. Composite maps of grid-
ded cool season precipitation reconstructions (Dec-
Apr SPI) available in the NASPA indicate a significant
wet response over southwestern North America (SW
NAM) during the 25 driest extremes in the eastern
Amazon from 1772 to 2016, typical of El Nifio condi-
tions (figure 4(a)), and consistent with the response
of the individual tree-ring chronologies depicted in
figure 1(d). The anomalies of cool season SPI during
the 25 wettest years in the eastern Amazon are below
average but are not significant over most of North
America (figure 4(b)), indicating that the coherent
Pan American response to cold ENSO conditions was
not strong from 1772 to 2016, likely due in part to
the weak La Nifia response in the available tree-ring
data from the eastern Amazon. However, the tree-
ring data suggest that the response to cold ENSO con-
ditions in the eastern Amazon and the anti-phasing
of reconstructed precipitation over North America
may have been stronger during the pre-instrumental
period before 1880.

When the list of reconstructed drought extremes
for the Amazon is divided before and after 1880
(i.e. the pre-instrumental and instrumental peri-
ods), there is a significant above average precipita-
tion response over SW NAM during both periods
typical of El Nifio conditions (1772-1880 and 1881—
2016; figures 4(c), (e)). However, the North Amer-
ican SPI averages for the wettest years in the east-
ern Amazon are quite different during these two sub-
periods. Significant and widespread dryness occurred
over SW NAM during the 13 eastern Amazon wet
extremes from 1772 to 1880, typical of La Nina for-
cing (figure 4(d)). But near normal SPI is computed
over SW NAM during the 12 Amazon wet years after
1880, and reconstructed SPI was in fact above aver-
age over California and Nevada (figure 4(f)). Near
normal conditions over SW NAM are also observed
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Figure 2. Grid point mean SPI for February-May is mapped for the seven most positive (a) and negative (b) December-February
Nifo3.4 SST indices from 1950 to 2016 when instrumental precipitation observations are available in some number for the
Amazon. Similar Pan American anomalies of SPI are mapped for the seven lowest (c) and highest years of tree growth (d),
1950-2016. Significant SPI anomalies are noted (p < 0.10 and 0.05, for small and large white dots, respectively).

when the wettest years in the Manaus rain gage (1901—
2016) are used to composite the instrumental GPCC
December-April precipitation data, even though sig-
nificant wetness is observed over SW NAM during
the drought years at Manaus (composite maps not
shown).

Correlation analyses between hydroclimatic
variables in the Amazon and precipitation over North

America during subperiods of the instrumental and
pre-instrumental eras indicate multi-decadal vari-
ability in the interactions of Pan American precip-
itation extremes. Reconstructed rainfall totals in the
eastern Amazon were correlated with the gridded
December-April precipitation reconstructions for
North America for six non-overlapping ~ 44-year
subperiods from 1759 to 2016 (figures 5(a)—(f); using
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Figure 3. (a) The first principal component (PC1) time series of October-March precipitation totals in the CESM- Last
Millennium Ensemble simulations over the Americas is plotted for the simulated years from 850-1850 (gray) along with a
smoothed version (black; smoothing spline with a 50% frequency response of 10 years). (b) The loadings on PC1 of the
CESM-LME simulations are mapped. The mean October-March SPI anomalies are also mapped during the (c) warmest and (d)
coolest years in the Nino 3.4 region of the tropical Pacific (upper and lowest 10th percentiles for Oct-May SSTs), based on the
CESM-LME simulations. Similar results are computed using an October-July season for both SSTs and SPI.

the entire reconstruction for the eastern Amazon,
along with reconstructed SPI from 1759 to 1891
and instrumental SPI from 1892 to 2016 available
in the NASPA; [23]). Strong negative correlations
are observed over portions of SW NAM for four of
the six subperiods (figures 5(a)—(c), (f)). Negative
correlations are observed over central Mexico from
1892-1931 to 1932-1974, but only a few of the grid
point correlations are significant (figures 5(d), (e)).
Significant correlations with reconstructed Amazon
rainfall are then again computed widely over Mexico
and Texas for the most recent subperiod (1975-2016;
figure 5(f)).

The multi-decadal changes in correlation between
rainfall over the Amazon and precipitation anom-
alies over SW NAM are not confined to the tree-ring
data. When the instrumental wet season (Feb-Jul)
precipitation data for Manaus are correlated with the

instrumental December-April SPI for North Amer-
ica for three subperiods of the instrumental era,
there is a significant and widespread wet response
in cool season precipitation over SW NAM during
the early (1901-1931) and late subperiods (1975-
2016), but not during the mid-20th century (1932-
1974; figures 5(g)—(i)). The annual river level max-
ima recorded for the Rio Negro at Manaus from
1903 to 2016 are also negatively correlated with
December-April precipitation totals over SW NAM
(figures 5(j)—(1)), but these correlations with the Rio
Negro also weakened during the mid-20th century
(figure 5(k)).

The instrumental and proxy data all indicate that
the precipitation co-variability between the Amazon
and SW NAM weakened during the mid-20th cen-
tury (1932-1974; figures 5(e), (h), (k)). However,
reconstructed rainfall in the eastern Amazon is not
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Figure 4. Mean tree-ring reconstructed cool season SPI anomalies (Dec-Apr) in the North American Seasonal Precipitation Atlas
are mapped during the 25 most extreme dry (a) and wet years (b) in the eastern Amazon, 1772-2016 (significant gridded
anomalies are noted as in figure 2). (c)—(f) Same as (a) and (b), but composites for the dry (c), (e) and wet extremes (d), (f) are
computed for the pre-instrumental (1772-1880) and instrumental periods (1881-2016).

highly correlated with instrumental precipitation
over SW NAM during the early 20th century (1892—
1931; figure 5(d)) even though Manaus precipitation
and Rio Negro maxima are significantly correlated
with precipitation over SW NAM from 1901 (1903)
to 1931 (figures 5(g), (j)). The reason for this differ-
ence between the proxy and instrumental data during
the early 20th century is not clear, and the correlation
with reconstructed precipitation in the Amazon does
not improve when restricted to the 1901-1931 period
(not shown). Nevertheless, the reconstruction for
the eastern Amazon is significantly correlated with

precipitation over portions of SW NAM during the
pre-instrumental period (1759-1891; figures 5(a)—
(c)) and during the recent period from 1975 to 2016
when the Manaus rainfall and Rio Negro maxima are
most strongly correlated with SW NAM precipitation
(figures 5(f), (i), (1)). Consequently, the long instru-
mental precipitation and streamflow series from the
central Amazon, and the proxy tree-ring data from
the eastern Amazon, along with the CESM-LME pre-
cipitation simulations for the Americas, indicate that
the Pan American co-variability of precipitation has
been subject to multi-decadal variability. Dettinger
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Figure 5. (a)—(f) Correlation analyses comparing reconstructed rainfall in the eastern Amazon with December-April precipitation
over North America for non-overlapping /= 44 year subperiods during the pre-instrumental ((a)—(c); 1759-1891) and
instrumental eras ((d)—(f); 1892-2016), using reconstructed and instrumental data from the NASPA [23], respectively. Wet season
precipitation totals recorded at Manaus are correlated with instrumental December-April precipitation over North America for
three subperiods from 1901 to 2016 (g)—(i). (j)—(1) Same as panels (g)—(i), using the annual stream level maxima for the Rio Negro

at Manaus (panel (j) begins in 1903). Level of significance indicated by symbol size (p < 0.10, 0.05, 0.01; smallest to largest).

etal [2, 3] demonstrated that some of the low-
frequency variability in Pan American hydroclimato-
logy was related to ENSO.

4, Discussion and conclusions

The co-variability of precipitation across North and
South America is imprinted on tree growth in equat-
orial and extra-tropical forests. Tree-ring recon-
structed drought extremes in the eastern Amazon
are linked with observed and reconstructed wet
conditions across Mexico and the Southwest from

1759 to 2016 (figure 4(a)). This Pan American cli-
mate coherence is driven largely by ENSO and is
documented for the first time based on tree-ring
chronologies from the eastern Amazon. Only two
long Cedrela chronologies are available for the east-
ern Amazon, but they are sufficient to indicate sig-
nificant Pan American co-variability of reconstruc-
ted precipitation during the 18th and 19th centuries,
prior to the advent of instrumental meteorological
observations.

The anti-phasing of precipitation and tree growth
anomalies from tropical to temperate latitudes in
the Americas is detected in the tree ring data in
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spite of differences in the season of precipitation
response. Many North American tree-ring chrono-
logies are correlated with cool season precipitation
prior to growth (Dec-Apr) due to winter precipitation
recharge of soil moisture. Consequently, there is some
overlap with the seasonal growth response of Cedrela
in the eastern Amazon to wet season rainfall from
February to July. The growing season in northern
Patagonia is typically from November to March so
it is only partly simultaneous with the wet season
in the eastern Amazon. But because ENSO forcing
of precipitation over the Americas can persist for
multiple seasons it can orchestrate a coherent tree
growth response in widely different regions, even
where the growing seasons are not fully synchron-
ized.

The Rio Negro river level record is arguably
the most important hydroclimatic time series in
the Amazon, given the length, internal homogen-
eity, and the catchment-wide integration of precipit-
ation that it represents. Rio Negro maximum stream
levels are negatively correlated with December-April
precipitation over a large sector of Mexico and the
southwestern United States. This significant extra-
tropical correlation is higher than observed using
the single station precipitation totals at Manaus or
the single site reconstruction of precipitation in the
eastern Amazon, likely due to precipitation integra-
tion over the huge Rio Negro basin in the northern
Amazon. This suggests that the paleoclimate record
of Pan American precipitation co-variability will be
improved if a wider geographical array of moisture
sensitive tree-ring chronologies can be developed for
the Amazon. The strong mid-latitude precipitation
correlation with Rio Negro maxima also suggests that
these Pan American climate interactions may not be
restricted to just El Nifio and La Nifa extremes, but
might involve additional dynamics associated with
the meridional overturning of the atmosphere in the
Hadley Circulation.
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