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Abstract. Throughout the second half of the 20th century, recorded in the reconstruction, with the three driest years
the Central Andes has experienced significant climatic andsince 1300 AD occurring in the last 70yr. Throughout the
environmental changes characterized by a persistent warn?07 yr, the reconstruction contains a clear ENSO-like pattern
ing trend, an increase in elevation of the@isotherm, and  at interannual to multidecadal time scales, which determines
sustained glacier shrinkage. These changes have occurrédter-hemispheric linkages between our reconstruction and
in conjunction with a steadily growing demand for water re- other precipitation sensitive records modulated by ENSO in
sources. Given the short span of instrumental hydroclimatidNorth America. Our reconstruction points out that century-
records in this region, longer time span records are needed tecale dry periods are a recurrent feature in the Altiplano cli-
understand the nature of climate variability and to improvemate, and that the future potential coupling of natural and
the predictability of precipitation, a key factor modulating anthropogenic-induced droughts may have a severe impact
the socio-economic development in the South American Al-on socio-economic activities in the region. Water resource
tiplano and adjacent arid lowlands. In this study we presenimanagers must anticipate these changes in order to adapt to
the first quasi-millennial, tree-ring based precipitation recon-future climate change, reduce vulnerability and provide wa-
struction for the South American Altiplano. This annual ter equitably to all users.

(November—October) precipitation reconstruction is based
on thePolylepis tarapacandree-ring width series and rep-
resents the closest dendroclimatological record to the Equai
tor in South America. This high-resolution reconstruction

covers the past 707yr and provides a unique record Chafyasar ayailability is the main limitation for the socio-

acterizing the occurrence of extreme events and consistent.oomic development of many regions in the world. In ad-
oscillations in precipitation. It also allows an assessmentyjion fluctuations in water supply have large impacts on nat-
of the spatial and temporal stabilities of the teleconnectiong 5| ecosystem productivity (Viviroli et al., 2003: Messerli et
between rainfall in the Altiplano and hemispheric forcings al., 2004). These affirmations are certainly valid for high-

such as El Nio-Southern Oscillation. Since the 1930s 10 yyiy,de regions in the tropics, such as the South American
present, a persistent negative trend in precipitation has beeﬂltiplano (Messerli et al., 1997). This semi-arid plateau,
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654 M. S. Morales et al.: Precipitation changes in the South American Altiplano

with a mean elevation of 4000 m in the Central Andes (15-The lack of information on past climate variations con-
24° S), has been the physical environment for many nativestrains the possibility of validating climate models used
communities who have inhabited the region for thousands oto predict future precipitation trends (Randall et al., 2007;
years. Historically, human activities in the Altiplano have Lohmann, 2008). This is a key issue for developing miti-
been strongly influenced by variations in climate, particu- gation and/or adaptation strategies for future climate change
larly water availability (Tandeter, 1991; Binford et al., 1997; scenarios in the region. Instrumental precipitation records
NUfiez et al., 2002). Agriculture in the Altiplano region is ex- for the Altiplano are generally short, fragmentary and non-
tremely susceptible to drought conditions, with consequenthomogeneous, making them inadequate for the development
yield reductions (Gaiia et al., 2003, 2007). Episodic sum- of a baseline-understanding of long-term trends (Vuille et
mer rainfall represents the major source of water for humaral., 2003). Therefore, we need longer precipitation records
consumption, agriculture, streamflow, and the recharge oto complement the limited nature of the current instrumen-
the underground aquifers in the central and southern Alti-tal registries in order to properly understand how interannual
plano, as well as adjacent arid lowlands of southern Bolivia,modes of climate variability have evolved under changes in
northern Chile and northwestern Argentina (Garreaud et al.long-term background conditions.
2009). In contrast to the extratropical Andes, where tree-ring
Major droughts across this region have severe economigtudies have yielded more than a hundred chronologies and
and social impacts, larger than any other type of natural disover 30 climate reconstructions (Boninsegna et al., 2009),
aster threatening rural livelihood (Gil Montero and Villalba, in the South American Altiplano suitable extremely mois-
2005). Common crops yield, such as potato and quinogure sensitive tree-ring chronologiesRilylepis tarapacana
(Chenopodium quingais strongly affected by precipitation, (Queioa) have only just begun to be developed in the past
indicating that persistent droughts are the main cause of thifew years (Morales et al., 2004; $olet al., 2009). De-
region’s economic stress (Géacet al., 2003, 2007). For in- veloping an annually resolved tree-ring precipitation recon-
stance, the severe drought of 1998 provided a compreherstruction for the Altiplano represents a great opportunity to
sive view of the adverse impacts of dry events on the socio-enhance our knowledge about past and present climate vari-
economic activities, when 60 % of the camelid livestock (lla- ability in the tropical Andes region. This record would help
mas) and other domestic animals died in the Puna of Juto fill a significant geographic gap in the present coverage of
juy (Argentinean Altiplano). Small streams disappeared anddendroclimatological reconstructions within the Andes.
people competed with animals for water resources (Gil Mon-  The main goal of our study was to develop an exactly-
tero and Villalba, 2005). dated, annually-resolved precipitation reconstruction for the
Across the southern Altiplano, summer rainfall representsSouth American Altiplano during the past 707yr from
more than 80 % of the total annual precipitation (Garreaud etecently-developeB. tarapacandree-ring chronologies. We
al., 2003; Vuille and Keimig, 2004). Recent studies, based oranalyzed this quasi-millennial paleoclimatic record to de-
instrumental records, have documented important variationgcribe its temporal evolution, the recurrence of extreme
in the Altiplano’s climate, together with a positive warming events, the presence of persistent cycles and the relationships
trend since the second half of the 20th century (Vuille andwith hemispheric climate forcings such as ERNiSouthern
Bradley, 2000; Vuille et al., 2003; Trenberth et al., 2007). Oscillation (ENSO). Our contribution expands the tree-ring
This regional increase in temperature has been related to asased precipitation reconstructions in South America to the
increase in elevation of the’C isotherm (Vuille et al., 2008;  tropical Andes and provides the first annual resolution pale-
Carrasco et al., 2008), a rapid and likely unprecedented meltoclimatic reconstruction for rainfall in the Altiplano.
ing of ice caps (Thompson et al., 2003), and sustained shrink-
ing of small glaciers (Francou et al., 2003; Coudrian et al.,
2005; Jomelli et al., 2011). All these environmental changes? Setting and climate of the South American Altiplano
have occurred in conjunction with a growing demand for wa-
ter resources as a result of the population increase and thehe tropical Central Andes represents a formidable obstacle
rapid expansion of the mining industry in the Andean re- for atmospheric circulation over South America, generating
gion (Messerli et al., 1997; COCHILCO, 2007). In addi- two contrasting regions: the tropical humid lowlands to the
tion, recent model simulations have projected a reduction ofast and the Pacific coastal deserts to the west (Garreaud et
precipitation in the Central Andes, curtailing water resourceal., 2003). A particular physiographic feature in the Cen-
availability (Bradley et al., 2006; Urrutia and Vuille, 2009; tral Andes is the Altiplano, a high-elevation, inter-mountain
Minvielle and Garreaud, 2011). plateau extending from 15 to 2& (Fig. 1a). Precipitation
Our knowledge of climate variability in the last 1000yr across the Altiplano decreases fren800 mm in the north-
in the Altiplano is severely limited by the low number of east transition and the Amazon Basin 4200 mm in the
high-resolution palaeoclimatic records in the tropical An- southwest sector adjacent to the Atacama Desert. More than
des, a research topic of high priority in paleoclimatology in 80 % of total annual rainfall occurs during the austral sum-
South America (Jansen et al., 2007; Villalba et al., 2009).mer (December—February) (Vuille and Keimig, 2004). The
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Fig. 1. Location of tree-ring sites (red dots) and precipitation stations (blue squares) in the Altiplano, Central Andes. See Tables 1 and 2 for
code identificationga). A 500 yr oldPolylepis tarapacan&Queioa) individual growing on the slope of the Tata Sabaya volcano in Bolivia
at 4750 ma.s.l. In the background, the Coipasa salt lake on the Bolivian-Chilean {imrder

episodic precipitation has a convective nature relating to the8 Data and methods
upper-air circulation with an easterly (westerly) zonal flow,
favoring the occurrence of wet (dry) events (Garreaud et al.3.1 Precipitation and tree-ring data
2003). This precipitation’s extreme seasonality is associated
with the onset and decay of the Bolivian High, an upper- Monthly precipitation records for the Altiplano were ob-
level high-pressure cell that develops over the Central An-tained from the SErvicio NAcional de Meteorologa e
des in response to the latent heat released by the summertdl drologa in Bolivia (SENAMHI) and the Direccion
deep convection over the Amazon Basin (Lenters and CookGeneral deAguas in Chile (DGA). The 17 precipitation sta-
1997). Wet intervals are related to a pronounced southwardtions used in this study are located from 17 td 32and
displaced Bolivian High, which allows for the expansion of range in elevation from 3545 to 4600 m (Fig. 1a, Table 1).
the upper-air easterly flow and the ingression over the Alti-We developed a regional monthly precipitation record based
plano of the moisture influx from the Amazon Basin (Lenters on these 17 individual records. Few instrumental records ex-
and Cook, 1997; Garreaud et al., 2009). ist prior to 1950 and they are not evenly distributed across
Year-to-year variability in precipitation is mainly related the Altiplano. In consequence, a robust and spatially rep-
to changes in the mean zonal wind over the Altiplano, resentative record of regional precipitation was built start-
largely modulated by sea surface temperature (SST) acrogsg in 1961. Total annual precipitation across the Altiplano
the tropical Pacific Ocean (Vuille et al., 2000; Garreaud anddecreases in a northeast-southwest direction; however, the
Aceituno, 2001; Bradley et al., 2003). During the warm interannual variability in rainfall shows a uniform pattern
(cold) phase of the El Nio-Southern Oscillation (ENSO), across the region (Garreaud et al., 2003). To minimize the
the Altiplano climate is dry (wet) (Aceituno, 1988; Lenters influences of weather stations with higher rainfall on the re-
and Cook, 1999; Vuille, 1999; Vuille et al., 2000). Wet sum- gional mean, our regional precipitation record was developed
mers are related to a cooling of the central and eastern se®y averaging the precipitation anomalies (expressed as per-
tors of the tropical Pacific (La Ma event). Weaker upper- centages) with respect to the common interval 1982-2000.
elevation Westerlies during wet episodes facilitate the ingres- The world’s highest elevation woodlandsRilylepis tara-
sion of the wet easterly flow, transporting humid air massespacana(Rosaceae) in the Altiplano represents a remarkable
from the Amazon Basin. In contrast, dry summers associatedesource to develop reliable high-resolution paleoclimate re-
with EI Nifio events in the tropical Pacific, are characterizedconstructions in the tropical Andes (Argollo et al., 2004,
by the dominance of westerly flows and the concurrent block-Morales et al., 2004; Boninsegna et al., 2009; Christie et
ing of the humid air penetration from the east (Vuille, 1999; al., 2009; Sdk et al., 2009). P. tarapacanais a unique
Garreaud et al., 2003). tree species that reaches over 700 yr old and grows along the
South American Altiplano from 16 to 2% between 4000
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Table 1. Precipitation stations used to developed a regional series of November—October rainfall variations in the Altiplano.

Station, code LatS, longW  Elevation (m) Country Period Meanmm
Patacamaya, Pat 175 /67°57 3789 Bolivia  1948-2003 390
Chardia, Cha 1735/69°26 4059 Bolivia 1948-2004 263
Visviri, Vis 17°37169°28 4080 Chile 1968-2007 293
Caquena, Caq £83/69°12 4400 Chile 1970-2007 411
Putre, Put 1811'/69°33 3545 Chile 1970-2007 191
Cotakotani, Cot 1811/69°13 4550 Chile 1963-2007 448
Chucuyo, Chu 1812/69°17 4400 Chile 1961-2006 345
Parinacota, Par r82/69°16 4420 Chile 1933-2007 324
Chungaa, Chn 1816/69°06 4600 Chile 1962-2008 374
Guallatiri, Gua 1829/6°09 4240 Chile 1969-2007 270
Colchane, Cls 1916/68°38 3700 Chile 1978-2007 138
Huaytini, Hua 1933/68°37 3720 Chile 1982-2008 157
Salinas G.M., Sgm  1’88/67°40 3737 Bolivia  1948-2001 211
Coyacagua, Coy 203/68°50 3990 Chile 1961-2008 131
Uyuni, Uyu 20°28/66°48 3660 Bolivia  1975-2003 185
Colcha, Col 2047 167°47 3700 Bolivia 1980-2000 207
S. Pablo lipez, Spl  2241/66°37 4165 Bolivia 1979-2003 289

* Mean annual (November—October) precipitation (mm) for the common period 1982—-2000.

Table 2. Characteristics dPolylepis tarapacanaree-ring sites and the regional chronology from the Altiplano, Central Andes.

Site name, code LatS,longW Elev(ma.s.l.) Country No. series Period- PCT*
Volcan Guallatiri, GUA 1828, 69°04 4450 Chile 82 1377-2007 0.77
Salar de Surire, TER 86, 6°00 4517 Chile 11 1278-1901 0.77
Frente Sabaya, FSA 106, 68°27 4430 Bolivia 30 1352-2008 0.73
Qudiiza, QUE 1922, 68°55 4303 Chile 51 1444-2007 0.78
Volcan Caquella, CAQ B0, 67°34 4520 Bolivia 63 1226-2009  0.82
Soniqueira, SON 200, 67°17 4543 Bolivia 35 1431-2003 0.72
Volcan Uturuncu, UTU 2232, 66°35 4457 Bolivia 81 1242-2006 0.84
REGIONAL Chronology statistics: MTR 0.47/MS 0.3/EPS 0.95/ 353 1242-2009 0.98

* Correlation coefficients between individual chronologies and the first Principal Component (PC1) from the standard chronologies over the common period 1668-1776. The PC1
explains 60 % of the total variance. All correlation coefficients are significarta0.001 level. MS: Mean Sensitivity, MTR: Mean Tree-Ring Width (mm), EPS: Expressed
Population Signal.

to 5200 m (Fig. 1b; Braun, 1997). Previous studies showgrowth patterns of. tarapacana cross-sections were col-
that the radial growth of th®. tarapacanais strongly re-  lected from branches of living trees and subfossil wood that
lated to interannual variations in summer precipitation. At have remained on the ground surface for several centuries
the regional scale, tree growth patterns resemble the spatiaiue to the cold, dry climate. Wood samples were mounted
temporal variations of precipitation across the Altiplano, and sanded following standard dendrochronological tech-
highlighting the great potential of this species to provide niques (Stokes and Smiley, 1968). For dating purposes,
precipitation reconstructions with highly significant hindcast we followed Schulman’s convention (1956) for the Southern
skills (Solz et al., 2009). Hemisphere, which assigns to each tree-ring the date in the

In this study, seven regional chronologies fréintara-  year in which radial growth started. Tree-rings were visually
pacanawere developed by merging previous single-site cross-dated and measured with a binocular stereoscope with
records, incorporating new chronologies, as well as updatingt 0.001 mm precision. Precise dating for the floating TER
and extending previous records back in time (Argollo et al.,chronology (composed of subfossil woods) was established
2004; Christie et al., 2009; Jalet al., 2009). New tree-ring by cross-dating the individual samples with nearby (GUA,
sites were sampled on steep, rocky and xeric environments iIQUE and FSA) chronologies. To assess the quality of the
the western flank of the Andean Western Cordillera (Fig. 1;cross-dating and identify measurement errors, we utilized the
Table 2). Due to the twisted stems and the eccentric radiacomputer program COFECHA (Holmes, 1983).
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Interannual variations d?. tarapacanagrowth show con-  not significantly correlated at year statistically significant
sistent spatial similarities across the Altiplano. Previouscorrelations with annual precipitation were recorded at lags
studies have associated the similarity among records with 41, r+2, andr +3 (r =0.71, 0.37 and 0.31, respectively;
the occurrence of a common precipitation pattern in the re«: =45; P < 0.05). These three lags were considered candi-
gion (Solz et al., 2009). Based on these observations, a redate predictors of annual precipitation and entered in a prin-
gional, well replicated tree-ring chronology was developedcipal component analysis to reduce the number of predictors
by assembling, in a single record, the 353 tree-ring widthand enhance the common precipitation signal. Thus, the in-
series from the seven sites listed in Table 2. An indicationtercorrelated set of predictors was converted to orthogonal
of the common signal between the seven site chronologiesariables, reducing the dimension of the regression problem
is the highly significant mean correlation coefficient of all by eliminating the higher-order eigenvectors that explain a
possible pairings among them (21) computed over the wellsmall proportion of the variance (Cooley and Lohnes, 1971).
replicated common period 1668-1776§ samples in all The selection criterion for choosing the best reconstruction
sites) ¢ =0.544+0.02 standard erron, = 109, P < 0.001). A model was based on maximizing the adjusidin a step-
principal component analysis of the seven site chronologiesvise multiple regression procedure (Weisberg, 1985). Given
over the period 1668—1776 provides similar loadings (0.72 tothe relatively short precipitation record for calibration, the re-
0.84) from the seven records to the first principal componenticonstruction model was developed using the “leave-one-out”
(Table 2). cross-validation procedure (Michaelsen, 1987; Meko, 1997).

Ring-width measurements were standardized to removén this approach each observation is successively withheld;
variability in the time series not related to climate, such asa model is estimated on the remaining observations, and a
tree aging or forest disturbances (Cook et al., 1990). Toprediction is made for the omitted observation. At the end of
conserve the low-frequency signal in tree growth, we usedhis procedure, the time series of predicted values assembled
a conservative method of standardization, fitting negative exfrom the deleted observations is compared with the observed
ponential or linear curves with zero or negative slope to eactpredictors to compute the validation statistics of model ac-
individual series. The regional tree-ring chronology was cal-curacy and error. The goodness of fit between observed and
culated by averaging the detrendBdtarapacanatree-ring  predicted precipitation values was tested based on the pro-
width series with a biweight robust mean estimation usingportion of variance explained by the regressid&i , the
the ARSTAN program (Cook, 1985). The quality of the tree- F-value of the regression, the linear trend and the normal-
ring chronology was tested by the Expressed Population Sigiy of the regression residuals, and the autocorrelation in the
nal statistic (EPS), which measures the strength of the comresiduals measured by the significance of the linear trend and
mon signal in a chronology over time and quantifies the de-the Durbin-Watson test (Draper and Smith, 1981). As addi-
gree to which a particular chronology portrays the hypothet-tional measures of regression accuracy, we also computed
ically perfect chronology (Cook et al., 1990). To calculate the Reduction of Error (RE) statistic over the verification pe-
the EPS, we used a 50-yr window with an overlap of 25-yrriod (Gordon, 1982), as well as the root-mean-square error
between adjacent windows. While there is no level of signif- (RMSE) statistic as a measure of inherent uncertainties in
icance for EPS, values above 0.85 are generally accepted die reconstruction (Weisberg, 1985).

a good level of common signal fidelity between trees, so we
used only the portion of the chronology with ER®.85 as 3.3 ENSO, spectral properties and temporal evolution
a predictor of the precipitation in the reconstruction (Wigley of the reconstructed precipitation
etal., 1984).
It is widely accepted that ENSO plays a strong role in mod-
3.2 Reconstruction method ulating precipitation variability in the South American Alti-
plano (Vuille et al., 2000; Garreaud et al., 2009). Therefore,
Correlation coefficients between the regional standardwe expect that our reconstruction will show a strong ENSO
P. tarapacanachronology and monthly variations in regional signal. To determine the relationship between our recon-
precipitation were used to define the seasonal precipitatiostruction and ENSO, we estimated the spatial correlation pat-
best related to radial growth (Blasing et al., 1984). Totaltern between the reconstructed annual (November—October)
annual precipitation (November to October) was the periodprecipitation and the mean annual SST (November—October;
best correlated with annual growth. We developed the annua?.5 x 2.5° gridded cell) from the NCEP reanalysis global
precipitation reconstruction by regressing the regional standataset (Kistler et al., 2001). In addition, the relationship
dard chronology against total November—October precipi-to the time frequency space between the reconstructed pre-
tation utilizing a principal component regression approachcipitation and ENSO was assessed using two cross-spectral
(Cook et al., 2007). Predictors for the reconstruction in-techniques. Similarities in the temporal evolution of the re-
cluded the regional chronology in all temporal lags signif- constructed precipitation and the mean November—October
icantly correlated ¢ = 0.05) to annual precipitation during Nifio 3.4 SST (N3.4) were estimated using cross-singular
the 19612009 calibration period. While the chronology wasspectral analysis (SSA; Vautard and Ghil, 1989) and wavelet
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coherence analyses (WTC; Grinstead et al., 2004). The SSA 1(a) 2

i i ; 8 200 - R” 54j = 0.55
detects and extracts the main oscillatory modes of a time.2 Reconstructed adj
series over time, whereas the WTC analysis identifies re-g 1Observed

gions in the time frequency space where the two series co- 2 150
vary. The WTC detects phase relationships between seriesg 1
and assesses the statistical significance against a red noico 100 1
background using the Monte Carlo methods. After assessing_:t'g'

the spectral relationships between the precipitation recon-.2 50 _

struction and instrumental ENSO, we determined the dom- § 1, = 0.74 fn = 46. P<0.001 5'36'3

inant oscillatory modes of the precipitation reconstruction & 0 - = RAARTASC 0060

along the reconstructed 1300-2006 period by performinga @ I slope =0.42 (n.s.) 00
continuous wavelet transform analysis (WT; Torrence and S /\ A 50
Compo, 1998). To assess the temporal relationship betweer 5 .~ s~ /AL A A W 0
the spectral oscillations of our precipitation reconstruction & V \/. Y *‘I\" ) .DW= 24 g

and ENSO across its full length, we useql a cross-vv_a\_/elet 1960 1970 1980 1990 2000 2010
transform analysis (XWT) between the Altiplano precipita- Year

tion and a well-known independent ENSO proxy represented

by the first principal component time series of the North Fig. 2. Observed and tree-ring predicted annual precipitation
American Drought Atlas (NADA) during the 1300-2002 pe- (November—October) variations across the South American Alti-
riod (Cook et al., 2004; Li et al., 2011). Finally, to exam- plano (annqal precipitation e.XPre.SSEd as percentages (%) of the
ine the relationship between the significant regime shifts and-982-2000 instrumental precipitation mean). Calibration and veri-
the interannual and low-frequency variability of the precip- f{catlon statistics: explalngd varlanfgggj) over the calibration pe-
itation reconstruction, we compared the regime shifts in the'iod, the Pearson correlation coefficien} petween observed and
mean detected over the entire 13002006 period using théeconstructed values, F-value of the regression, and the reduction

. . . of error (RE)(a). Regression residuals (red line) with trend slope
ROF]IOI’]OV. (2004) method with a window length Of 25y, the (black line). The Durbin-Watson (D-W) statistic and the slope value
variance in moving windows of 25-yr, and a cubic smooth- . ..

. : . . . are indicatedb).
ing spline that reduces 50 % of the variance in a sine wave of

35yr.
rating previous studies that have shown a persistent influence
of the previous year’s precipitation dd tarapacanaradial
4 Results and discussion growth (Argollo et al., 2004; Morales et al., 2004; Bokt
) o al., 2009). The amplitudes from the first and second princi-
4.1 Tree-ring chronology and calibration of the pal component were included as predictors of the annual pre-
precipitation reconstruction model cipitation using a multiple regression. Over the 1961-2006

calibration period, tree-ring indices explain 55 % of the total
Here, we report on the development of an annually-resolvedgpseryed variance in the Altiplano annual precipitation. The
moisture-sensitive chronology from tree-ring widths in the gavistics used to assess the quality of the regression model
South American Altiplano (Table 2). The record, COVering jngicate that it has highly significant hindcast skills. The
the past 707yr, starts in 1226 AD, but is well replicated for gyrength in the relationship between the observed and esti-
the period 1300-2009>(than 10 series and EPS0.85).  mated precipitation (adR? = 0.55) suggests that the tree-
The chronology is based or87 896 annual ring measure- ying reconstruction is quite accurate in representing the in-
ments from more than 350 tree-ring width series (Table 2).gyymental precipitation changes, highlighting the predictive
Chronology statistics show high series intercorrelatios: ability of the calibration model as indicated by = 26.32
0.54), a clear indication of the strong internal coherence in(P <0.001), a positive RE (0.5), and non-significant auto-
the regional record. Additionally, the mean expressed popUzgrelation and residuals trend (DW2.4: Fig. 2).
lation signal (EPS=0.95) also indicates a good level of com-
mon signal fidelity between trees. 4.2 Precipitation variations in the Altiplano throughout

Due to the highest significant correlation between tree the last 700 yr

growth and November to October precipitation, we used
this period as our target instrumental series (1961-2006) t&.2.1 Spatial representation and temporal evolution
be modeled back in time using the tarapacanaregional
chronology. Although at a lag= 0 the correlation coef- To evaluate the spatial representation of the reconstructed
ficient is not significant, correlations with annual precipita- annual precipitation, we determined the spatial correlation
tion are statistically significant at lags-1, r + 2, andr + 3 maps across tropical-subtropical South America between the
(r=0.71, 0.37 and 0.31, respectively, < 0.05), corrobo-  Altiplano precipitation (both observed and reconstructed)
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EQ agricultural-based societies triggered social conflicts and a
period of wars in the Altiplano during the 14th and 15th cen-
turies (Nielsen et al., 2002). A persistent drought has also
been recorded during the 14th century in the Palmer Drought
Severity Index (PDSI) field reconstruction, mainly based on
the Quelccaya, Huasdar and Sajama ice-cores for the Al-
tiplano region (Boucher et al., 2011). Our reconstruction
presents milder to wet conditions prevailing from the 1410s
to the 1520s with a particularly humid interval at the end of
the 15th century. This relatively wet interval was interrupted
by a remarkably dry event in the 1450s. Indeed, the year
ing 1451 appears as one of the ten driest years in the reconstruc-
Resonstructod { / «/Q\ tion. Although the 16th century was characterized by persis-
w i Y tently dry conditions, extreme dry events were rare. Just the
year 1593 recorded precipitation 60 % below the long-term
07 04 0 04 07 mean. In contrast to our record, wet conditions during the
) . ) ) 16th century have been inferred from the Quelccaya ice core
Fig. 3. Spatial correlation field between the CRU 3.158 (15 mnq0n et al., 1985, 1986). The persistent dry conditions

0.5° gridded November—October precipitation and our regional . . .
instrumental precipitation series for the Central Andes (see Ta_prevalllng during the 16th century were interrupted by a re-

ble 1) (a), and the Altiplano reconstructed November—October pre-m""rkany pluvial period during the first decade of the 17th

cipitation (b) for the 1961-2006 period (only significant correla- CENtUrY, whichiin turn was followed by a prono_u_nced drought
tions are shown). in the 1620s. After that, sustained wet conditions prevailed

until the mid 18th century. Cold and wet conditions for the

region during the first half of the 18th century have also been
with 0.5 x 0.5° gridded November—October precipitation proposed by Liu et al. (2005) and Thompson et al. (2006).
from the CRU TS 3.1 dataset (Mitchell and Jones, 2005).Lichenometry dating of glacier moraines at Cerro Charquini
The two spatial correlation fields (Fig. 3), estimated overin the Cordillera Real, Bolivia (5392 m; Rabatel et al., 2006)
the 1961-2006 common period, show significant correlationssuggest that the Little Ice Age maximum occurred during the
across the entire Altiplano, a clear indication of the wide spa-second half of the 17th century. These observations are con-
tial representation of both observed and reconstructed presistent with the persistent wet conditions recorded in our re-
cipitation records. The spatial correlation fields show thatconstruction during the second half of 17th century, lasting
the highest correlation coefficients are concentrated in thauntil the middle of the 18th century. However, it is impor-
north-central section of the Altiplano with decreasing val- tant to note that cold/wet conditions during this period were
ues towards the southern Altiplano. Although the correla-not so pronounced as those recorded in the Quelccaya ice
tion coefficient between the estimated and observed values isore (Thompson et al., 2006) and the Pumacocha sediments
pretty high in our reconstruction & 0.74; Fig. 2), correla-  (Birds et al., 2011) from northernmost tropical Andes. More-
tions between the CRU gridded data and the reconstructiomver, within this long-term wet period, two severe decade-
are comparatively lower. This observation is consistent withlong droughts 1615-1637 and 1684—-1696 were recorded in
relatively low correlations between our regional instrumen- our reconstruction. The years 1620-1621 and 1694 appeared
tal series and the CRU data. Our findings support previousas the extreme dry years associated with these droughts, re-
studies that indicate the poor representation of climatic vari-spectively.
ability by gridded products based on few or no high-altitude The long-term drought registered in our reconstruction
stations in remote areas with complex topographies, such aguring the second half of 18th century (1750-1818) was
the Central Andes (Garreaud et al., 2009; Tencer et al., 2011kharacterized, as the long-term drought recorded during the

The annual tree-ring based reconstruction covers the past6th century, by low interannual precipitation variability.

707 yr and portrays interannual to multidecadal variationsDrier conditions from 1780 to 1820 were also recorded in
in precipitation across the South American Altiplano sincethe PDSI reconstruction for the South American subtropi-
AD 1300 (Fig. 4). Several multidecadal persistent droughtscal region (Boucher et al., 2011). Based on historical doc-
are observed during the 14th, 16th, 17th, 18th and 20th cenuments, Gioda and Prieto (1999) recorded severe droughts
turies. Almost the entire 14th century was characterizedin Poto$ (southern Bolivia) during this period, with two ex-
by below average precipitation with a single subdecadal hutreme dry events lasting consecutively 10- (1777-1786) and
mid period between 1300 and 1307. This severe centen5-yr (1801-1805). After the persistent dry conditions from
nial drought persisted until the beginning of the 15th cen-around 1750 to 1818, a steady increase in precipitation oc-
tury (around the 1410s). It has been proposed that the negzurred. This long-term persistently wet period, lasting from
ative impact of this persistent centennial drought on localaround 1818 to 1887, represents the wettest interval during
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Fig. 4. The tree-ring reconstruction of annual (November—October) precipitation in the Altiplano region, Central Andes, for the period
1300-2006 (annual precipitation expressed as percentages (%) of the 1982—2000 instrumental precipitation mean). The shaded area denot
the 1+ root-mean-square error bars and the green line represents the instrumental record. To emphasize the low-frequency variations a 35-y
smoothing cubic spline designed to reduce 50 % of the variance is shown in blue and red indicating wet and dry periods, respectively, with
respect to the 1300—-2006 mean. The dotted horizontal lines indicatstandard deviations.

the past seven centuries, showing four extreme wet event gon-
occurring in 1820-1822, 1837-1839, 1842-1843, and 1876

In the dated moraine chronology from Cerro Charquini, Ra- 60N+
batel et al. (2006) showed the 19th century to be a dry perioc

with no advances of glaciers. However, in our reconstruc-~"""
tion this long-term pluvial event is coincident{830-1850)
with the highest peak in thBolylepispollen concentrations
recorded in a 600-yr long ice core registry from the Sajama 3ps-
volcano (Liu et al., 2005). Persistent wet conditions may

have favoredPolylepisforest productivity and expansion, and  60S-~
consequently, contributed to the increase in pollen across th -
Altiplano (see Gosling et al., 2009). Another important peak ?9° ' ' ‘ ' '
in Polylepispollen concentrations also occurred during the ~ © 6O 1208 180 120W  6OW 0
wet 1700-1720 reconstructed period (Liu et al., 2005). O T T T

The wet conditions of the 19th century continued until the 07 05 03 -041 01 03 05 07

beginning of the 20th century (1906-1929). Since the 1930s, _ L
gg. 5. Spatial correlation field between the annual (November—

EQ+

a persistent negative trend in precipitation has been record oSN . :
P gaive precipitatio een recorce ctober) precipitation reconstruction and5% 2.5° gridded

up until present day. Two severe decadal and mUItIdecadamonthly averaged November—October sea surface temperature

drought events were registered during 1930-1948 and 1956557 for the interval 1948-2006 (NCEP-NCAR reanalysis). The
2006, respect|vely: Four of_the seven most extreme dry yeargite hox indicates the N 3.4 region in the tropical Pacific. The
for the past 707 yr in the Altiplano occurred during the 1940—econstructed precipitation region is indicated by the red square.
2006 period (1940, 1982, 1994 and 2006, respectively). Our

results are consistent with the drier conditions shown by the

PDSI record for the region (Boucher et al., 2011), and the

rapid retreat of the tropical Andes glaciers during the second® hegative anomalies n N3'4 SS,T (Laﬂgrpke), while dry
half of the 20th century (Ramirez et al., 2001; Francou et al. YEarS correspond to positive tropical Pacific temperatures (El
2003; Vuille et al., 2008; Jomelli et al., 2009). The two driest VN0-like; Vuille et al., 2000; Garreaud et al., 2009).
years recorded in the past 700 yr (1940 and 1982) have been Figure 6a shows a comparison to the main dominant os-
associated with very strong EI fib events. cillatory modes of the precipitation reconstruction and the
instrumental N3.4 SST record over the interval 1872—2006.
4.2.2 Spectral properties, ENSO and temporal regimes  Major oscillatory waveforms at 8.5-13, 5-6.7 and 3-4.7
years were identified in both the reconstructed precipitation
The spatial correlation field between SSTs and the precipitaand the N3.4 SST records. These oscillatory modes explain
tion reconstruction for the interval 1948—2006 shows a clear28 (19), 13 (29) and 9 (26) % of the total variance in past
ENSO-like pattern across the Pacific Ocean (Fig. 5). Wetprecipitation (N3.4 SST records). For these cycles, the SSA-
years in the Altiplano reconstruction are significantly relatedreconstructed precipitation periodicities follow the dominant
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Fig. 7. The wavelet (WT) power spectrum (Morlet) of the annual
(November—October) precipitation reconstruction in the Altiplano
region (a), and the cross-wavelet transform (XWT) between the
precipitation reconstruction in the Altiplano and the first principal
component of the North American Drought Atlas (NADA) as an
o {560 530 b 565 55D it ENSO proxy during the period 1300-2006 (Cook et al., 2004; Li et
Year al., 2011)(b). Thick black contours indicate the 95 % significance
based on the red noise model, and the cone of influence is shown
Fig. 6. Comparisons between the spectral properties of the Alti-as a lighter shade at the bottom of both figures. Vectors indicate the
plano precipitation reconstruction and the N3.4 SST record dur-relative phase relationship between the Altiplano precipitation and
ing the common period. Waveforms extracted by Singular SpecNADA PC1. Horizontal arrows pointing right and left correspond to
trum Analysis (SSA). The frequencies for each SSA are indicatedin-phase and antiphase relationships between records, respectively.
in years with green numbers, the correlation between the two se-
ries at the right corner, and the percentage of variance explained by

each frequency indicated in parentheses. The N3.4 SST waveforrrﬁands of the WTC, we identified a significant spectral coher-
are shown inverse to facilitate the comparison between re¢ajds !

wavelet coherency (WTC) and phase spectrum between the Al ENCe between both records around 1940, suggesting that the
plano precipitation reconstruction and the N3.4 SST. The vectorst940-1941 El Nio event was part of the extreme decadal
indicate the phase difference between the two records (arrows poiniariability in ENSO. This particular feature is clearly ob-
ing right and left correspond to in-phase and antiphase relationshipsserved in the 8.5-13 yr SSA band (Fig. 6a). This particular
respectively). Thick black contours encircle the periods where bothEl Nifio event is associated with the second driest year of
series were related at a significance level (95%c.l.). The cone othe past 707 yr in the Altiplano. Shifts in ENSO strength,
influence is shown at the bottom in a lighter shaggd together with changes in the ENSO Altiplano teleconnec-

tion pattern may be related to the lack of spectral coherence

between records throughout all the years studied. There-
oscillation modes in the instrumental N3.4 record in an an-fore, changes in the coherency and phase between the N3.4
tiphase relationship (Fig. 6a). However, there are some nonSST and Altiplano precipitation records could be related to
coherent changes in the amplitudes of the SSA waveform&ENSO’s non-stationary behavior and the spatial variability of
for the reconstruction and N3.4. For instance, the amplitudesghis ocean-atmospheric phenomenon.

of the oscillatory modes at 3.1-4.7 yrwere quite similar dur- The WT spectrum shows non_stationary periodicities
ing the 1872-1925 period, reduced around 1930-1960 angcross the precipitation reconstruction with most significant
were in antiphase around 1945-1950 and 1975-1985. Thigscillatory modes concentrated in oscillaticas6 and a sin-
observation is consistent with previous studies indicating lowgle period of multidecadal oscillation centered around 1600
ENSO activity during the 1930-1960 period (Aceituno and and related to the extremely dry events of 1592-1593 and
Montecinos, 1993; Torrence and Webster, 1999; Sutton and 621-1622, separated by approximately 30 yr (Fig. 7a). The
Hodson, 2003). WT spectrum shows a large percentage of the variance ex-
A particularly remarkable feature in the spectral com- plained by the classical ENSO band (2 to 8 yr; Deser et al.,
parison between the precipitation reconstruction and the2010), with significant increases in the precipitation variabil-
ENSO3.4 records is the positive agreement, both in amplidity during the 14th century, a period of relatively reduced os-
tude and phase relation at decadal (8.5-13yr) scales. Dugillations between 1450 and 1750 and a small increase in the
ing the common period (1872—-2006), the WTC shows a con-spectral activity since the mid 18th century (Fig. 7a). These
sistently stable antiphase relationship between both recordspectral characteristics, observed since the mid 15th century,
(Fig. 6b). A marked shift in the relative importance of the have also been described for tree-ring hydroclimatic recon-
coherence relation from interannual and decadal band to mulstructions from others region of the Southern Andes, where
tidecadal cycles is observed at around 1930. In the decadd&NSO plays an active role in modulating the local climate
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Fig. 8. Comparison between periods of reduced vs. abundant precipitation and interannual variability in the Altiplano precipitation recon-
struction. Significant (95%c.l.) regime shifts (red line) detected by the Rodionov (2004) method (window=e&gyh), smooth spline

(35yr) of the precipitation reconstruction (green line) shown in Fig. 3, and changes in vanati@edalculated for 25-yr intervals plotted

on the centroid + 1 for each interval (blue line).

(LeQuesne et al., 2009; Christie et al., 2011). Decadal toods showed high levels of interannual precipitation variabil-

multidecadal frequencies in our reconstruction have been relity (Fig. 8). As droughts in the South American Altiplano are

atively high since the 17th century. trigged by El Nfio-like conditions (Garreaud et al., 2009), it
Finally, we compared the spectral oscillations from the IS likely that extended dry periods occurred in conjunction

Altiplano precipitation reconstruction with those from the with a reduction of the interannual precipitation variability
NADA for the past 700yr. According to the XWT analy- modulated by persistent El Mo-like conditions. However,

sis, both records share a large proportion of common Spect_he relationship between relative high variance and humid

tral power within the ENSO bandwidth, suggesting inter- conditions break during the last 20 yr of the reconstruction,
hemispheric linkages between paleoclimatic reconstructiong"her_e interannual Vaflé}bll[ty increased in a long-term inter-
from regions influenced by ENSO (Fig. 7b). Vector di- V@l with reduced precipitation.

rections in the XWT analysis revealed antiphase relation-

ships between both records, consistent with the well-know!

. . . . . g Concluding remarks
negative (positive) relationship between warm conditions in

the tropical Pacific SST and precipitation in the Altiplano In this study we present the first quasi-millennial, tree-
(southwest North America) (Vuille et al., 2000; Smith et al., ying pased annual precipitation reconstruction (November—
2008). The'se rgsults are also consistent Wl'th previous spaycioher) for the South American Altiplano. This high-

tial correlation fields between the precipitation reconstruc-reso|ytion precipitation reconstruction covers the past 707 yr
tion and global SSTs shown in Fig. 5, and the spectral analy, 4 region devoid of such environmental proxy records. Our

yses included in Fig. 6. This ENSO precipitation telecon- raconstruction extends dendroclimatological studies to the
nection across the western Americas has also been descrlb%picm Andes and represents the closest tree-ring based re-

as the cause of the covariability between precipitation sensisqnstruction to the Equator in South America. Our study
tive records from Central Chile (32-35) and southwestern g ides insight into the Altiplano climate through the iden-
North America during the last 350yr (Villalba et al., 2011). ification of long-term wet or dry periods and the temporal
However, the relationship between ENSO and precipitationg,o|ytion of extremes in annual precipitation during the past
in both regions is similar (wet years during the ENSO events)seyen centuries. In addition, interannual and decadal scale
and contrary to the documented relationship between ENSQgyiations in precipitation and ENSO variability are iden-
and precipitation in the Altiplano. tified, showing common cycles and periodicities between
Applying regimen shift detection to the precipitation re- precipitation in the Altiplano and this hemispheric forcing.
construction shows the occurrence of six long-term periodsThis reconstruction improves our knowledge on interannual,
with significantly reduced precipitation: a 40-yr interval cen- decadal and multicentury-scale precipitation variability in
tered around 1400, almost the entire 16th century connectethe Altiplano and will serve as a resource for research on the
to a decade-long drought during the first half of the 17th cen-past, present and future climate variability in South America.
tury, the second half of the 18th century, and an unprece- Some of the persistent drought/wet periods in the past
dented dry period in the last 20 yr of the reconstruction. In-707 yr are highly consistent with evidence from the few
terestingly, the most extended and severe droughts during thgroxy records available in the region, for example, the
16th and 18th centuries also showed a strong reduction imlroughts during the 14th century (Boucher et al., 2011) and
the variance of the reconstruction. In contrast, pluvial peri-second half of the 20th century (Boucher et al., 2011; Jomelli
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