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Tropical South American climate is influenced by the South American Summer Monsoon and the El
Nifio Southern Oscillation. However, assessing natural hydroclimate variability in the region is
hindered by the scarcity of long-term instrumental records. Here we present a tree-ring §'°0-based
precipitation reconstruction for the South American Altiplano for 1700-2013 C.E., derived from
Polylepis tarapacana tree rings. This record explains 56% of December—-March instrumental
precipitation variability in the Altiplano. The tree-ring §'®0 chronology shows interannual (2-5 years)
and decadal (~11 years) oscillations that are remarkably consistent with periodicities observed in
Altiplano precipitation, central tropical Pacific sea surface temperatures, southern-tropical Andeanice
core §'®0 and tropical Pacific coral §'%0 archives. These results demonstrate the value of annual-
resolution tree-ring §'%0 records to capture hydroclimate teleconnections and generate robust tropical
climate reconstructions. This work contributes to a better understanding of global oxygen-isotope
patterns, as well as atmospheric and oceanic processes across the tropics.

The hydroclimate of tropical South America is modulated by the South
American Summer Monsoon (SASM) which in turn can be largely
influenced by the El Nifio Southern Oscillation (ENSO)"’. Extreme
precipitation and drought events, resulting from the combined influence
of ENSO and SASM variability, affect human activities and ecosystems in
tropical and subtropical South America. Major droughts have severe
environmental and socioeconomic consequences with agricultural losses
threatening food security™’. The effects of floods, caused by extreme
precipitation events, include population displacement, poor sanitation,
land degradation and infrastructure damage, among others™. In the

southern tropical Andes (~8°5-24°S), climate is particularly variable in
time and space due to the interaction between the atmospheric circula-
tion and the complex topography of the region. Additionally, due to a
paucity of multi-decadal instrumental observations, characterisation of
natural variability is highly uncertain, complicating the assessment of
current and future changes in hydroclimatic conditions”™"’. Paleoclimatic
records located in the southern tropical Andes are key to recon-
struct local and regional hydroclimate, determine the driving mechan-
isms of recent variability, and provide information to validate global
climate models.
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Stable oxygen isotope records (8'°0) retrieved from natural archives
such as tree rings, corals, ice cores, speleothems, and lake sediments, contain
valuable information on local and regional hydroclimate variations''. Coral
8'0 records in the tropical Pacific Ocean have provided insights on ENSO
variability'”"* as well as decadal teleconnections between Atlantic and
Pacific Oceans in the last century". Ice core, speleothem, and lake sediment
8'0 records in the tropical Andes have been successfully utilised to report
past hydroclimate variability at centennial to multi-millennial time
scales'“™®, Tree-ring 6"O records have demonstrated potential to assess
annual-resolution hydroclimate changes for the last 40-200 years in tropical
South America"’~*’. However, multi-century climate reconstructions based
on tree-ring 6"*0 chronologies have not yet been developed for the Alti-
plano, a high-elevation plateau located in the southern tropical Andes.

In the South American Altiplano, more than 80% of the annual pre-
cipitation falls during December, January, February, and March (DJFEM),
coincident with the mature phase of the SASM*. Most moisture that feeds
this summer precipitation is sourced from air masses originating in the
tropical Atlantic Ocean, recycled over the Amazon basin and transported
toward the Altiplano'**. Prevailing easterly winds at lower to middle levels
of the troposphere (~925-500 hPa) transport moisture towards the con-
tinental interior and upslope of the Andes”. Precipitation events during
summer are related to the formation of the Bolivian High, an upper-level
(~200 hPa) anticyclonic circulation over Bolivia, that facilitates the moisture
transport to the eastern flanks of the Andes along its northern side.

Conversely, dry periods during the summer are tied to anomalous inten-
sification of upper-level westerly winds®. At interannual timescales, sea
surface temperature (SST) anomalies in the Pacific and Atlantic Oceans
perturb the atmospheric circulation and influence precipitation over the
Altiplano. Warmer than average central Pacific SST (i.e. El Nifo-related
anomalies) tends to favour upper-tropospheric westerlies aloft the Altiplano
and the anomalous Walker circulation promotes subsidence over the wes-
tern equatorial Atlantic and the SASM regions, thereby reducing moisture
influx from the Atlantic toward the Amazon basin and the Altiplano™”".
The tree-ring §'*0 record retrieved from Polylepis tarapacana, a species
distributed across the South American Altiplano, has recently emerged as a
proxy for precipitation variability over the Altiplano®”. This record reflects
a combination of isotopic fractionation (Rayleigh distillation) over the
south-western Amazon basin upstream of the Altiplano, local precipitation
amount, and other processes before and after plant water uptake that
enhance the precipitation signal”’. Through Rayleigh distillation the H,"*O
isotopologues of water, with lower saturation vapour pressure and heavier
mass than H,'°O, condensate and precipitate preferentially. Strong con-
vection and precipitation over the Amazon during the SASM largely aid in
the removal of heavy water isotopologues from the air mass, and the
remaining water vapour has a lower '*O/*°O ratio than the water that
condenses as rain. As precipitation increases upstream of the Altiplano (i.e.
Bolivian lowlands and southwestern Brazil), the remaining water vapour
becomes more depleted in heavy isotopes (e.g. refs. 34-36). Thus, in years
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Fig. 1 | Tree-ring 6"°0 chronology and field correlations with sea surface tem-
perature (SST) anomalies and precipitation anomalies. a Tree-ring 6O series
from five individual trees (thin lines), and the average tree-ring §'*O chronology (thick
line) for the period 1700-2013. b Location of the Polylepis tarapacana tree-ring §'°O
site (red diamond) and weather stations (black circles) used in the precipitation
reconstruction (see Table 1 for more details). Background colours in b represent mean
summer (DJEM) precipitation from CHIRPS (shading) and weather stations (circles,

580 - SST 580 - CRU Precipitation
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as shaded in-fill), for the common period 1982-1993. Dotted area in b corresponds to
the DJFM CHIRPS precipitation grid cells that are highly correlated (p < 0.001) with
our 80 series and were used to re-scale the precipitation departures to millimetres
(see methods). c Field correlations between the Polylepis tarapacana 6'*O chronology
and DJEM SST and DJFM CRU precipitation over land for the period 1901 to 2013.
Dotted areas in ¢ indicate significant correlations (p < 0.05).
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across the southern tropical Andes (Fig. 1b, ¢) and gridded SST in the central
tropical Pacific (Fig. 1c) during the summer season. The tree-ring §°O
chronology is negatively correlated with DJFM precipitation from the Cli-
mate Research Unit (CRU) and the Climate Hazards Group InfraRed Pre-
cipitation with Station (CHIRPS) (Fig. 1b, c). Figure 1c shows that tree-ring
80 provides a good spatial representation of CRU rainfall across the
Altiplano for the period 1901-2013, with significant correlations covering
areas of southern Peru, northern Chile, western Bolivia and northwestern
Argentina, also expanding into central Argentina. The tree-ring §"°O
chronology is positively related with DJEM SST across tropical regions, most
significant in the central Pacific, western tropical Atlantic and western Indian
Ocean, for the period 19012013 (Fig. 1c). These results reveal local, regional
and global scale hydroclimate variability imprinted in the "0 chronology.

Interannual and decadal climate signal of the tree-ring 5'°0
chronology

Using multi-taper and wavelet methods we identify interannual to decadal
periodicities in the tree-ring §°O and instrumental data. The multi-taper
method identifies significant interannual (2-5 years) oscillations in our tree-
ring 8"*0 chronology over the period 1700-2013 (Fig. 2a). Consistent with
these results, the wavelet analysis of our tree-ring 8O chronology shows
similar results at the interannual time scale (Fig. 2b). A similar interannual
oscillatory peak (3 years) is shown in Fig. 2¢ for the observed 1961-2007
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Fig. 2 | Spectral properties of the tree-ring §'°O chronology and instrumental
records. a Multi-taper-method (MTM) power spectrum for §"*O chronology for the
period 1700-2013. b Wavelet analysis for the §'°O chronology. ¢ MTM power
spectrum for instrumental precipitation for 1950-2008, and SST in the Nifio 3.4 and
Nifio 4 regions for 1854-2019. In a and ¢ continuous lines represent confidence
levels determining significant spectral peaks, with colours indicating 90 (orange), 95
(green) and 99% (red) confidence levels. Dashed lines in a and ¢ represent harmonic
peaks in the time series for a given cycle. In a and c filled green circles highlight

d) Wavelet Coherence
1854-2013

precipitation record (>90% confidence level). As expected, SST's in the Nifio
3.4 and Nifio 4 regions have significant (>95% confidence level) interannual
oscillatory peaks of 2-7 years for 1854-2019 (Fig. 2c). We find a prominent
10-11-year spectral peak in our tree-ring §"O chronology (Fig. 2a, b).
Decadal-interdecadal frequencies from 10 to 14 years are also significant for
SST in the Nifio 3.4 region (>90% confidence level), and particularly pro-
minent for SST in the Nifio 4 region (>95% confidence level) (Fig. 2c).

The consistency between the instrumental records and the tree-ring
8"0 chronology is further supported by the results of the wavelet coherence
analysis (Fig. 2d, e). The tree-ring §'*0 chronology is significantly anti-
phased with DJFM instrumental precipitation at interannual (2-7 years)
and decadal (8-16 years) time scales (Fig. 2e). At interannual periods
(2-6 years) tree-ring §*°0 is in-phase with SSTs in the Nifio 3.4 and Nifio 4
regions, while at decadal (8-16 years) and multidecadal (16-32 years)
periods it is more related with SST in the Nifo 4 region (Fig. 2d, e). These
results collectively indicate that the interannual and decadal properties of
the instrumental precipitation and SST records are well reflected in our tree-
ring 6"°O record.

The precipitation reconstruction

A skilful summer precipitation reconstruction for the period 1700-2013 was
developed from the tree-ring §'*O chronology derived from five Polylepis
tarapacana tree individuals (Fig. 3). The final R® between our tree-ring 6O

b) Wavelet analysis
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spectral peaks exceeding the 95% confidence level. d Wavelet coherence and phase
spectrum for the period 1854-2013 between our §'*O chronology and SST in the
Nifo 3.4 and Nifo 4 regions. e Wavelet coherence and phase spectrum for the period
1950-2013 between our §"*O chronology and instrumental precipitation, and SST in
the Nifo 3.4 and Nifio 4 regions. In d and e black arrows pointing right and left
indicate phased (i.e. positively correlated) and antiphased (i.e. negatively correlated)
relationships, respectively.
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Precipitation Reconstruction
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Fig. 3 | Altiplano precipitation reconstruction and related statistics. a DJFM
precipitation reconstruction for the period 1700-2013 based on Polylepis tar-
apacana tree-ring 8'*0. The purple and pink dashed lines represent the median of
the reconstruction and instrumental series, respectively, and the grey shading
depicts the 95% confidence interval for the 38 leave-10-out models. b Observed and
reconstructed precipitation for the calibration-validation period 1961-2007 and the

r-squared between the two time series. ¢ Summary of reconstruction calibration-
validation statistics for the 38 models: calibration r-squared (CRSQ); validation
r-squared (VRSQ); validation reduction of error (VRE) and verification coefficient
of efficiency (VCE). Each box describes the median (thick line), and the 25th and
75th percentiles of the data; and whiskers correspond to 1.5 of the inter-
quantile range.

Table 2| Individual years and periods with extreme hydroclimatic conditions according to the 5§'*°0-based DJFM precipitation

reconstruction

Extreme years Consecutive periods Periods >9 years

DRY WET DRY WET DRY WET
Percentile 5 Percentile 95 Percentile 10 Percentile 90 Lower than mean Higher than mean
1720 1860 1704 1862 1719-1723 1703-1705 1709-1727 1700-1708
1722 1878 1705 1863 1779-1780 1730-1733 1766-1818 1728-1765
1723 1900 1731 1867 1810-1813 1742-1744 1895-1964 1819-1849
1791 1901 1732 1872 1860-1861 1862-1863 1992-2012 1855-1894
1803 1903 1733 1875 1900-1901 1882-1884 1965-1991
1810 1904 1797 1883 1902-1904 1973-1974

1813 1940 1818 1931

1827 1969 1822 1974

Extreme years represent extreme dry (5™ percentile) or wet (95" percentile) years. Consecutive periods represent continuous periods of two to five years with dry (10™ percentile) or wet (90" percentile)
conditions. Periods >9 years represent periods of nine or more years with overall below- or above-average precipitation conditions. Bold values represent droughts and floods reported in historical

information (see Discussion section).

precipitation reconstruction and the instrumental precipitation period
1961-2007 is 0.56, indicating that the reconstruction explains 56% of the
precipitation variability in this region (Fig. 3 a, b). The robustness of the
precipitation reconstruction can be further evaluated by calculating the
coefficients of determination (r-squared) during multiple block calibration
and verification periods (see Methods). The median calibration r-squared
(CRSQ) for the 38 participating models is 049 during the 37-year

calibration period, and the median verification r-squared (VRSQ) for the 38
participating models is 0.62 over the 10-year verification period (Fig. 3c).
Positive median values of the reduction of error statistic (VRE = 0.55), and
the coefficient of efficiency (VCE = 0.43) further support the robustness of
this reconstruction.

Table 2 shows the extreme years and periods with below and above
average precipitation from our reconstruction. Consecutive years of low
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Fig. 4 | Decadal anomalies for instrumental- and paleo-records. Decadal
anomalies of the tree-ring §'*O-based precipitation reconstruction (black line),
compared with decadal anomalies of a Instrumental observations of precipitation
based on the target meteorological stations utilised for the calibration (1943-2013);
b SST anomalies for the Nifio 3.4 and ¢ Nifio 4 regions for the period 1854-2019*;
d Andean ice core §"°0 record covering the period 1700-2009, obtained by com-
bining ice core §'°O records from Quelccaya (400-2009 CE)", Huascaran
(1894-1992 CE)™, and Sajama (1949-1997 CE)”; e Coral §"*O record from Palmyra
Island in the tropical Pacific covering the period 1886-2016'>". Decadal anomalies
were calculated using a 9-14-year band-pass filter. Note that the Y-axes for the
filtered SST and ice core §"*O have been inverted to facilitate visual comparison. All
Pearson correlation coefficients (r) are significant (p < 0.001). Vertical lines indicate
the period used for the calculation of r.

precipitation values (<0.1 percentile) include 1719-1723, 1779-1780,
1810-1813, 1860-1861, 1900-1901, 1902-1904. Consecutive years of high
precipitation values (>0.9 percentile) include 1703-1705, 1730-1733,
1742-1744, 1862-1863, 18821884, 1973-1974. Long periods of overall dry
conditions (lower than the mean and lasting more than 9 years) include
1709-1727,1766-1818, 1895-1964, 1992-2012. Long periods of overall wet
conditions (higher than the mean) lasting 9 or more years, include
1700-1708, 1728-1765, 1819-1849, 1855-1894, 1965-1991.

The precipitation reconstruction and its relation with instru-
mental observations and paleo-proxies

Based on the decadal signal shared by the tree-ring §"*O and instrumental data
(Fig. 2), a band-pass filter of 9-14 years was applied to tree-ring §'*O-based

reconstructed and instrumental precipitation, SST in El Nifio regions, ice core
and coral 60O paleo-records. The 9-14 year filtered precipitation reconstruc-
tion is consistent with the filtered series of instrumental precipitation (r = 0.92
for the calibration-validation period 1961-2007), Pacific SST over the Nifo 3.4
(r=—0.53) and Nifo 4 (r = —0.56) regions, as well as the Central-Andean ice
core 8'*0 (r = 0.84) and the tropical Pacific coral §'*O records (r = 0.51) (Fig, 4).
For the correlation coefficients to be comparable, the Pearson correlation
coefficient is calculated for the common period 1886-2009, except for the
instrumental precipitation which is calculated over the period 1961-2007. All
Pearson correlation coefficients (r) are significant at the 99% significance level,
considering the effective numbers of degrees of freedom (Eq. (1)).

The 9-14-year filtered DJFM precipitation reconstruction adequately
represents the amplitude of instrumental precipitation variations (Fig. 4a).
The amplitude of tropical Pacific SST is also well represented, particularly
during the last century, although a decoupling between the phasing of the
time series is evident during 1930-1950 (Fig. 4b, c), also present in the Lo}
Pacific coral records (Fig. 4e). The amplitude of the decadal variability of the
precipitation reconstruction is coherent with the 8O Central-Andean ice
core record during 1700-1750, around 1800s and after the 1900s (Fig. 4d).

Gridded datasets for precipitation, Outgoing Longwave Radiation
(OLR), and 200 hPa zonal and meridional winds, were correlated and
regressed separately with instrumental DJFM precipitation (Fig. 5a-c) and
our reconstruction (Fig. 5d-f) for the period 1981-2013. The results reveal
that our reconstruction has similar regional correlation patterns as the
instrumental data. As expected, the instrumental record is consistent with
gridded precipitation over the Altiplano, as shown by the significant and
positive correlations with the CHIRPS dataset (Fig. 5a). This relationship,
found using the instrumental record, is also shared by our precipitation
reconstruction and it extends towards the Amazon region in both cases,
although our reconstruction reported weaker correlations in this
region (Fig. 5d).

Negative correlations between our instrumental DJFM precipitation
record and the OLR field are indicative of enhanced convective activity
associated with periods of stronger rainfall, at local to regional spatial scales
(Fig. 5¢). In line with the results for gridded precipitation, the signal over the
Amazon basin is present in the instrumental correlation (Fig. 5¢) but weaker
in our reconstruction (Fig. 5f). One of the main drivers for local convection
is the anomalous easterly flow over the latitudinal band aloft the Altiplano, a
signal that is observed in both instrumental and reconstructed records
considering the regression field with the upper-level winds at 200 hPa
(Fig. 5b, €).

Field correlations between our tree-ring §"*O-based DJFM precipita-
tion reconstruction and the reconstructed Palmer Drought Severity Index
(PDSI) for the period 1700-1999 show a remarkable regional consistency
(Fig. 6) between these two records. Positive correlation coefficients of r ~ 0.4
are shown for the period 1700-1999 for the Altiplano of Peru, Bolivia, Chile,
and Argentina, but also over adjacent lowland areas of Bolivia, northwestern
Argentina and northwestern Paraguay. Significant negative correlation
coefficients are found over south-eastern Paraguay, south-eastern Brazil,
northern Uruguay and the northeastern tip of Argentina, capturing the
summer west-east rainfall dipole pattern in tropical South America.

Discussion

Assessing natural precipitation variability and the role of tropical Pacific Sea
Surface Temperatures (SST) on tropical South American hydroclimate is
hindered by the scarcity of long-term instrumental records. Here we present
an annually resolved tree-ring §'*O-based precipitation reconstruction for
the South American Altiplano for the period 1700-2013 C.E. The pre-
cipitation record is developed by measuring the §*°O in cellulose from
individual tree rings of five Polylepis tarapacana trees, and subsequently
analysing the climate signal embedded in the resulting chronology. The
reconstruction explains 56% of variability of the summer (DJFM) pre-
cipitation instrumental record and faithfully represents its relationships
with general atmospheric circulation patterns. Our tree-ring 8O pre-
cipitation reconstruction shows a good agreement with observed local-to-
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Fig. 5 | Regional atmospheric patterns and comparisons between observed and
tree-ring §'°0- based reconstructed summer precipitation. a DJFM instrumental
precipitation correlated against DJEM CHIRPS precipitation. Regions with sig-
nificant correlations (p < 0.05) are indicated with white stippling. b As in a but
regressed against 200 hPa wind field and geopotential height (ERA5). Colour
shading indicates wind speed regression coefficient [m s™' mm™']. Wind vectors are
only plotted where either zonal or meridional component is significantly correlated
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with instrumental precipitation. Contour interval for geopotential height is

0.1 m mm ' and negative contours are dashed. ¢ As in a but correlated against
interpolated OLR. Regions with significant correlations (p < 0.05) are indicated with
white stippling. Dashed contours indicate r-values < —0.3, with contour interval of
0.1. Only negative correlations are plotted. d-f As in a~c but for §"*O-reconstructed
precipitation. Time period for all analyses is 1981-2013.

regional precipitation and tropical Pacific SST, as well as independent tree-
ring width, ice core §"*O and coral §"*O paleorecords, highlighting its value
as a paleoproxy for Altiplano precipitation and its regional forcings.

Three hundred years of Altiplano hydroclimate variability inferred
from 5'®0 in tree rings

Atmospheric and hydroclimatic processes, such as precipitation amount,
condensation temperature, and distance to the moisture source, affect the
isotopic composition of precipitation (e.g. ref. 46). These environmental
signals contained in §**Op can further be imprinted in natural archives. For
example, plants can retain the §"*Op signal because plant roots absorb soil
water that originates from precipitation. This water is used for different
plant processes, including synthesis of sugars (e.g. cellulose) that are further
used for wood formation (i.e. tree rings). Thus, §'*0 values measured in tree-
ring cellulose can reflect environmental processes at local (e.g., local pre-
cipitation amount, evaporation and plant transpiration) and regional scales
(e.g. upstream rainout).

Annual to seasonal information of past hydroclimate variability has
been provided by tree-ring 8'*O records in different regions of South
America””?***** Tt has been previously demonstrated that Polylepis
tarapacana tree-ring 8°O chronologies located in the southern Altiplano
register local and regional hydroclimate variability. The longevity of Poly-
lepis tarapacana and the sensitivity of its tree-ring §'*O chronologies to local
and regional hydroclimate variability**, allowed us to develop an annually
resolved 300-year record of precipitation variability, to our knowledge the
longest tropical tree-ring §'*0 chronology in the Southern Hemisphere
north of 23°S.

Consistent with previous findings over the instrumental perio
tree-ring 0O is negatively correlated with regional summer (DJFM)

19,32,33
d™,

precipitation (Fig. 1c). This is also in agreement with other §"*O records in
this region and can be interpreted as the result of Rayleigh distillation and
upstream rainout of the water sourced from the Atlantic, recycled over the
Amazon and transported to the southeast via the low-level jet along the
eastern flank of the Andes'******.

The PDSI field reconstruction from the SADA and our tree-ring
8'®0O-based precipitation reconstruction show a remarkably high spatial
consistency across the entire Altiplano, and lowland areas of Bolivia and
northwestern Argentina (Fig. 6). The SADA is a gridded record of past
drought conditions expressed by the PDSI based on a network of South
American tree-ring width chronologies located poleward of 12°S. The
SADA is an appropriate product to compare with our §'*O-based recon-
struction due to its complete spatiotemporal coverage across southern South
America®. The SADA ring-width records originate from several species,
including species growing in the Altiplano as well as other species from the
Bolivian and northwestern Argentinean lowlands. While the Polylepis tar-
apacana ring-width record from the Uturunco site is included in the SADA,
we note that the Uturunco’s tree-ring 6" is different and independent
from the ring-width record” and is not included in the SADA.

According to historical archives that extend back to the 14th
century’””, large regional droughts occurred over the region during
1779-1780, 1791, and 1802-1804, named the Silver Mine drought” . Our
precipitation reconstruction recorded these extreme events and overall dry
conditions represented by the lowest precipitation percentiles (e.g.
1779-1780, 1791, 1803; Table 2). Sustained periods of below-average pre-
cipitation in large areas of Bolivia and central-northwestern Argentina were
also reported by these authors, such as the first four decades of the 18"
century, and the transition between the 18" and 19® century (1780-1810).
These long drought periods are also present in our 300-year record
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Fig. 6 | Relationship between the precipitation reconstruction and the South
American Drought Atlas. Field correlations between our tree-ring §"*O precipita-
tion reconstruction and the Palmer Drought Severity Index (PDSI) from the South
American Drought Atlas for the 1700-1999 period. Only significant values are
shown (p < 0.05). Correlations were calculated at https://sada.cr2.cl/"”’. The South
American Drought Atlas is a gridded drought reconstruction based on tree-ring
width chronologies from South America™.

(1709-1727, 1766-1818; Table 2). The severe drought of 1860-1861 in our
reconstruction has been related to notable mortality crises during the years
1861-1863 in the high Andean communities of Rinconada, Santa Catalina
and Cochinoca in northwestern Argentina, and Estarca, Talina and
Esmoraca in southern Bolivia®’. The negative effects of this extreme drought
may have been exacerbated by the relative prosperity of the region during
the previous decades when average to above-average rainfall prevailed
(Fig. 3), likely resulting in insufficient planning and preparation for an
extended period of drought®. Furthermore, historical archives™ and the new
precipitation reconstruction presented in this study, agree on the timing of
extreme wet events, and report abundant precipitation from 1700 to 1708,
and during 1797.

Atmospheric circulation features retained by the precipitation
reconstruction

During the SASM mature phase, convection and diabatic heating over
western Amazon, the core region of the SASM, facilitate the formation of an
upper-level anticyclonic circulation over Bolivia, called the Bolivian High*".
This pressure cell weakens the otherwise dominant dry westerlies from the
Pacific, resulting in anomalous easterly upper-level circulation over this
region, which in turn favours the moisture transport sourced from the
Amazon Basin, through turbulent mixing and entrainment of easterly

momentum®””’. These circulation features together with increased insola-
tion over the Altiplano, contribute to the development of convective rainfall
over this high elevation plateau of the Altiplano, typically between
December and March during the peak SASM season”*****. In the Altiplano,
annual minima in §"*Op correspond to the annual precipitation maxima
and coincide with elevated convective activity (lower OLR) and increased
easterly flow at 200 hPa”. We show a clear link between our 6O pre-
cipitation reconstruction and 200 hPa zonal wind and OLR variations aloft
(Fig. 5d-f), demonstrating that our reconstruction captures the easterly flow
and convective activity related with precipitation events over the Altiplano
region.

There are some differences in the circulation field between instru-
mental (Fig. 5b) and reconstructed precipitation (Fig. 5€), reminiscent of the
slightly different moisture transport that dominates the northern and
southern part of the Altiplano region, as identified in Vuille and Keimig”.
This suggests that the instrumental precipitation record may be slightly
biased toward the central-northern Altiplano, where more meteorological
station data is available, while our §"*O-based DJFM reconstruction repre-
sents precipitation centred over a slightly more southern location. None-
theless, the dominance of the easterly moisture transport is apparent in both
regression fields. Overall, the spatial relationships between the instrumental
precipitation record and OLR and 200hPa wind field are well reproduced by
our reconstruction (Fig. 5).

At interannual timescales, the SASM and the moisture transport to the
Altiplano are influenced by tropical Pacific SST, with below normal pre-
cipitation during El Nifio and above normal precipitation during La Nifia
years®*. Our tree-ring 8'°O chronology captures this ENSO signal, with
tree-ring 8'°O correlating positively with tropical Pacific DJFM SST (Fig. 1c).
This positive correlation with SST reflects the more enriched tree-ring "0
resulting from below normal precipitation in our study region, as well as
depleted tree-ring §"*O being associated with above normal precipitation™.
Precipitation over the Altiplano also seems to have a decadal signal, coin-
cident with a decadal periodicity in the tropical Pacific SSTs, that is retained
by the tree-ring 40 chronology, as discussed below.

The decadal signal

A decadal periodicity in our tree-ring 6O record is the most prominent
cycle and is highly consistent with similar peaks in the instrumental records
of precipitation, as well as tropical Pacific SST from the Nifio 3.4 and Nifo 4
regions (Fig. 2). This decadal cycle is also present in the Altiplano tree-ring
width precipitation reconstruction®, the tropical Andean ice core 0% and
the central-western Pacific coral §®O records". Significant periodicities of
around 11-14 years are also present in 400-year lake area reconstructions in
the southern Altiplano based on lake sediments®, and on tree-ring width
chronologies covering the last six centuries”. Coupled decadal cycles lasting
8t0 13 years between ring-width precipitation reconstruction and SST in the
Nifio 3.4 region have been reported for the last 140 years”. Consistent with
these findings, the low-frequency §'°O precipitation reconstruction shows
high correlations with decadal oscillations in Altiplano precipitation, and
SSTa in the Nifo 3.4 and Nifo 4 regions, the Andean ice core "0 and the
Central Pacific coral 6O (Fig. 4).

Warmer tropical Pacific SST at decadal time scales have been linked to
intensified westerlies at 200 hPa above the Central Andes and enhanced
subsidence over the Amazon basin, as a result of a perturbed Walker
circulation””. This subsidence results in reduced convective activity
upstream and hence in water vapour being transported to the Andes that is
more enriched in '*0, leading to less negative §'*O in ice cores and tree
rings’*”(Fig. 4). Warmer temperatures in the central and western tropical
Pacific Ocean are also related to convective activity and increased rainfall in
this region, causing depleted coral §'°O values in the Palmyra Island
record”.

While the linkages between Altiplano precipitation and Pacific SST at
decadal timescales dominate over the Altiplano region, the Atlantic Ocean
may have some role to play as well. However, the joint influences from the
Pacific and Atlantic on these timescales can be difficult to effectively
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separate, as the two ocean basins strongly interact with one another”"’>”",

For example, decadal frequency in the Atlantic Meridional Mode (AMM)
with cold (1971-1995) and warm (1925-1970 and 1995-2006) phases of the
AMM?” can be compared with wet and dry phases in our reconstruction
respectively (Fig. 3a, Table 2). This can be attributed to a northward dis-
placement of the ITCZ, weakening the moisture influx into the South
American Summer Monsoon region, thereby decreasing the available
moisture that reaches the Altiplano”°. Taken together, these observations
may suggest that the decadal signal of the §'*0 paleorecords reflects the joint
impacts of teleconnections between central/western tropical Pacific and
Atlantic Oceans on the hydroclimate conditions of the tropical Andes at
decadal-interdecadal timescales™”".

Conclusion

The complexity of tropical South American hydroclimate, the lack of
sufficiently long-term instrumental records and the distinct properties of
high-resolution paleo-proxies, require integrating multi-proxy records
for characterising the full range of past climate variability at different
temporal and spatial scales. Polylepis tarapacana, the oldest tree species
of tropical South America suitable for dendrochronology, provides a
highly sensitive precipitation record based on tree-ring §°0. Our tree-
ring 8"°O record reflects the local and large-scale circulation patterns
related to precipitation in the Altiplano region, allowing us to develop a
summer precipitation reconstruction that explains 56% of the inter-
annual variability in the instrumental precipitation. Hence the pre-
cipitation reconstruction presented here can be used to extend the
spatially and temporally limited instrumental record in the region. This
multi-centennial tree-ring 40 record not only captures a large amount
of precipitation variability in the Altiplano, but also the atmospheric
circulation features and climate forcing related with hydroclimate in this
region. A strong decadal signal present in our tree-ring 8O record is
shared with ice core 8O from the southern tropical Andes and coral
8'*0 from the tropical Pacific. This coherence shared by in-land Andean
and tropical Pacific SST proxies underscores decadal teleconnections and
highlights the value of §'®O archives to improve the decadal-scale com-
ponent of tropical hydroclimate in South America and tropical Pacific
SST reconstructions. More measurements of §°O in tree rings from
existing centennial to millennial chronologies in (sub) tropical South
America will extend the current spatiotemporal coverage of hydroclimate
records leading to improvements in current publicly available databases
(e.g., Iso2k Database™) with new precisely dated records at an annual
resolution.

Methods

Study site and isotope record

The study site is located in the Altiplano, a high-elevation plateau in the
tropical Andes between 13° and 23°S with a mean elevation of 3600-4000 m
a. s. 1. We developed a 314-year tree-ring 6"°O chronology using cross-
sections from five multi-stem Polylepis tarapacana trees collected at the site
Uturunco, Bolivia (22.3°S, 67.23°W) at an average elevation of 4650 m a. s. L.,
on moderate slopes and with sparse canopy density (Fig. 1). These five cross-
sections yielded five ring-width series cross-dated against more than 80
ring-width series from the Uturunco site, and their annual resolution vali-
dated against an extended Polylepis tarapacana ring-width network from
the Altiplano®’. We assigned the calendar date of an annual ring to the year
corresponding to the beginning of stem growth, as is common practice in
the southern hemisphere”. We cut the individual tree rings of each cross-
section, extracted cellulose and measured 80 in cellulose following
Andreu-Hayles et al.*’. No pooling was performed and a total of 1560 rings
corresponding to five "0 values for each year from 1700 to 2013 were
measured (Fig. 1a), with the exception of 10 rings (0.6% of the total available
rings) that could not be measured due to the low amount of the cellulose
material. We assessed the strength of the common signal shared by indi-
vidual series and the quality of the record through time, by calculating the
mean correlation between series (rbar), and the Expressed Population Signal

(EPS) for different time windows""*”. More comprehensive details regarding
the methodology used to develop the tree-ring isotope chronology can be
found in Rodriguez-Caton et al.”>*.

Gridded climate datasets

To characterise the hydroclimate of our study region we retrieved monthly
precipitation data from the Climate Hazards Group InfraRed Precipitation
with Station (CHIRPS) dataset, available from 1981-present” for the
summer rainy season comprising December, January, February and March
(DJEM) (Fig. 1c). CHIRPS is a blend between remote sensing estimates and
in-situ data from meteorological stations, with a spatial resolution of
0.05° % 0.05°. Due to the large precipitation variability in this region, the
highly spatially resolved CHIRPS dataset also provided the opportunity to
re-scale our station-based precipitation anomalies to millimetres (see sec-
tion below).

To explore the spatial connections between climate and our tree-ring
8"0 record over a longer (1901-2013) period (Fig. 1c), we used summer
(DJFM) Climatic Research Unit (CRU) precipitation 0.5° grid resolution
version TS 4.05** and DJFM global Extended Reconstructed Sea Surface
Temperature (ERSST) 2° grid resolution version 5*° data. We detrended
both the monthly CRU and SST data using a linear model before conducting
any correlation analysis. SST data were also used for spectral analysis (see
section Spectral properties of instrumental and paleo-records). CHIRPS,
National Oceanic and Atmospheric Administration interpolated Outgoing
Longwave Radiation (OLR)¥, ERA5 reanalysis”’, and the South American
Drought Atlas (SADA)’ were used to assess the main relationships between
precipitation and atmospheric circulation patterns with instrumental and
reconstructed hydroclimate.

Regional precipitation record from meteorological stations
Total precipitation amount across the Altiplano region shows great spatial
heterogeneity due to the complex topography in the Andes**", but shares
similar patterns of interannual variability””*’. We first selected 114 available
precipitation series from weather stations distributed across the Altiplano at
elevations higher than 3200 m.a.s.l., located within 650 km from the study
site. This search radius is broadly consistent with the spatial scales at which
precipitation and cloud cover are correlated. The globally averaged corre-
lation decay distance is 450 km for precipitation, 600 km for cloud cover,
and 1200 km for temperature®. This slightly larger search radius was
necessary due to the low density of the observational network in the region.
To then capture regional scale precipitation variability, we further selected
stations significantly correlated (p<0.05) with at least twenty of the
remaining 113 stations for the summer rainy season (DJFM) and with a
minimum time span of 20 years. This resulted in the selection of 38 stations
which only shared one year in common, preventing the calculation of
anomalies based on a shared common period among stations (see calcu-
lation of precipitation anomalies below). To capture a strong and high-
quality regional precipitation signal and ensure a representative regional
series, a final selection of weather stations was made to include at least three
contributing meteorological stations in each year and optimise: i) the total
number of stations, ii) the common period among stations, iii) the quality of
the stations (less than 25% missing data), and iv) the calibration length for
the reconstruction. The final selection included eight weather stations with
a total DJFM precipitation amount varying from 30 to 402 mm
(Table 1, Fig. 1b).

To account for the variability in precipitation amount, we imple-
mented the following five steps. First, precipitation anomalies were calcu-
lated for each individual station based on its mean and standard deviation,
over the common period among the eight selected stations (1982-1993).
Second, we developed a regional time series of DJFM precipitation by
averaging the individual stations” standardised anomalies for the period
1961-2007, which included the highest data quality. Third, we obtained a
DJFM CHIRPS precipitation time series in millimetres (mm) for our study
area by averaging the total precipitation amount across all grid cells
with strong correlation (Pearson r correlation coefficient corresponding to
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P <0.001) with our 'O series (domain shown in Fig. 1b). Fourth, we re-
scaled the precipitation anomalies derived from the instrumental series to
precipitation in mm based on the mean and variance of the CHIRPS time
series. Specifically, we transformed precipitation anomalies to mm by
multiplying anomalies by the standard deviation of the DJFM CHIRPS
precipitation, and adding the mean of the DJFM CHIRPS precipitation. The
mean and variance of the CHIRPS time series used for re-scaling were
calculated over the common period 1981-2007. Fifth, we log-transformed
the precipitation record in mm (all positive values) to obtain a normally
distributed record. We used the log-transformed and normally distributed
precipitation time series resulting from the eight meteorological stations as a
predictor for our reconstruction.

Spectral properties of instrumental and paleo-records

We explored individual and shared spectral properties of tree-ring §'°0
(1700-2013), regional instrumental precipitation, SST records, and related
paleorecords. We obtained the DJFEM SST time series spanning 1854-2019,
by averaging mean DJFM SST anomalies for the Nifio 4 and Nifo 3.4 regions.
We used two methods for power-spectrum estimation: the multi-taper
method within the SSA-MTM Toolkit™ (www.atmos.ucla.edu/tcd/ssa/) and
the wavelet transform and wavelet coherence transform methods (R package
biwavelet'"). Based on the results of the spectral analysis depicting a shared
significant decadal signal in these records (see Results and Fig. 2a, b), we
further applied a 9-14-year band-pass filter to the selected time series, using
the function pass.filt in the package dpIR”™. We then applied the same filter to
the tropical Andean 6O ice core records that have been reported to have
significant decadal scale periodicity”’. We obtained an ice core §*°0 index for
the Andes by computing the arithmetic mean” of the ice core §"*O records
from Quelccaya'” Huascaran™, and Sajama™, selecting the common periods
between the tree-ring and ice core §'*O 1700-2009, 1894-1992, and
1949-1997, respectively. We also applied the 9-14-year band-pass filter to an
El-Nifio sensitive coral §"*0 composite record from the Palmyra Island
covering the period 1886-2016"". The coral §'*O is monthly-resolved and
values for December through March were averaged to obtain an annually
resolved record for DJFM.

We calculated the Pearson correlation coefficients between the 9-14-
year band-pass filtered precipitation reconstruction based on tree-ring §'*O
and the instrumental- and paleo-records. In order to mitigate the effect of
the high autocorrelation of the filtered series while testing for the sig-
nificance of the correlation coefficient, we calculated the effective numbers
of degrees of freedom v, applying the following formula:

Ver = N*(1 — ¢x*gy)/(1 + ¢x * gy) (6]

where N is the length of the time series, and ¢x, ¢y are the lag-1
autocorrelation coefficients of two time series x, y respectively.

Reconstruction development and statistical methods

Based on our 314-year tree-ring §"*0 chronology we built a precipitation
reconstruction for the Altiplano region using linear regression. The obser-
vational data used to train the reconstruction model was the log-
transformed regional precipitation record derived from selected weather
stations (see Methods section Regional precipitation record from meteor-
ological stations). The full calibration-validation period was 47 years long,
covering 1961-2007 (Fig. 3b). Due to constraints of a relatively short time
span to calibrate and validate our reconstruction model, we used a
sequential leave-10-out block calibration-validation approach. At each
iteration we withheld a block of 10 years and calibrated the model using the
remaining 37 years of precipitation data. Subsequently, the performance of
the resulting model was validated with the withheld 10 years (see ref.” for
downloadable R code). For example, the first model was developed using a
calibration period of 1971-2007 and validated on precipitation between
1961-1970, while the final model was calibrated on precipitation between
1961-1997 and validated on data between 1998 and 2007. Each resulting
reconstructed model was evaluated by calculating the explained variance

through the coefficient of determination or r-squared (R*) during the cali-
bration (CRSQ) and verification (VRSQ) period, and we further calculated
the median CRSQ and VRSQ for the 38 models. In a similar way, we also
used the reduction of error statistic (VRE), and the coefficient of efficiency
(VCE) to evaluate all reconstructed models. VRE and VCE values greater
than zero indicate that the reconstruction is robust”.

The leave-10-out calibration-validation method predicted 38 log-
transformed precipitation series for the period 1700-2013, which were
subsequently back-transformed to mm using an exponential function. The
final reconstruction spanning 1700-2013 was calculated as the median of
the back-transformed precipitation time series of all 38 models. This final
reconstruction was evaluated using the R* between the observed precipita-
tion record (re-scaled to mm using CHIRPS, see Methods section Regional
precipitation record from meteorological stations) and the reconstructed
precipitation for the whole calibration-validation period 1961-2007.

Comparing the reconstruction with atmospheric circulation and
independent paleoclimate records

To assess whether our reconstruction represents the regional features of
precipitation and atmospheric circulation across South America, we com-
pared the spatial correlation and regression maps resulting from correlating
or regressing observed (based on weather stations) and reconstructed (based
on "0 variations) DJFM precipitation with gridded climate data. Field
correlations were calculated between the two precipitation records
(observed and reconstructed) and gridded CHIRPS precipitation and
interpolated OLR (as indicator of tropical deep convection™). Field
regression maps were calculated between the same indices and 200 hPa
wind and geopotential height from ERA5 reanalysis” to characterise the
tropospheric circulation aloft for the period 1981-2013. Results are dis-
played using the NASA-GISS software Panoply.

We also compared our DJFM precipitation reconstruction against the
gridded Palmer Drought Severity Index (PDSI) from the SADA that covers
the South American continent south of 12°S for the last 600 years™. The
SADA is based on a network of 286 tree-ring width chronologies, including
Polylepis tarapacana tree-ring records from the Altiplano and also from the
Uturunco site. However, note that chronologies included in the SADA are
based on ring width and this product does not include the §°O tree-ring
chronology presented herein. Moreover, the tree-ring §"*O chronology is
independent from the ring-width chronology at the Uturunco site (i.e. no
significant correlations between both series™). Field correlations between
the §'®0 DJFM precipitation reconstruction and the SADA were calculated
for the period 1700-1999 using the South American Drought Atlas Explorer
at https://sada.cr2.cl/"™.

Data availability

The tree-ring 8'®O record as well as the precipitation reconstruction is
available at the following link https://www.ncei.noaa.gov/access/paleo-
search/study/39171. Ice core and coral §"O records were obtained at https://
www.ncdc.noaa.gov/paleo. The gridded datasets used in this manuscripts
were retrieved from https://www.chc.ucsb.edu/data/chirps (CHIRPS),
https://climexp.knmi.nl/ (CRU), https://doi.org/10.24381/cds.6860a573
(ERA5), https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html (OLR),
https://sada.cr2.cl/ (SADA), and https://www.climate.gov/maps-data/data-
snapshots/data-source/sst-sea-surface-temperature (SST).

Code availability

The code used to build the §"*0-based precipitation reconstruction was
generated by ref. 98, is publicly available and can be found here. https:/
agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.
1029%2F2021GL092933&file=2021GL092933-sup-0002-Data+Set+SI-
S01.zip.
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