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Abstract Almost half of the tributaries of the Amazon River originate in the tropical Andes and support
large populations in mountain regions and downstream areas. However, it is difficult to assess hydroclimatic
conditions or to evaluate future scenarios due to the scarcity of long, high-quality instrumental records.
Data from the Global Precipitation Climatology Project (GPCP) provide a complete record since 1979 and
offer a good representation of rainfall over the tropical Andes. Longer records are needed to improve our
understanding of rainfall variability and summer monsoon behavior at various scales. We developed the first
annually resolved precipitation reconstruction for the tropical Andes in Peru, based on tree-ring
chronologies of Cedrela and Juglans species. The annual (November-October) reconstruction extends the
short instrumental records back to 1817, explaining 68% of the total variance of precipitation over the
1979-2007 calibration period. The reconstruction reveals the well-documented influence of El Nifio-
Southern Oscillation (ENSO) on Amazon Rainfall at interannual scales (~19% of total variance) and
significant multidecadal variability with alternating periods of about 40 years (~13% of rainfall variability)
related to the Atlantic Multidecadal Oscillation (AMO). Both oscillatory modes can explain dry and
humid periods observed within the reconstruction and are likely associated with the negative trends of
rainfall in the short instrumental records and the increased drought recurrence in recent decades. Our
results show that montane tropical tree rings can be used to reconstruct precipitation with exceptionally
high fidelity, characterize the interannual to multidecadal variability, and identify remote forcings in the
hydroclimate over the Andean Amazon Basin of Peru.

1. Introduction

The Amazon Basin plays an important role in the South American summer monsoon (SAMS) dynamics. The
large area of tropical forests modulates its own hydrological regime through the maintenance of deep atmo-
spheric convection and recirculation of precipitation (Gloor et al., 2013; Vera et al., 2006). Over the western
area of the basin, the Andes Mountains form a topographic barrier that produces a strong gradient in preci-
pitation (Garreaud et al., 2009). The rainiest areas or “rainfall hotspots” in the Amazon Basin are found in
the eastern flank of the tropical Andes (Espinoza et al., 2015). Seven of the 15 tributary rivers of the
Amazon (the so called “white-water rivers”) emerge from these mountain regions (Barthem et al., 2005).
However, the complex topography and low density of instrumental data hinder the proper characterization
of the hydroclimate variability across the region.

Analyses of the Amazon River discharge at Obidos (77% of total drainage) indicate that the hydrological
cycle of the Amazon has been intensifying during the 1990-2010 period, with an increase in the annual
amplitude and severity of extreme events in the river discharge compared to previous decades
(Barichivich et al., 2018; Gloor et al., 2013). Precipitation data over the Amazon Basin show an upward trend
in the last decades (Gloor et al., 2015), but at the same time, some extreme droughts have occurred during the
years 1998 (Marengo, 2004), 2005, and 2010 (Malhi et al., 2008; Marengo et al., 2008, 2011). These results
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suggest an increase in climate variability, with increased moisture as a response to global climate change
(e.g., Gloor et al., 2013) but with opposite drying trends affecting different sectors of the Amazon Basin
during the 21st century (Fu et al., 2013; Marengo et al., 2011). At regional scales, climate data from
instrumental stations display complex spatiotemporal precipitation patterns. For example, rain-gauge
stations over the equatorial Andes display different rainfall patterns than those in the southern tropical
Andes (Segura et al., 2019). These discrepancies are in part attributed to the local variability due to the
complex topography and steep climatic gradients, but also result from a scarce instrumental network and
a short temporal span of satellite-based climate records. These limitations have resulted in different
predictions and evaluations of precipitation trends and a major challenge for climate modeling
(particularly of precipitation) over the tropical Andes (Urrutia & Vuille, 2009).

During the monsoon season, two precipitation bands are prominent over South America: one extends from
the equatorial oceans (Zhou & Lau, 1998), while the second belt of moisture flux convergence and convec-
tion extends from the Amazon Basin toward southeastern Brazil and the adjacent ocean (the South
American Convergence Zone, SACZ; Carvalho et al., 2004). Easterly winds from the tropical Atlantic
Ocean and the central Amazon Basin are mechanically forced by the Andes in a low-level jet structure
(the South American Low Level Jet, SALLJ; Campetella & Vera, 2002; Marengo et al., 2002) and reinforce
the moisture transport from the monsoon core region to tropical and subtropical latitudes (Garreaud
et al., 2009; Vera et al., 2006). Precipitation variability at the monsoon region fluctuates on interannual to
multidecadal scales, largely modulated by sea surface temperatures (SSTs) (Vera et al., 2006). El Nifio-
Southern Oscillation (ENSO) event is the major source of interannual climatic variability (Vuille &
Keimig, 2004), and decadal variability has been associated, for example, with the Pacific Decadal
Oscillation (PDO; Garreaud et al., 2009). However, important linkages have been found between
low-frequency tropical rainfall variations and SST fluctuations over the tropical/equatorial Atlantic Ocean
trough the Atlantic Multidecadal Oscillation (AMO; e.g., Jones & Carvalho, 2018).

To characterize the monsoon variability at long-term scales, several paleohydrological reconstructions based
on speleothem and lake sediment records were generated along Brazil (Novello et al., 2012, 2016, 2018;
Vuille et al., 2012; Wang et al., 2017; Wortham et al., 2017), Peruvian Andes (Apaéstegui et al., 2014; Bird
et al.,, 2011; Bustamante et al., 2016; Parsons et al., 2018; Reuter et al., 2009), and Bolivian Andes
(Apaéstegui et al., 2018). Yet knowledge on the changes in the tropical hydrological cycle between the
Andes and Amazon lowlands, at high temporal resolution, is still rudimentary. To improve our understand-
ing on the tropical Andes’ hydroclimate and the interactions with the Amazon, high-resolution palaeocli-
matic records are needed to bridge the gap between the (monthly seasonal) instrumental records and
long-term (often millennial) climatic proxies. Recent studies (e.g., Ferrero et al., 2015; Granato-Souza
et al., 2018; Layme-Huaman et al., 2018; Lopez et al., 2017; Pereyra-Espinoza et al., 2014; Pucha-Cofrep
et al., 2015; Schongart et al., 2002) demonstrate the feasibility of using tree-ring records to reconstruct and
characterize interannual variability and trends in local and regional climate of the tropics in South
America. Here, we present the first annually resolved tree-ring rainfall reconstruction over the last two cen-
turies from tropical Peruvian montane forests to (1) document present and past changes in precipitation
variability over the Andean headwaters of the Amazon Basin and (2) assess its relationship with
large-scale spatial and temporal climate forcings.

2. Materials and Methods
2.1. Study Area and Climatic Data

The study area is located in the humid eastern slopes of the Peruvian Andes, between 1,250- and 2,150-m in
altitude (Figure 1a), and corresponds to Yungas montane forests. This region includes the upper watersheds
of the Peruvian Amazon River and encompasses areas of little disturbed montane forests.

Low-elevation (<500 m) Amazonian forests lack climate seasonality (Britto, 2017), while tropical
inter-Andean valleys and western slopes are typically drier. Rainfall increases with elevation up to the tree-
line at approximately 3,500 m, and relative humidity increases at these altitudes due to cooler temperatures
(Catchpole, 2012). The eastern Andes/western Amazon Region is the rainiest in the Amazon Basin, but a
complex distribution of rainfall in the eastern part of the Andes results from the steep topography and
large-scale humidity transport (Espinoza et al., 2015; Killeen et al., 2007). Instrumental records are very
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Figure 1. Map of the study sites and meteorological/hydrometric stations in the tropical Andes of Peru. (a) Location of
the tree-ring chronologies (tree icons), weather stations (water drops), hydrometric station (wavy lines), and GPCP
precipitation grid (blue dashed square) used for analyses. CEOD1, CEOD2, CENE, and JUNE correspond to the tree-ring
chronologies (Table S1). Precipitation stations are Satipo (S), Huayao (H), Chilcayoc (C), and Granja Kcayra (GK);
hydrometric station is Tamshiyacu (T). The gray shaded areas are the different provinces in which tree-ring chronologies
and stations are located: Ucayali (CEOD1), Junin (CEOD2, CENE, and JUNE; S, and H), Ayacucho (C), and Cusco
(GK). The blue polygon in the South American map marks the Amazon Basin. (b) Ombrothermic diagram of Satipo
weather station for the periods 1990-2009. The hydrological year in Peru is from September (year ) to August (year ¢ + 1).
(c) Validation of GPCP precipitation product (blue line) with instrumental data from the five stations shown in (a).
Values have been normalized to analyze the variation of GPCP rainfall against different magnitude data. Pearson's cor-
relation values between November—October annual precipitation from instrumental stations and GPCP data are signif-
icant (*) at p < 0.05.

scarce in the Amazon Basin, both in distribution and in length (Espinoza-Villar et al., 2009; Marengo, 2006).
The closest weather station to our study area is in the city of Satipo (located 80 km away from the Andes
Range) with rainfall records from 1990 to 2009.

An extensive search through the National Service of Climatology and Hydrology of Peru (SENAMHI) con-
firms the lack of climatic stations near the study site. We, therefore, used a gridded product as an alter-
native: the Global Precipitation Climatology Project (GPCP v2.3) rain gauge and satellite-merged data,
which provides continuous monthly precipitation records on a global 2.5° x 2.5° grid for the period
1979 to the present (Adler et al., 2018), with proven reliability over the study region (Hurley et al., 2015).
We selected the grid encompassing the 10-12.5°S and 72.5-75°W region (extracted from the KNMI
Climate Explorer; https://climexp.knmi.nl/). This area contains three of the four sampling sites, and
the remaining one, CENE, is located <20 km away from the boundary of the GPCP grid. The selected
GPCP grid was compared to Satipo weather station (656 m, 1990-2009 common period) and with other
available weather and hydroclimatic stations as Huayao (3,350 m), Chilcayoc (3,412 m), Granja Kcayra
(3,219 m), and Tamshiyacu (95 m) (Table S2), located farther away from the study region (Figure 1c).
These stations are not as close as Satipo (the only station used as input for GPCP grid) but were used
to validate the regional variability of the GPCP product.
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2.2. Tree-Ring Analyses and Precipitation Reconstruction

The species sampled in this study were Cedrela odorata, Cedrela nebulosa, and Juglans neotropica, collected
in primary forests of the Central Andes of Peru (Table S1). C. odorata (CEOD1, CEOD2) and J. neotropica
(JUNE) samples were collected in 2010, while C. nebulosa (CENE) collection was made during 2016.
Samples were processed following standard dendrochronological methods (Stokes & Smiley, 1968), dated
following the Schulman (1956) convention and measured with a precision of 0.001 mm. The visual dating
was statistically checked with the program COFECHA (Holmes, 1983), and tree-ring width series were stan-
dardized with the program ARSTAN 41 (Cook & Krusic, 2005) by applying negative exponential curves or
linear regression with negative or zero slopes to remove nonclimatic effects (Fritts, 1976). The Expressed
Population Signal (EPS) and Rbar statistics are reported to evaluate the quality of the chronologies
(Briffa, 1995) (Table S1).

Simple correlation analyses were computed between the four independent tree-ring chronologies (at years ¢,
t+1, and t + 2, to account for possible tree-growth delayed responses to climate) and monthly precipitation
from the GPCP data set following the methods described by Fritts (1976). The period from November (year ¢)
to October (year ¢ + 1) showed the highest correlations with tree-ring chronologies and was subsequently
selected as a reconstruction target. Following the Schulman (1956) dating convention for the Southern
Hemisphere (where the year (¢) in which the ring formation begins is assigned as that ring's calendar year),
each year (t) for the instrumental November-October precipitation series is composed by parts of two con-
secutive calendar years: year (t) = [(Nov-Dec),] + [(Jan-Oct), , 1].

A stepwise multiple regression model was applied to develop the precipitation reconstruction by regressing
the November—October precipitation with tree-ring chronologies. To maximize the final length of our recon-
struction, we used a nested approach by which the shorter chronologies already used for reconstruction were
excluded from the regression analyses to produce a longer reconstruction with the remaining series (Cook
et al., 2004; Meko, 1997). A period of either 29 (1979-2007) or 32 years (1979-2010) was used to calibrate
each reconstruction model using the “leave-one-out” cross-validation procedure (Meko, 1997;
Michaelsen, 1987). Each model had its own calibration period. The lengths of the four independent chron-
ologies are different, thus the resulting precipitation reconstruction (Model 1, Table 1) developed with all the
chronologies was limited by the initial year of the shorter one (CENE, 1883) and the final year of CEOD2 and
JUNE (in 2009). As we allowed the use of these predictors lagged at t + 1 and ¢ + 2, the selection of JUNE at
t + 1 as a predictor limits the final year of Model 1 to 2008. We developed a second model which allowed
extending the reconstruction back to 1794 using the chronology CEOD2 (Model 2, Table 1). However, we
discarded the first 23 years from this second reconstruction because of the large changes in variance related
to the poor sample depth in those early years. Finally, we added two more years to the reconstruction (Model
3, Table 1) in order to extend it to recent years, without losing predictive ability with the model. To generate
the final nested reconstruction, we spliced together the segments from each model, adjusting their variance
to that of the best replicated model (Model 1). The explained variance between observed and predicted
values for each model was assessed by the coefficient of determination adjusted for loss of degrees of freedom
R? (Rzadj). We computed the reduction of error (RE) statistics (Cook et al., 1994; Fritts, 1976) to account for
the relationship between the actual value and its estimate. The root mean square error of validation (RMSEv;
Weisberg, 1985) and the standard error of estimate (Se) were calculated as an estimate of the uncertainties of
the reconstructions; Durbin-Watson test (Ostrom, 1990) determines the degree of autocorrelation of the resi-
duals. The variance inflation factor (VIF) was used to evaluate the possibility of multicollinearity in the pre-
dictors (Ostrom, 1990): a VIF close to 1 means low or no multicollinearity (Haan, 2002).

2.3. Identification of Hydroclimatic Variability, Cycles, and Large-Scale Climate Forcings

To detect precipitation trends within the tree-ring based reconstruction, we estimated the recurrence rate of
drought (<10th percentile) and pluvial (>90th percentile) events utilizing a kernel estimation technique
with a Gaussian function and 50-year bandwidth. This procedure allows the detection of nonlinear and non-
monotonic trends without imposing parametric restrictions, and a smooth kernel function produces a more
realistic estimation of drought and pluvial recurrences. We calculated a confidence interval at the 95% level
based on 2,000 bootstrap resampling steps (Cowling et al., 1996) to estimate the bias and variance properties
of drought recurrence in the reconstruction. The kernel estimation, bandwidth selection, and bootstrap algo-
rithm were computed in the free R Project platform software (R Core Team, 2016). To assess the intervals of
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Table 1

Calibration and Verification Statistics for the Three Independent Models That Constitute the Final Nested Reconstruction, Where R Stands for the Square of the
Multiple Correlation Coefficients and Rzadj is Adjusted to the Loss of Degrees of Freedom

Model Predictors (chronologies) Calibration period R2/R2adj Se DW RE RMSEv Reconstructed period
1) CEOD1, CEOD2, CENE, JUNE 1979-2007 0.73/0.68 93.15 1.92 0.60 100.51 1883-2008
2) CEOD2 1979-2007 0.38/0.30 134.79 2.28 0.26 136.64 1817-2007
3) CEOD1, CENE 1979-2010 0.53/0.44 124.14 2.20 0.22 144.67 1883-2010

Note: Se for standard error of estimate; DW for the Durbin-Watson statistics; RE for the reduction of error; and RMSEvV for the root mean squared error of

validation.

low and high precipitation, we ranked periods of 1, 5, and 10 years according to their departure from the
mean. The lengths of the windows were defined to provide a wider context for the occurrence of droughts
and pluvials.

Spectral analyses were applied to identify the main oscillatory variability in the reconstruction. The multi-
taper method (MTM; Mann & Lees, 1996) was used to extract the cycles that explained the significant per-
centage of variance using continuous wavelet transform (WT) analysis (Grinsted et al., 2004). The WT
localizes changes in the periodicities across the reconstruction. The decomposition of the reconstruction’s
main oscillatory modes was developed using Singular Spectral Analysis (SSA; Vautard & Ghil, 1989). To
measure the common variance as a function of frequency, we conducted coherence spectral analyses
(Jenkins & Watts, 1968) between the reconstructed precipitation, the mean November—October Nifio 3.4
SST (1950-2010 period) and the mean November—October AMO index (1854-2010 period). The AMO index
(Huang et al., 2017) was extracted from https://climexp.knmi.nl/. Additionally, we correlated our recon-
struction with several ENSO indexes from different Pacific regions (see Table S3). Nifio indexes were
extracted from https://www.psl.noaa.gov/data/climateindices/list/.

Spatial correlation patterns between SST (GISSTv2.2 data set; Kalnay et al., 1996) and the reconstructed pre-
cipitation were conducted to identify the large-scale modes of climate forcings over our study area. The spa-
tial correlation between the reconstructed precipitation and the outgoing longwave radiation (OLR) was also
calculated to identify the areas of deep convection over South America that influence on tropical montane
Andes precipitation. Additionally, the reconstructed precipitation data were compared with the continental
precipitation gridded data set from the Climatic Research Unit (CRU TS v4.01) to assess spatial representa-
tiveness of the signal captured by the reconstruction. The NCEP-NOAA data available at the Physical
Sciences Laboratory webpage were used to conduct the spatial correlation analyses (https://www.esrl.
noaa.gov/psd/data/correlation/).

3. Results
3.1. Precipitation Reconstruction and Recurrence of Dry and Wet Events

The GPCP-gridded product presents significant correlations with stations located in or near the grid (Satipo:
r=0.79, p < 0.05, Huayao: r = 0.54, p < 0.05) (Figure 1c). The stations located above 3,400 m (Chilcayoc:
r = 0.49, p < 0.05) or farther away from the study area (Granja Kcayra: r = 0.43, p < 0.05) show lower
(but still significant) correlations with precipitation from this GPCP grid. Interestingly, the correlation
between GPCP and streamflow data from Tamshiyacu hydrometric station (r = 0.57, p < 0.05, periods
1984-2017) at the Amazon River (located in Iquitos, at 850 km from our study site) was comparable to the
correlations with stations located in the vicinity of the study area.

Tree-ring width chronologies show good replication and intercorrelation among radii (Rbar); EPS mean
values above 0.85 indicate that the internal variance in each chronology corresponds to a common signal
(Table S1). The comparison between the reconstruction models and GPCP precipitation suggests high skills
for reconstructing precipitation for the November-October period, accounting for (Rzadj) 68% (1883-2008,
Model 1), 30% (1817-2007, Model 2), and 44% (1883-2010, Model 3) of the precipitation variability during
the calibration period (Table 1). The (lower) standard errors of the estimate (Se) are consistent with the
(higher) skills in the regression models. According to the Durbin-Watson test, the residuals of the regression
models are not significantly autocorrelated (DW = 2). The three models successfully passed the verification
process (positive RE and significant RMSEv), which implies significant predictive accuracy of tree-ring
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Table 2

Rank of Driest and Wettest Years (and Their Associated Mean Precipitation in
mm/Year) Calculated in 1, 5, and 10-Year Periods, Within the 194-Year Tree-

Ring Precipitation Reconstruction

1980

(a) '
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Figure 2. Tree-ring based reconstruction. (a) Comparison between GPCP (blue) and tree-ring reconstructed (black)
rainfall for the 1979-2010 period. The coefficient of determination (R*) and adjusted by degrees of freedom (Rzadj)
show significant positive correlations between the GPCP precipitation and tree-ring precipitation reconstruction. (b)
Reconstruction of the yearly (November-October) precipitation variations in the Amazonian Andes of Peru. This
nested tree-ring based reconstruction covers the 1817-2010 period. Mean (1,930.9 mm, solid gray line), 90th

(2,096.8 mm), and 10th (1,742.5 mm) percentiles (P90 and P10, dashed lines) are shown for reference in the recon-
struction. The shaded area stands for the +1 root mean square error (RMSE), which estimates the uncertainty of the
reconstructed series. A 20-year smoothing spline was used to emphasize the low frequency above (blue) and below (red)
the mean. (c) Occurrence rate (in years) of severe dry (red) and wet (blue) events for the precipitation reconstruction
over the Amazonian Andes of Peru for the last two centuries, calculated for the 10th and 90th percentile

thresholds, respectively. Shaded areas represent 95% confidence intervals.

chronologies to infer past changes in precipitation. Additionally, the tree-ring chronologies’ VIF, when used
as predictors for the reconstructed period, had an average value of 1.23, indicating independence (low
correlation) among chronologies.

The final nested reconstruction covers the periods 1817-2010 AD
and shows important interannual to multidecadal variability
throughout the past 194 years for precipitation (November-

October, Rzadj = 0.68, p < 0.001) over the Amazonian Andes of

Rank 1 year 5 years 10 years Peru (Figure 2a). The reconstruction presents several multidecadal
Droughts periods of precipitation below and above the average (low-fre-
quency variation in Figure 2b), but a steady drop in precipitation
1 2008 (1,632.89) 2004-2008 (1,754.68) 1852-1861 (1,802.02) . d duri . hich is al fl d
> 1901 (1638.63) 1857-1861 (L772.38) 2000-2009 (1.842.99) is observed during recent years (Figure S1), which is also reflecte
3 1936 (1,645.09) 1974-1978 (1,801.59) 1841-1850 (1,857.05) in the negative trend and persistent dry years in the instrumental
4 1962 (1,672.22) 1841-1845 (1,823.33) 1970-1979 (1,865.38) and GPCP precipitation series (see Figure 1c). The analysis of
5 1944 (1,673.40) 1852-1856 (1,831.66) 1832-1841 (1,873.14)  drought and pluvial occurrences (Figure 2c) reveals that the recur-
Pluvials rence of dry years was higher during the 1817-1870 period, with a
return interval of about 7 years for droughts below the 10th percen-
1 el (225000 LeAv-I0e (Z1s05e)  IPIS-Tem - (GITLT7) tile. A second jump in drought (<P10) recurrence every 7-8 years is
2 1959 (2,309.84) 1957-1961 (2,072.13) 1875-1884 (2,049.02) . . . . .
3 1995 (225012) 1915-1919 (2,064.17) 1951-1960 (2,009.70) seen in recent decades, suggesting an increasing trend in drought
4 1981 (2,229.33) 1879-1883 (2,058.76) 1980-1989 (1,993.11) occurrence from ~1975 to the present. On the contrary, the fre-
5 2010 (2,220.36) 1979-1983 (2,022.06) 1924-1933 (1,981.47) quency of pluvials was high from 1880 and especially in the first

Note: The precipitation for the 5- and 10-year periods was obtained using a
moving average, selecting the highest and lowest events with no overlapping
years (1-year overlap was allowed in the 10-year period).

decades of the 20th century (1910-1940). However, the recurrence
of high rainfall is decreasing in recent decades as the frequency of
drought events tends to be higher.
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Figure 3. Oscillatory modes of variability in the precipitation reconstruction. (a)
Spectral analysis of the reconstruction. Significant main modes are labeled above
the 99% and 95% confidence band. (b-d) Significant oscillatory modes of
precipitation variability estimated by Singular Spectral Analysis (SSA). (e) The
continuous wavelet transform of our precipitation reconstruction using a Morlet
adjustment. Thick black contours indicate spectral signals at 95% significance
level using the red noise model. Areas outside the cone of influence are shown in
a lighter shade.

The intervals of low and high precipitation were grouped into periods
of 1, 5, and 10 years and ranked according to their severity from 1 to 5
(Table 2). Extreme 1-year droughts appear well distributed through-
out the 20th century (1901, 1936, 1944, 1962, and 2008).
Nevertheless, the years within the decade 2000-2009 rank first in
the 1- (2008) and 5-year (2004-2008) period and second in the
10-year (2000-2009) period, indicating that the last decade has been
the driest in the 194-year precipitation reconstruction. The period
1970-1979 also appears in the ranking as the top third (5 year) and
fourth (10 year) of the driest years. On the other hand, three out of
the five wettest single events recorded by the reconstruction appear
during the last two decades in the years 1981, 1995, and 2010. The
interval between 1915 and 1933 ranks several times as the wettest
5- (first, third, and fifth) and 10-year (first and fifth) periods, confirm-
ing that many of the highest pluvials occurred during the first half of
the 20th century.

3.2. Interannual and Multidecadal Variability and Large-Scale
Climatic Forcings

The spectral analysis MTM indicates that the precipitation recon-
struction over the Amazonian Andes of Peru contains significant sig-
nals of variability at interannual to multidecadal scales over the past
194 years, with quasi-periodicities at 2.5, 5.1, and 41.6 years
(Figure 3a). Using the SSA, we found that these quasi-cycles explain
8%, 8.4%, and 13.1% of the total variance, respectively
(Figures 3b-3d). The wavelet analysis shows significant periodicities
across the precipitation reconstruction with most significant oscilla-
tory modes associated with interannual variability (2-7 years) during
the 1940-2000 period, and a strong and significant multidecadal
variability (40-60 years) between 1850 and 1975 (Figure 3e).

We explore possible relationships between our reconstruction and
ENSO indices from different Pacific Ocean regions. Pearson r coeffi-
cients of —0.34 were obtained between Nifio 1 + 2 and Nifio 3 regions
for the periods 1950-2010 (critical r = +0.252; 95% confidence level).
In addition, significant r Pearson coefficient of —0.31 was obtained for
the same period but using the Nifio 3.4 region. Given the similar cor-
relations, we performed further analyses with Nifio 3.4 index. More
details about correlations between our reconstruction and several
ENSO indexes are summarized in Table S3.

Coherence spectral analyses indicate that the November—October
precipitation reconstruction captures interannual to multidecadal
variability, with significant values (Figure 4). These bandwidths con-

tain the largest proportion of the reconstructed variance as shown above.

The Pearson correlation field between SST and our reconstruction for the 1950-2010 period shows a clear
ENSO-like pattern across the Pacific Ocean, with significant and negative correlation values between the
precipitation reconstruction and SSTs in the tropical Pacific Region (Figure 5a). SST correlations display
the typical west-east gradient along the Equator, reaching maximum values in the vicinities of the South
American coasts of Colombia, Ecuador, and northern Peru (Tedeschi et al., 2013). Above- (below) average
temperatures in the tropical Pacific Ocean (coherent with El Nifio [La Nifia], the warm [cool]| phase of
ENSO) result in below- (above) average precipitations in the tropical Andes of Peru (Garreaud et al., 2009;
Sulca et al., 2018). Another important factor influencing rainfall is brought by the significant and negative
correlations between our precipitation reconstruction and the tropical north Atlantic Ocean temperatures
(Figure 5a), suggesting that other sources of variability such as the intertropical Atlantic SSTs may have
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Figure 4. Cross-spectral coherence computed between the precipitation
tree-ring reconstruction (TR rec) and Nifio 3.4 SST (above) and AMO index
(below). Horizontal lines indicate the 99 and 95% confidence intervals.
Precipitation reconstruction and Nifio 3.4 SST are in phase and highly coherent
at a period between 2.5 and 3 years (above 99% also indicated by shading), while
the precipitation reconstruction and AMO index are in phase at a period of
~37 years (approaching 95%, indicated by shading).

an important influence in the rainfall of the study region. On the
other hand, the main moisture source over the Yungas montane for-
ests is the tropical lowlands east of the Andes, as revealed by the OLR
correlations over the Amazon Basin (Figure 5b). As OLR is used to
distinguish areas of deep tropical convection (Liebmann &
Smith, 1996), negative (positive) correlations indicate higher (lower)
cloud cover, and thus precipitation, over the area.

We evaluate the spatial correlation between the observed (GPCP) and
reconstructed tropical Andes precipitation with gridded (0.5° x 0.5°)
November-October precipitation from the University of Delaware
data set (U. Del; Willmott & Matsuura, 2001) over tropical and subtro-
pical South America (12°N-35°S; Figure 6). The two spatial correla-
tion maps show significant positive correlations across the central
tropical Andes in Peru, thus corroborating the spatially coherent sig-
nal of precipitation over the region, as obtained by comparing the
GPCP precipitation with data from a network of climatic and hydro-
metric stations (Figures 2a-2c). Furthermore, there are positive corre-
lations across a large area in the Amazon Basin as well as over Bolivia
and northern Argentina (distinct in Figure 6b). The maps also show
negative correlations over the coasts of Ecuador and northern Peru,
the Amazon lowlands in northeastern Peru, as well as eastern Brazil
and southeastern South America, which correspond to the SACZ
see-saw activity region (Diaz & Aceituno, 2003). It is worth noting that
the correlation coefficients between the U. Del-gridded precipitation

and the GPCP observations (Figure 6a) show comparatively lower values than those for the precipitation
reconstruction (Figure 6b) due to the different temporal window used for the correlations (32 vs. 61 years,
respectively). Even though Figure 6b shows larger areas of spatial correlation, both maps are capturing the
general circulation pattern of the monsoon precipitation over South America.

4. Discussion

4.1. A New Precipitation Reconstruction for the Tropical Andes

We report here the first annually resolved precipitation reconstruction for the tropical Andes of Peru based
on growth rings of C. odorata, C. nebulosa, and J. neotropica tree species, extending the short instrumental
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Figure 5. Spatial correlation field between annual (November-October) tree-ring precipitation reconstruction with (a)
2.5° x 2.5° gridded averaged November-October sea surface temperature (SST) over the equatorial Pacific and tropical
Atlantic oceans for the 1950-2010 period and (b) outgoing longwave radiation (OLR) over South America during the
1979-2010 period. Significant correlations (p < 0.05) are outlined for negative (dashed lines) and positive (solid lines)
values. The reconstructed precipitation region is indicated by the square over Peru.
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Figure 6. Spatial correlation field between the annual (November-October) 0.5° X 0.5° gridded precipitation data
(University of Delaware, U. Del) over South America and (a) GPCP November-October series used for the reconstruc-
tion (1979-2010 correlation period), (b) the November-October tree-ring reconstructed precipitation (1950-2010 corre-
lation period). Only significant correlations (p < 0.05) are shown. The reconstructed precipitation region is indicated by
the square over Peru. Countries acronyms are BRA = Brazil, BOL = Bolivia, PAR = Paraguay, and ARG = Argentina.

record (1979-2010) back to 1817. Our composite reconstruction, which covers the last 194 years (1817-2010)
of hydroclimatic variability, is based on 120 tree-ring width series with measures of dendrochronological
quality (Table S1) comparable to those reported for similar species in the subtropical Andes (Ferrero
et al.,, 2015). The final nested precipitation reconstruction has good verification and calibration statistics.
The most replicated model explains 68% of the total variance, which is higher than other precipitation recon-
structions in tropical South America. Previous hydroclimatic reconstructions developed in northwestern
Argentina (Ferrero et al., 2015), southern Ecuador (Pucha-Cofrep et al., 2015), southern Bolivia (Lopez
et al., 2017), eastern equatorial Brazil (Granato-Souza et al., 2018), and eastern Brazil (Pereira, 2018) typi-
cally accounted for 35-54% of precipitation variability during calibration periods. This new reconstruction
extends the dendroclimatological studies from the subtropical Andes of Argentina into the montane tropical
environments of South America.

The use of the GPCP precipitation product responds to the lack of instrumental data for the area except for a
single station located in Satipo, with complete data only available starting in 1990. This data shortage con-
stitutes one of the main limitations for the use of traditional precipitation reconstruction procedures. The
use of the leave-one-out technique is especially useful for short instrumental data sets in palaeoclimatic stu-
dies (Barria et al., 2018). Despite this limitation, the GPCP-gridded data are significantly correlated to
meteorological stations throughout the area and the gauge station located several hundred kilometers away
in the Amazon River. Thus, the hydroclimatic signal displayed by GPCP precipitation-gridded product
shows a spatial pattern representative of large tropical Andean Basins.

4.2. Frequency of Drought and Pluvials

The precipitation reconstruction shows decadal to multidecadal variations with several below- and above-
the-mean precipitation intervals (Figure 2b). The observed dry and wet periods identified in the reconstruc-
tion are in agreement with previous studies developed for the Amazon Basin. The earliest drought period
registered in our reconstruction from 1817 to the 1870s has been described by Jenkins (2009) as occurring
between 1817 and 1850 based on a 189-year Cedrela chronology (1817-2006) located in southeastern Peru
(Madre de Dios Region). The rainfall reconstruction based on the Cascayunga Cave speleothems from north-
east Peru (6°05’S, 77°13'W, 930 m) shows a steady decrease in rainfall values from the 1800s with a notice-
able drop around the 1840s (Reuter et al., 2009). In addition, a sediment record from Lake Limon located in
the western Amazon Basin of Peru (6°43’S, 76°14’'W, 600 m) shows that rainfall at the beginning of the 19th
century was below the mean until approximately 1875 (with heavy droughts around 1820 and 1840) (Parsons
et al., 2018). After 1875, the precipitation signal in the lake record continues to increase, and authors
describe a continuous wet period from 1900 to 1940-50 in their lake sediment records. This coincides with
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the low-frequency patterns observed in our precipitation reconstruction with the period approximately
1920-1930 and 1950-1960 as the wettest recorded in our tree-ring records (see Table 2).

Frequency analyses of severe events over our precipitation reconstruction (Figure 2c) reveal that high pre-
cipitation events (above the 90th percentile) occurred from the 1880s to 1970, with a peak in the occurrence
of very wet events from 1930 to 1950. On the other hand, severe low precipitation events (below the 10th per-
centile) were recurrent from 1817 to 1870 and again from 1980 to the present. This drying trend in recent
decades is recorded during the years 2000-2009, as the top dry period in our precipitation reconstruction
(Table 2). Marengo and Espinoza (2016) suggested that there is a general decrease in the precipitation trend
in the Amazon Basin, probably related to the increase of interannual variability. The occurrence of precipi-
tation events below the 10th percentile recorded in our reconstruction has increased from 7 to 8 years during
the last two decades, but three events of very high precipitation have been registered in the last years (1981,
1995, and 2010; Table 1). This intensification in the interannual variability has been recorded across the
Amazon, yet with different magnitudes and even opposite signs given the size of the basin and heteroge-
neous climate responses. For instance, Barichivich et al. (2018) found for the Amazon River that the fre-
quency of severe floods over the 1903-2015 period has increased from one extreme flood every 20 years
during the first half of the 20th century to one about every 4 years from the 2000s to the present.

4.3. Precipitation Reconstruction and Atmospheric Circulation Linkages

Most droughts recorded in our reconstruction and the region can be linked to El Nifio episodes or tropical
warm North Atlantic conditions (Jimenez et al., 2019; Marengo et al., 2016). For the Peruvian
Amazon-Andes Region, Lavado Casimiro et al. (2013) demonstrated that rainfall is less abundant during
El Nifio (and more abundant during La Nifia). Sulca et al. (2018) showed that during El Nifio events, the
dominant feature is the reduction in precipitation in the tropical Andes of Bolivia, Peru, and Ecuador.
The dominant oscillatory modes in our tropical Andean precipitation reconstruction show major wave-
lengths at 2.5 and 5.1 years (16.4% of the total explained variance in precipitation) and are consistent with
the classical ENSO band (2-8 years; Deser et al., 2010). We confirmed the high significance of this annual
mode of variability with cross-spectral analysis between our tree-ring reconstruction and Nifio 3.4 index
(Figure 4). The amplitude of this component varies over the reconstruction with significant signal from
1940 onwards (Figure 3e). The annual spectral characteristics have been described for tree-ring hydrocli-
matic records in the Andes, where ENSO plays an active role in modulating local climate (e.g., Altiplano,
Morales et al., 2012; northern coastal Peru, Lopez et al., 2006; temperate-Mediterranean Chile, Christie
et al., 2011) and these nonstationary periodicities have been previously reported in ENSO reconstructions
(Li et al., 2013).

Pacific SST anomalies associated with ENSO play a primary role in modulating the interannual intensity of
precipitation over the tropical Andes (Lavado Casimiro et al., 2013). Our precipitation reconstruction is sig-
nificant and negatively correlated to SSTs, showing a clear ENSO-like pattern with higher correlation in the
equatorial eastern Pacific Ocean (compatible with eastern ENSO; Figure 5a). Sulca et al. (2018) documented
that reduced rainfall in the eastern Andean slopes of Peru is more associated with surface warming in the
eastern equatorial Pacific and westerly wind anomalies. During summer, a high-pressure system (the
Bolivian High; Silva Dias et al., 1983) allows the entrance of moist air influx from the Amazon Basin onto
the central Andes, feeding convective storms and producing precipitation. However, this system is quite vari-
able and tends to weaken in response to suppressed convective activity over the Pacific Ocean (i.e., related to
El Nifio) (Sulca et al., 2016). Sulca et al. (2018) also showed that warm ENSO phases in the eastern equatorial
Pacific are negatively correlated with precipitation along the “rainfall hotspots” in the eastern Andean slopes
of southern Peru (our study area), Bolivia, and adjacent Amazon plains. On the contrary, enhanced precipi-
tation prevails along the coasts of Ecuador and northern Peru as well as in the northeastern Amazon of Peru.
These results are expressed by the correlations between U. Del continental gridded precipitation, GPCP pre-
cipitation (Figure 6a), and our tree-ring precipitation reconstruction (Figure 6b) showing the same spatial
patterns of precipitation related to El Nifio events. The spatial correlation between OLR and the tree-ring
reconstruction (Figure 5b) is higher over the monsoon core region where deep convection is established dur-
ing the mature phase of the SAMS (Vuille et al., 2012) and also over the western Amazon Region where pre-
cipitation increases in the eastern slopes of the Andes (Espinoza-Villar, Ronchail, et al., 2009). The above is
consistent with the spatial precipitation pattern over the Amazon and along the eastern Andes from Peru to
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northern Argentina (as in Figure 6b) coinciding with the SALLJ region. This moisture transport is linked
with an opposite sign anomaly (also observed by Sulca et al., 2016) over eastern South America and the adja-
cent Atlantic Ocean (as reflected by the positive OLR values in Figure 5b, and consequently reduced preci-
pitation) associated with the SACZ activity, the other major feature of the South American monsoon.

Rainfall variability in the Andean-Amazon Region area, however, is not fully explained by ENSO events
(Jimenez et al., 2019; Joetzjer et al., 2013; Yoon & Zeng, 2010). According to Zhou and Lau (2001), the second
mode of summer rainfall variability over South America displays a significant signal over the Atlantic and
varies at decadal time scale; Chiessi et al. (2009) showed with marine sediment records that Atlantic SST var-
iations play a significant role in modulating multidecadal SAMS variability. The second oscillation which
appears in our precipitation reconstruction is a long-term waveform centered at 41.6 years (Figure 3).
Previous studies indicated that changes in the Atlantic SST variability reflect a low-frequency mode at
65-80 years, the AMO (Enfield et al., 2001). Cross-spectral coherence computed for our tree-ring reconstruc-
tion and AMO index (Trenberth & Shea, 2006) shows that both records are in phase at a period of ~37 years
(Figure 4). The ~40-year mode in our tree-ring reconstruction is similar to the dominant mode of variability
reported from a tree-ring AMO reconstruction bordering the North Atlantic (~42.7 year; Gray et al., 2004),
and the Bosumtwi lake records used to reconstruct the Western African monsoon were related to AMO var-
iations (33-42 year; Shanahan et al., 2009) (see our Figure S2).

SST fluctuations in the tropical Atlantic appear to be an important forcing for rainfall fluctuation in the
upper Andean basins of the Amazon in Peru. Lavado Casimiro et al. (2013) showed that when the northern
tropical Atlantic is warmer than the southern, the Amazon-Andes in Peru receive less water vapor than
usual, resulting in reduced rainfall. Yoon and Zeng (2010) also showed that positive (negative) temperatures
over the tropical North Atlantic (EQ to 20°N) are negatively (positively) correlated with interannual varia-
bility of Amazon Rainfall. This oceanic region coincides with the area displaying significant (and opposite)
correlations with our precipitation reconstruction for a 50-year period (Figure 5a). A warm anomaly in the
north Atlantic and a weak cold anomaly in the South Atlantic draw the rainfall belt northward, leading to
subsidence (low precipitation) over the southern and western Amazon Basin (Cox et al., 2008; Marengo &
Espinoza, 2016). Hua et al. (2019) also show for the period 1950-2017 that Amazon precipitation anomalies
and negative correlation between the Atlantic north-south gradient are stronger when considering decadal
to multidecadal scales (—0.87, p < 0.01), which at the time are highly correlated with the AMO. Moreover,
Jones and Carvalho (2018) demonstrate that during 1900 and 2010, the AMO phases produce periods of
high/low SALLJ activity on the eastern slopes of the Andes, linked to precipitation anomalies in decadal
to multidecadal scales. Many prominent features in global climate multidecadal variability have been related
to AMO (Knight et al., 2006); the multidecadal signal of ~40 years found in our high-resolution tree-ring
reconstruction can contribute to the interpretation and understanding of the role of the tropical Atlantic
and long-term modulations on the monsoon dynamics on the Andes and tropics of South America.

5. Conclusions

Tropical Andean forests provide water storage and can sustain the demand for water in broader regions
(Bruijnzeel et al., 2011). The capacity to dampen flows and release water during dry seasons can provide a
continuous supply to downstream areas (Immerzeel et al., 2019). The upper basin of the Peruvian
Amazon is highly dependent on the precipitation concentrated during the spring-summer season. Intense
precipitation events can cause flooding and landslides, but drought events can result in major loss of eco-
nomic (i.e., agriculture) activities (Rodriguez-Morata et al., 2018; Young & Ledn, 2009). The precipitation
dynamics in the tropical Andes are changing due to rapid global warming and increasing human pressure
on the environment. These changes not only affect biodiversity and forest conservation but also increasingly
affect local population’'s demand for water. We developed a multicentury perspective for the precipitation
variability in the tropical Andes-Amazon Region of South America, an area that lacks reliable instrumental
data to evaluate long-term climatic variations. The new 194-year long tree-ring based precipitation recon-
struction provides new information on the dynamics and behavior of the South American monsoon at high
and low frequency. Dry and wet interannual and decadal periods, recorded in instrumental data and by
proxy records developed for the region, were identified in our precipitation reconstruction. ENSO is a key
modulator of Andes-Amazon climatic interannual variability, and our reconstruction also indicates that
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conditions related to multidecadal changes in the Atlantic temperatures have modulated extended wet and
dry periods of precipitation in the tropical Andes.

The hydroclimate information captured by our high-resolution precipitation reconstruction can identify the
main large-scale climatic forcings that have influenced precipitation at interannual-to-multidecadal scales
over the Andes-Amazon Region during the past two centuries. Our reconstruction is capturing the main fea-
tures of the monsoon system dynamics over tropical and subtropical South America. The record showed
here emphasizes the need for sampling long-lived tree specimens along the tropical Andes. The annual reso-
lution of the growth rings and the high sensitivity to climate reflect with great detail the temporal variations
and spatial patterns of instrumental series. This allows us to characterize climate on annual time scales for
almost 200 years. The expansion of dendrochronological networks in the mountain tropics and the develop-
ment of additional tree-ring derived proxies (i.e., stable oxygen and carbon isotopes) can help improve our
understanding on the precipitation variability and South American monsoon dynamics along the Andes
and neighboring regions. Historical land-surface changes in montane forests, recent large burning events
in the Amazon, and their resulting effects on the hydrological cycle in the sub/tropical Andes regions are
yet to be assessed.
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