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Abstract We statistically reconstruct austral summer

(winter) surface air temperature fields back to AD 900

(1706) using 22 (20) annually resolved predictors from

natural and human archives from southern South America

(SSA). This represents the first regional-scale climate field

reconstruction for parts of the Southern Hemisphere at this

high temporal resolution. We apply three different recon-

struction techniques: multivariate principal component

regression, composite plus scaling, and regularized

expectation maximization. There is generally good
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agreement between the results of the three methods on

interannual and decadal timescales. The field reconstruc-

tions allow us to describe differences and similarities in the

temperature evolution of different sub-regions of SSA. The

reconstructed SSA mean summer temperatures between

900 and 1350 are mostly above the 1901–1995 climato-

logy. After 1350, we reconstruct a sharp transition to colder

conditions, which last until approximately 1700. The

summers in the eighteenth century are relatively warm with

a subsequent cold relapse peaking around 1850. In the

twentieth century, summer temperatures reach conditions

similar to earlier warm periods. The winter temperatures in

the eighteenth and nineteenth centuries were mostly below

the twentieth century average. The uncertainties of our

reconstructions are generally largest in the eastern low-

lands of SSA, where the coverage with proxy data is

poorest. Verifications with independent summer tempera-

ture proxies and instrumental measurements suggest that

the interannual and multi-decadal variations of SSA tem-

peratures are well captured by our reconstructions. This

new dataset can be used for data/model comparison and

data assimilation as well as for detection and attribution

studies at sub-continental scales.

Keywords Climate change � Climate field

reconstructions � Temperature � South America

1 Introduction

Understanding the current and future processes and

dynamics of the climate system requires knowledge of the

spatial patterns, trends, amplitudes and frequencies of

climatic variations including information from the past

(Jansen et al. 2007; Jones et al. 2009; Mann et al. 2008).

While instrumental records (e.g. Brohan et al. 2006)

provide insights into climate variability of the recent an-

thropogenically forced climate system, they are often too

short to allow assessment of the natural modes of climatic

variations. In this regard, proxy data—records which

serve as a surrogate for instrumental measurements—have

allowed climate variations to be evaluated over the past

centuries to millennia (see e.g., Jones et al. 2009 for a

review). Climate reconstructions provide insight into the

mechanisms or forcings underlying observed climate

variability and are of importance for data/climate model

comparisons.

Until recently, the rather low number and uneven spatial

distribution of temporally-highly-resolved proxies from the

Southern Hemisphere (SH) did not allow reliable conti-

nental scale reconstructions to be developed at interannual

to interdecadal time scales (Jansen et al. 2007; Mann and

Jones 2003). Consequently, the few existing multi-proxy

temperature reconstructions from the SH focus on the

hemispheric mean (Jones et al. 1998; Mann and Jones

2003; Mann et al. 2008) and depend upon on a small

number of SH proxies (see e.g., Ljungqvist 2009 and ref-

erences therein). Accordingly, these reconstructions do not

provide reliable representations of the spatial patterns,

trends and amplitudes of regional to continental scale SH

climate. However, reconstructions of high spatial and

temporal resolution are important, because they illuminate

key climatic features, such as regionally very hot/cool

seasonal conditions that may be masked in a hemispheric

reconstruction. The limited understanding of SH climate is

particularly striking given the importance of understanding

the potential see-saw mechanisms between the climatic

state of the Northern Hemisphere (NH) versus SH conti-

nents on interannual to millennial time scales as well as the

crucial role of the SH oceans in regulating global climate

variability (e.g., Busalacchi 2004).

South America is a key region for the understanding of

Southern Hemisphere climate dynamics, as it is the only

landmass that extends from the tropics to latitudes pole-

ward of 50�S. It is influenced by a variety of atmospheric

and oceanic patterns, including globally relevant large-

scale modes such as the El Niño Southern Oscillation

(ENSO), the Southern Annular Mode (SAM) and the

Pacific Decadal Oscillation (PDO; Garreaud et al. 2009).

Furthermore, South America’s climate is strongly affected

and modulated by the continuous Cordillera of the Andes

in the west and the large Amazon basin in the northeast.

Due to the still very limited number of highly resolved

paleoclimatic records from the tropical part of South

America (Villalba et al. 2009), this study focuses on

southern South America (SSA, south of 20�S).

The largest fraction of the published paleoclimatic

information from SSA is represented by Andean tree rings

(see Boninsegna et al. 2009 for a review). Annually

resolved temperature reconstructions on local to regional

scale have been developed using tree rings from southern

Patagonia and Tierra del Fuego back to 1650 (Aravena

et al. 2002; Boninsegna et al. 1989; Villalba et al. 2003) as

well as from northern Patagonia, where the longest tree

ring records extend back more than 3,500 years (Lara and

Villalba 1993; Villalba 1990; Villalba et al. 1997a, 2003).

New records from ice cores (Vimeux et al. 2009 and ref-

erences therein) and lake sediments (e.g. von Gunten et al.

2009) complement the network of temporally highly

resolved natural proxies from SSA. The regional tempera-

ture history of the subtropical Andes has been investigated

based on the lake sediment record from Laguna Aculeo

(von Gunten et al. 2009), covering the period 857–2003. In

addition to the natural proxies, several documentary

records are available, most of them originating from sub-

tropical SSA (e.g. Neukom et al. 2009; Prieto and Garcı́a
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Herrera 2009). Along with proxies from outside SSA, that

are connected to the South American climate via telecon-

nections, the data now allow us to establish an extensive set

of climate predictors for past SSA climate. On centennial

timescales, glacier length records from the Andes also

provide insight into the climate history of SSA (Koch and

Kilian 2005; Luckman and Villalba 2001; Masiokas et al.

2009; Villalba 1994).

In this work, we present the first SSA austral summer

(DJF) and winter (JJA) temperature field reconstructions.

Out of an extended set of 144 annually resolved SSA cli-

mate proxies we select 22 (20) predictors for the summer

(winter) reconstructions. Three different techniques were

applied to statistically reconstruct the SSA mean as well as

spatial temperature fields. Proxy data were sufficient to

reconstruct winter temperatures back to 1706 and summer

temperatures back to 900.

2 Data and methods

2.1 Instrumental calibration data

We used the new monthly and 0.5� 9 0.5� resolved CRU

TS 3 temperature grid covering 1901–2006 (updated from

Mitchell and Jones 2005) as a predictand for the recon-

structions (see Sect. 2.3 for methodological details). Sea-

sonal values were calculated by averaging the austral

summer (December to February, DJF) and winter (June to

August, JJA) months, respectively. We selected this tradi-

tional definition of the seasons, because the combination of

these months represents a compromise with respect to the

varying temperature sensitivities of the different proxy

records. We defined the reconstruction area (SSA) as the

terrestrial area between 20�S and 55�S and between 30�W

and 80�W, covered by a total of 2,358 (land-) grid boxes.

2.2 Predictor data

As a basis for the proxy evaluation and temperature

reconstruction, we compiled 144 proxies, which are sen-

sitive to SSA climate (Tables S1–S3 in the supplementary

material). The dataset includes records from natural

archives (tree rings, lake and marine sediments, ice cores

and corals), documentary evidence and a set of homoge-

nized instrumental temperature measurements. Some of the

records were additionally processed as described in the

supplementary material. Due to the limited number of long

proxies from SSA, we also included records from distant

areas into our predictor sets. Earlier studies based on

instrumental measurements (e. g. Dettinger et al. 2001;

Garreaud and Battisti 1999; Garreaud et al. 2009; Villalba

et al. 1997b) revealed that these regions are related to SSA

climate via teleconnections, mainly SAM and ENSO, and

can explain significant fractions of SSA summer and winter

temperature variability. Together, ENSO and SAM explain

38% of annual SSA mean temperature variability 1950–

2006. The spatial correlations of SSA summer and winter

temperatures with ENSO and SAM are shown in Fig. S1 in

the supplementary material. However, we are aware that

the inclusion of the proxies from distant areas may bias the

reconstruction results, because the teleconnections patterns

relating them to SSA climate may not be stable through

time. Recent studies from Europe showed that the quality

and location of predictors is probably more important for

reliable reconstructions than the total number of predictors

(Küttel et al. 2007; von Storch et al. 2009). Working in this

direction, we assessed the quality and value of each proxy

individually, finally reducing our predictor set to 22 (20)

summer (winter) temperature proxies. As selection criteria

we used the change in predictive skill of the predictor set

within the verification period, when a candidate series is

added to/removed from a previous set (detailed description

of the procedure see supplementary material). An overview

of the finally selected records and their temporal span is

provided in Tables 1 and 2 and Fig. 1. The optimized set

for summer consists of 16 records from within SSA (data

sources see Table 1): 11 tree ring chronologies, mainly

from the Patagonian Andes, a lake sediment record from

central Chile, and 4 long instrumental temperature time

series. The set is completed by six proxies from outside

SSA: a marine sediment record from the Cariaco Basin off

Venezuela, d18O and accumulation series from the Quelc-

caya ice core, a tree ring based temperature reconstruction

from New Zealand, and two coral records from Australian

coastal waters. For the winter temperature reconstructions,

the optimized proxy set (data sources see Table 2) contains

four tree ring, two documentary, and three instrumental

records from within SSA. Proxy data from outside SSA

include: a tree ring record from the Bolivian Altiplano, a

documentary ENSO index from Peru, three grid cells of v

wind vectors from the CLIWOC/ICOADS database, two

coral records from the tropical Pacific, a SOI reconstruction

based on tree rings from Indonesia and southwestern North

America, a coral and tree ring based PDSI reconstruction

from Java, and two Antarctic ice cores. Tables 1 and 2

show that the selected predictor series have different end-

ing years. Therefore, there is a trade-off between maxi-

mizing the length of the overlap period with the

instrumental target and minimizing the number of missing

values in the predictor matrix. We find the period 1901–

1995 a compromise with 5.7% (5.6%) missing values in the

summer (winter) predictor matrix. Missing values in the

predictor matrix of each season in this overlap period were

filled in by applying an EOF (empirical orthogonal func-

tions) based algorithm (Scherrer and Appenzeller 2006).
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2.3 Reconstruction methods

Three different reconstruction methodologies were applied:

multivariate principal component regression (PCR), com-

posite-plus-scaling (CPS) and regularized expectation

maximization (RegEM). In PCR (Küttel et al. 2009;

Luterbacher et al. 2002, 2004, 2007; Riedwyl et al. 2009;

Xoplaki et al. 2005) a transfer function between a fixed

number of principal components of the predictor and pre-

dictand datasets is established for the calibration period

using multivariate regression based on ordinary least

squares. The resulting regression models are then used to

estimate the temperatures of the reconstruction period

assuming temporal stability and linearity of the relation

between the predictor and the predictand. A major disad-

vantage of regression-based reconstructions is the fact that

they may be biased by a systematic loss of variance leading

to underestimations of past climate variations (e.g. von

Storch et al. 2004). In order to minimize such reductions of

variance back in time, the temperatures reconstructed by

PCR were rescaled to the mean and standard deviation of

the predictand in the calibration period (e.g. Cook et al.

2004). CPS avoids this loss of variability by simply scaling

a composite of the predictor data against the predictand in

the calibration period (e.g. Esper et al. 2005; Jones et al.

1998). We built the composites by calculating the weighted

mean of the predictors. As weighting factors, we used the

correlation coefficient of each predictor with the target in

the calibration period. In order to take account of the

changing number of predictors over time, a variance sta-

bilization algorithm (Frank et al. 2007) was applied to the

CPS results. RegEM (Mann et al. 2007, 2008, 2009;

Riedwyl et al. 2008, 2009; Rutherford et al. 2005;

Schneider 2001) iteratively imputes missing values in the

combined predictor–predictand input matrix until a pre-

defined convergence criterion is fulfilled. The regression

parameters between the available proxy and instrumental

variables are thereby computed based on the estimated

mean and covariance of the input matrix. We performed

the regularization of the EM algorithm, which is necessary

to avoid overfitting in the regressions, using truncated total

least squares (Mann et al. 2007; Riedwyl et al. 2008, 2009).

For a general comparison and description of the three

approaches we refer to Jones et al. (2009) and references

therein.

As the number of available predictors changes over

time, the reconstructions and verifications were repeatedly

performed as each predictor entered or exited the available

set of proxy data (18 combinations for summer and 41 for

winter) for all the three reconstruction methods.

Table 1 Predictors used for the summer temperature reconstructions

Name Archive Start End Reference

Quelccaya accumulation Ice core 488 2003 Thompson et al. (2000, 2006)

Quelccaya d
18O Ice core 488 2003 Thompson et al. (2000, 2006)

Laguna Aculeo pigments Lake sediment 857 2003 von Gunten et al. (2009)

New Zealand temperature reconstruction Tree rings 900 1999 Cook et al. (2002)

Cariaco Basin Mg/Ca Marine sediment 1222 1990 Black et al. (2007)

Cluster CAN 11 Tree rings 1493 2002 Lara et al. (2008)

Santa Lucia Tree rings 1646 1986 Szeicz et al. (2000)

Cluster CAN 24 Tree rings 1677 2002 Lamarche et al. (1979), Lara et al. (2008)

Cluster CAN 4 Tree rings 1704 1994 Lara et al. (2001), Schmelter (2000)

Great Barrier Reef Ba/Ca DJF Coral 1758 1998 McCulloch et al. (2003)

Abrolhos d13C Nov/Dec Coral 1794 1993 Kuhnert et al. (1999)

Glaciar Frias Tree rings 1802 1985 Villalba et al. (1990)

Cluster NWA 2 Tree rings 1818 2001 Villalba et al. (1992), Morales et al. (2004)

Cluster SAN 2 Tree rings 1845 1996 Aravena et al. (2002)

Cluster CAN 16 Tree rings 1845 1994 Villalba et al. (1997a)

Cluster CAN 19 Tree rings 1865 1998 Lara et al. (2005)

Cluster CAN 14 Tree rings 1869 1994 Villalba et al. (1997a), Schmelter (2000)

Vilches Tree rings 1880 1996 Lara et al. (2001)

Campinas DJF Instrumental 1890 2003 Vargas and Naumann (2008)

Tucuman DJF Instrumental 1891 2000 Vargas and Naumann (2008)

Corrientes DJF Instrumental 1894 2004 Vargas and Naumann (2008)

Rio Gallegos DJF Instrumental 1896 2004 Vargas and Naumann (2008)
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Reconstructions and statistics were then aggregated to

continuous time series in such a way that every time period

is reconstructed by the maximum available number of

predictors. We used all three methods to perform two

different reconstructions: a reconstruction optimized for

the analysis of the evolution of SSA mean temperatures

(henceforth SSA mean reconstruction) and a reconstruction

for the analysis of spatial features, such as regional dif-

ferences in trends, amplitudes and uncertainties (spatial

reconstruction). The predictor and predictand datasets as

well as the general reconstruction procedures used for both

the SSA mean and spatial reconstructions are the same, but

with slightly different methodological settings (Table 3).

We tested different truncation thresholds for the number

of principal components (PCs) of the predictor data used in

PCR, finally retaining the first n PCs explaining 85 (80)

percent of variability in the predictor data for the SSA

mean (spatial) reconstruction. This setting yielded the

highest reconstruction skills (RE, r2) for most of the

evaluated predictor sets (not shown). For PCR and RegEM,

the first n PCs explaining 95% of variability in the CRU TS

3 grid were used as predictand for both the SSA mean and

spatial reconstructions. In the case of the SSA mean CPS

reconstruction, we used the spatial average of the instru-

mental grid as predictand (i.e. we scaled the predictor

composite to mean and standard deviation of this average

series). The spatial CPS reconstruction was performed by

building the composite separately for each grid cell and

scaling it to the corresponding instrumental series (i.e. for

each cell a separate CPS reconstruction was performed).

The quality of the instrumental grid is particularly low

in some regions of SSA in the pre-1931 period, due to the

sparse coverage of these areas with instrumental stations

(Fig. S2, left panel; Garreaud et al. 2009). For example in

Argentina, 45% of the currently available GHCN tempera-

ture station data (Peterson and Vose 1997) begin in 1931

and only 14% have data for the pre-1931 period. Never-

theless, the average over entire SSA is very likely to be

reliable back to 1901, because the grid cells, which are

most representative for the SSA mean, are mostly within

the area with high coverage of instrumental stations back to

1901 (Fig. S2). For the SSA mean reconstructions we,

therefore, used the period 1901–1995 for calibration,

whereas for the spatial reconstructions, we used a shorter

calibration period (1931–1995) in order to obtain reliable

reconstructions in all regions (Table 3).

2.4 Reconstruction quality assessments

The uncertainties (standard errors, SE) of the Gaussian

filtered reconstructions were calculated as in Xoplaki et al.

(2005) by using Gaussian white noise to make the verifi-

cation residuals consistent (Briffa et al. 2002; Mann et al.

1998). Uncertainties were calculated for the SSA mean, as

Table 2 Predictors used for the winter temperature reconstructions

Name Archive Start End Reference

Talos deuterium Ice core 1217 1996 Stenni et al. (2002)

Peru El Niño index Documentary 1550 1990 Garcı́a-Herrera et al. (2008),

20th century data from Quinn and Neal (1992)

Santiago de Chile precipitaion index Documentary 1540 2006 Taulis (1934), Neukom et al. (2009)

Urvina Bay d
18O Coral 1607 1981 Dunbar et al. (1994)

SOI reconstruction Tree rings 1706 1977 Stahle et al. (1998)

Cluster SAN 4 Tree rings 1724 1984 Boninsegna et al. (1989)

Rarotonga Sr/Ca SON Coral 1726 1996 Linsley et al. (2000)

CLIWOC/ICOADS v cell 626 JJA Documentary/early instrumental 1750 2002 Garcia-Herrera et al. (2005), Küttel et al. (2009)

CLIWOC/ICOADS v cell 671 JJA Documentary/early instrumental 1750 2002 Garcia-Herrera et al. (2005), Küttel et al. (2009)

CLIWOC/ICOADS v cell 672 JJA Documentary/early instrumental 1750 2002 Garcia-Herrera et al. (2005), Küttel et al. (2009)

Monte Grande Tree rings 1761 1988 ITRDB series arge049

Java PDSI reconstruction Tree rings/Coral 1787 2003 D’Arrigo et al. (2006)

Law Dome 2000 d
18O Ice core 1800 1999 van Ommen et al. (2004)

El Chalten Bajo Tree rings 1807 2003 Srur et al. (2008)

Cluster ALT 1 Tree rings 1860 1993 Solı́z et al. (2009 )

Central Andes snow days Documentary 1885 1996 Prieto et al. (2001a, b)

Tucuman JJA Instrumental 1891 2000 Vargas and Naumann (2008)

Cluster CAN 17 Tree rings 1892 1994 Villalba et al. (1997a), Schmelter (2000)

Corrientes JJA Instrumental 1894 2004 Vargas and Naumann (2008)

Rio Gallegos JJA Instrumental 1896 2004 Vargas and Naumann (2008)
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well as separately for each grid cell. We used the Reduc-

tion of Error (RE, Cook et al. 1994) and r
2 values as

measures of reconstruction skill. These statistics are pro-

vided as mean values of three different calibration/verifi-

cation periods. We retained the first, middle and last thirds

of the overlapping period for verification, respectively.

Hence, for the SSA mean reconstruction we used 63 years

for calibration (1901–1963, 1933–1995 and 1901–1931/

1964–1995) and 32 years for verification, respectively

(1964–1995, 1901–1931 and 1932–1963). Analogous sta-

tistics were computed for the spatial reconstructions

between 1931 and 1995. As a further test to determine the

reliability of the obtained reconstructions, we performed a

second, independent reconstruction of SSA mean summer

temperatures, using all the 22 summer temperature proxies

(see Tables S1–S3) excluded from the optimized predictor

set. For winter, the limited number of proxies (seven) that

were not included into the optimized predictor matrix did

not allow a skillful independent reconstruction.

3 Results

The chosen predictor network allows reconstructions of

SSA summer and winter temperatures back to 900 and

1706, respectively. We focus on the PCR reconstructions in
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Fig. 1 Locations of the predictors used for the summer (a) and winter

(c) reconstructions. The size of the circles represents the lengths of

the series (smallest: 109 years, largest: [1,000 years). The colors

stand for the proxy type. The reconstruction area is marked by a

dashed margin. b, d Show the temporal evolution of the number of

records in the final predictor set for summer and winter, respectively
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our results and interpretations, because they yielded the

highest skill scores (see Sect. 4.3). However, the main

conclusions are also valid for CPS and RegEM.

3.1 SSA mean reconstructions

The SSA mean PCR summer temperature reconstruction

(top) as well as a comparison of the 30-year Gaussian fil-

tered curves of all methods and the associated uncertainties

(30-year filtered 2 SE; middle) are shown in Fig. 2 (the

annual CPS and RegEM reconstructions are shown in

Fig. S3). The temperatures are displayed as anomalies with

respect to (wrt) the 1901–1995 calibration period. The first

350 years of the reconstruction are relatively warm, inter-

rupted by a colder phase of about 50 years centered around

1140. At the end of the fourteenth century a relatively rapid

cooling is found. The anomalously cold conditions last

until the beginning of the eighteenth century. The eigh-

teenth century is characterized by relatively warm summer

temperatures. Around 1825, there is another rapid tem-

perature decrease with a minimum in the 1850s. SSA

summer temperatures thereafter steadily increase until the

present. In the period 1901–1995 there is a warming trend

of 0.54�C/century (0.46�C/century in the instrumental data,

both with p\ 0.0001). The reconstructed anomalies of the

three likely coldest and warmest summers as well as the

corresponding uncertainties are provided in Table 4 (left).

The anomalies and uncertainties of the three likely coldest

and warmest averages of ten consecutive summers are also

shown in Table 4. The 30-year filtered 2 SE uncertainty

range (Fig. 2, middle) of the PCR summer reconstruction is

±0.29�C in the year 900, ±0.26�C in 1750 and ±0.16�C in

1900. The corresponding unfiltered interannual uncertain-

ties are ±0.87�C, ±0.79�C and ±0.53�C, respectively. In

the bottom panel of Fig. 2, the standard deviations of 30-

year moving windows of the temperatures reconstructed by

the three methods are shown.

Figure 3 shows the annually resolved SSA mean PCR

winter temperature reconstruction (top) and the comparison

of the 30-year filtered reconstruction curves of the three

methods (middle; annual CPS and RegEM curves see Fig.

S4). Before 1930, the filtered reconstructed winter tem-

peratures mostly remain below the average of the 1901–

1995 calibration period. Short anomalously warm periods

of about 10 and 15 years occur around 1815 and 1850,

respectively. Also in winter, there is a warming trend in

both the reconstructed (0.46�C/century, p = 0.02) and

instrumental (0.51�C/century, p\ 0.01) temperatures in

the 1901–1995 period. The anomalies and uncertainties of

the three likely coldest and warmest reconstructed years

and decades are provided in Table 4 (right). The 30-year

filtered (interannual) 2 SE uncertainty of the PCR recon-

struction is ±0.4�C (±1.23�C) in 1706 and ±0.24�C

(±0.82�C) in 1900. The bottom panel of Fig. 3 displays the

30-year moving standard deviations of the reconstructions

based on the three methods.

Table 3 Overview of the settings used for the three different techniques we applied for the SSA mean (top) and spatial (bottom) temperature

reconstructions

Reconstruction technique

PCR CPS RegEM

SSA mean reconstructions

Predictors First n PCs explaining 85% of

variance of optimized predictor

set

Proxies of optimized predictor set

with r C 0.1 with the predictand

Optimized predictor set

Predictand First n PCs explaining 95% of

variance of SSA CRU TS3 grid

Spatial average of CRU TS3 grid First n PCs explaining 95% of

variance of SSA CRU TS3 grid

Calibration period 1901–1995 1901–1995 1901–1995

Settings OLS regression Predictor weighting factor = r

with the predictand

TTLS regularization; Stagn. Tol.:

10-4; Truncation parameter: 3

Spatial reconstructions

Predictors First n PCs explaining 80% of

variance of optimized predictor

set

Proxies of optimized predictor set

with r C 0.1 with the predictand

Optimized predictor set

Predictand First n PCs explaining 95% of

variance of SSA CRU TS3 grid

Each cell of SSA CRU TS3 grid First n PCs explaining 95% of

variance of SSA CRU TS3 grid

Calibration period 1931–1995 1931–1995 1931–1995

Settings OLS regression Predictor weighting factor = r

with the predictand

TTLS regularization; Stagn. Tol.:

10-4; Truncation parameter: 3
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3.2 Spatial SSA reconstructions

To identify regional differences in the spatial reconstruc-

tions, we defined the following four sub-regions (Fig. S5):

South Patagonia (SP; all grid cells south of 45�S); North

Patagonia (NP, 37�S–45�S), the Central Chile (CC, 27�S–

42�S, along the Pacific coast, average latitudinal extent of

four grid boxes) and the remaining areas in subtropical

SSA (ST). The 30-year filtered mean summer temperature

anomalies of the four regions, reconstructed by PCR

(spatial reconstructions), are displayed in Fig. 4. It shows

that in summer, the decadal-scale variability is largest in

CC, followed by SP and NP. In the ST region, the vari-

ability is clearly reduced, as compared to the other regions.

These differences in variability between the regions are

also visible in the instrumental data, albeit the reduction of

variability in ST is smaller (Table S4). Before ca. 1650, the

temperatures generally fluctuate synchronously in all

PCR
CPS
RegEM
Instrumental
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Fig. 2 Top: annual PCR-based reconstructed SSA mean summer

(DJF) temperatures 900–1995, anomalous to the calibration period

(1901–1995) mean (blue), and associated ±2SE uncertainty bands

(shaded). The thick lines are 30-year gaussian filtered reconstructed

(blue) and CRU gridded (black) temperatures. Middle 30-year

gaussian filtered summer temperatures as in top panel but additionally

based on CPS (red) and RegEM (green). The black line is again the

instrumental data. The shaded areas represent the filtered ±2 SE

uncertainty bands. Bottom 30-year moving standard deviations of the

unfiltered reconstructions and CRU gridded data. Shaded is the

number of predictors used for the reconstructions at each time step.

The period of increased uncertainty due to the reduced predictor set

(900–1492; see Sect. 4.3) is indicated by pale colors

Table 4 The three warmest and coldest years and (non-overlapping) decades for summer (DJF) and winter (JJA) reconstructed by PCR

DJF JJA

Years Decades Years Decades

Coldest 1405 (-1.05 ± 0.86�C) 1398–1407 (-0.74 ± 0.35�C) 1870 (-1.52 ± 1.01�C) 1861–1870 (-0.83 ± 0.41�C)

2nd coldest 1644 (-1.03 ± 0.83�C) 1439–1448 (-0.73 ± 0.35�C) 1916 (-1.48 ± 0.72�C) 1823–1832 (-0.66 ± 0.45�C)

3rd coldest 1573 (-0.97 ± 0.83�C) 1485–1494 (-0.73 ± 0.35�C) 1826 (-1.39 ± 1.13�C) 1915–1924 (-0.51 ± 0.29�C)

Warmest 1945 (?1.04 ± 0.49�C) 1079–1088 (?0.57 ± 0.35�C) 1944 (?1.47 ± 0.72�C) 1939–1948 (?0.55 ± 0.29�C)

2nd warmest 1205 (?0.95 ± 0.87�C) 1325–1334 (?0.49 ± 0.35�C) 1855 (?1.32 ± 1.14�C) 1810–1819 (?0.45 ± 0.46�C)

3rd warmest 1218 (?0.83 ± 0.87�C) 925–934 (?0.44 ± 0.35�C) 1761 (?1.13 ± 1.2�C) 1850–1859 (?0.34 ± 0.44�C)

The corresponding anomalies with respect to the period 1901–1995 and uncertainties are indicated in parentheses
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regions, but with different magnitudes (Fig. 4). Afterwards,

the temperature fluctuations of the sub-regions are more

variable at the decadal scale, however still synchronous on

multi-decadal to centennial scales (e.g. the warm eigh-

teenth and cold nineteenth centuries). The first (second)

panel of Fig. 5 displays the mean temperature anomalies of

the summers 1846–1875 (1775–1804), being the coldest

(warmest) consecutive 30 years of the pre-1901 period

(-0.64 ± 0.34�C and ?0.22 ± 0.39�C, respectively). In

both cases, the temperature pattern is spatially uniform

over most of the continent, with some areas in the north

showing different sign. The difference between the two

periods (warm–cold) is displayed in the third panel of

Fig. 5. The largest values correspond to central Patagonia

(i.e. the highest amplitude on 30-year timescales in the pre-

1901 period), while the smallest difference is found in the

northernmost areas of SSA. The filtered 2 SE values

expressed in �C, averaged over the 900–1995 period are

shown in the right panel of Fig. 5. The uncertainties are

largest in northwestern Argentina and in central Patagonia.

Figure 6 shows the 30-year filtered winter reconstruc-

tions of the sub-regions. The differences between the

regions are more pronounced than in summer, especially

for SP and after 1800. Figure 7 (first two panels) shows

average anomalies of the years 1727–1756 (1794–1823),

the coldest (warmest) 30 consecutive winters of the 1706–

1900 period (-1.09 ± 0.75�C and -0.56 ± 0.65�C,

respectively). The amplitudes (Fig. 7 third panel) are

largest in central-northern SSA and smallest in northeast-

ern SSA. The average 30-year filtered SE values 1706–

1995 are displayed in the right panel of Fig. 7. The areas

with large uncertainties are more widespread in winter

(Fig. 7) than in summer (Fig. 5) and cover large parts of

SSA east of the Andes.

3.3 Quality assessments

The correlations of the PCR SSA mean reconstructions

with the instrumental data in the 1901–1995 period are

0.89 for summer and 0.71 for winter (both p\ 0.001). The

evolution of the RE and r2 values of the SSA mean PCR

reconstructions over time as well as the percentage of grid

cells with positive REs in the spatial PCR reconstructions

are shown in Fig. 8 (corresponding curves for CPS and

RegEM, Figs. S6 and S7). The general evolution of the RE

and r2 values is similar for summer and winter. In the first

years of the summer (winter) reconstruction the RE values

are very close to zero and remain between 0.2 and 0.4 after

1222 (1787). They reach maximum values of 0.73 (sum-

mer) and 0.66 (winter) at the end of the nineteenth century,

respectively, where instrumental temperature series

become increasingly available (Tables 1, 2). The percent-

age of grid cells with positive REs in the spatial PCR

reconstructions (i.e. with higher skill than climatology) is
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relatively stable over time in summer (between 60 and

75%; Fig. 8, red lines). They are clearly lower in winter,

starting at 50% in the early eighteenth century but

increasing to 87% at the end of the reconstruction period.

In summer, the lowest RE values are found in the central-

northern and southernmost parts of SSA; the highest values

are located around 45�S and in central Chile (contour lines

in Fig. 5). In winter, the area with the lowest REs is central

SSA east of the Andes; the regions with the highest skill

are central and northern Chile (contour lines in Fig. 7). As

indicated in Figs. 5 and 7, the spatial distribution of the

REs remains rather stable over time.

Figure 9a shows the 30-year Gaussian filtered SSA

mean summer PCR reconstruction (blue) along with the

independent PCR reconstruction based on the 22 withheld

summer predictors (green). Due to the limited number of

available predictors, the reconstruction based on the with-

held predictors yielded skillful results (RE[ 0) only back

to 1232. Although the amplitudes of the two curves differ,

the temporal evolutions of the two reconstructions are

similar on centennial timescales. The red curve in Fig. 9a

shows the reconstruction obtained when only using those

proxies of the optimal set which are from within SSA. It

covers the period 1677 (four SSA predictors available) to

1995. The decadal scale variations are very similar to the

original reconstruction and the correlations between the

two reconstructions are 0.82 on interannual and 0.95 on 30-

year timescales (both p\ 0.001). Also in winter, the

reconstruction based only on proxies from within SSA

(covering 1807, where four proxies are available, to 1995)

is very similar to that based on the optimized predictor set

(Fig. 9b). Here, the correlations are 0.81 (interannual) and

0.92 (30 year-filtered; both p\ 0.001).

As a further validation, we compared our results with

the annual temperature reconstructions of the NP and SP

Andes (Villalba et al. 2003) based on tree ring records

independent from our reconstructions. For comparison, we

constructed annual mean values of our results by averaging

the reconstructed summer and winter anomalies. The 30-

year filtered anomalies of both reconstructions are shown

in Figs. 9c (NP) and d (SP). The correlations between our

SP (NP) annual reconstructions and the results of Villalba

Fig. 5 First (second) panel average temperature anomalies 1846–

1875 (1775–1804), the coldest (warmest) 30 consecutive years of the

spatial PCR summer reconstruction. Average REs over the period are

indicated by contour lines. Third panel difference between the means

of these two periods (warm minus cold). Last panel Mean 30-year

filtered uncertainties in the PCR reconstruction (900–1995)

T
T

−
A

n
o
m

a
ly

 w
rt

 1
9
0
1
−

1
9
9
5
 [
°C

]

1000 1200 1400 1600 1800 2000
−

2
.0

−
1
.5

−
1
.0

−
0
.5

0
.0

0
.5

1
.0

South Patagonia

North Patagonia

Central Chille Coast

Subtropical SSA

Fig. 4 30-year filtered summer

temperature anomalies 900–

1995 (wrt 1901–1995) for

different sub-regions of SSA

(see Fig. S5) reconstructed by

PCR

44 R. Neukom et al.: Multiproxy summer and winter surface air temperature field reconstructions for SSA

123



et al. (2003) are 0.28 (0.31) for the unfiltered and 0.37

(0.71) for the 30-year filtered data and are significant

(p\ 0.001). However, our results do not depict the strong

negative anomalies in the seventeenth and eighteenth

centuries found in SP by Villalba et al. (2003; Fig. 9d).

Finally, we calculated the correlations of long (non-

homogenized) instrumental temperature records with the

spatial reconstructions at the corresponding grid cells

(Table 5). As long records, we defined stations with avail-

able data for at least 30 years in both the calibration (1931–

1995) and reconstruction (pre-1931) periods (sources:

GHCN; Peterson and Vose 1997 and Servicio Meteoro-

logico Nacional de Argentina, personnal communication

2008). Significant correlations (p\ 0.01) are marked with

an asterisk (Table 5). Most stations have significant but not

very high correlations (r = 0.55 on average). Most of the

station data with non-significant correlations have either

non-significant correlations also in the calibration period

(1931–1995) or do not correlate significantly with the cor-

responding predictand grid cell in the verification period.

Non-significant correlations mainly occur at stations in

southern Patagonia or in the northeastern part of SSA.

4 Discussion

4.1 SSA mean reconstructions

Our summer temperature reconstructions (Fig. 2) suggest

that a warm period extended in SSA from 900 (or even

earlier) to the mid-fourteenth century. This is towards the

end of the Medieval Climate Anomaly (MCA; Bradley

et al. 2003; Stine 1994) as concluded from NH temperature

reconstructions, where most studies find a termination

between ca. 1200–1350 (Jansen et al. 2007; Wanner et al.

2008). Major advances of several summer temperature

sensitive glaciers from the eastern slopes of the Patagonian

Andes occurred in the seventeenth century and between

1850 and 1950 (Koch and Kilian 2005; Luckman and

Villalba 2001), coinciding with periods of low tempera-

tures in our reconstruction (Fig. 2). However, the recon-

structed cold period in the early fifteenth century

corresponds only for a few SSA glaciers with a period of

advance (e.g. Glaciar Huemul, Masiokas et al. 2009;

Röthlisberger 1986). This may be due to the still limited

knowledge about glacial fluctuations in the area and their

Fig. 7 Same as Fig. 5 but for winter and the coldest (warmest) period 1727–1756 (1794–1823)
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relationship to climate (Koch and Kilian 2005; Luckman

and Villalba 2001; Masiokas et al. 2009) or due to the lack

of proxy information from southern SSA before 1493 in

our reconstruction (Table 1). Interestingly, the dates of

glacial advances in New Zealand around 1000, 1150, 1400,

1600, 1700 and in the nineteenth century (Schaefer et al.

DJF Continental Mean PCR Reconstruction
Optimal Set
Remaining Proxies
Optimal Set SSA−Proxies only

JJA Continental Mean PCR Reconstruction
Optimal Set
Optimal Set SSA−Proxies only

North Patagonia
Annual PCR Recon.
Villalba et al. 2003

South Patagonia
Annual PCR Recon.
Villalba et al. 2003
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Fig. 9 a 30-year filtered SSA

mean summer temperatures

reconstructed by PCR using all

proxies of the optimized

predictor set (blue; 1200–1995),

the withheld summer

temperature predictors (green;

1232–1995) and only the

proxies of the optimized set that

are situated within SSA (red;

1677–1995). b 30-year filtered

SSA mean winter temperatures

reconstructed by PCR using all

proxies of the optimized

predictor set (blue; 1706–1995)

and only the proxies of the

optimized set that are situated

within SSA (red; 1807–1995).

30-year filtered reconstructed

annual (average of DJF and

JJA) anomalies (blue; 1706–

1995) for North Patagonia (c)

and South Patagonia (d)

compared to the independent

reconstructions of Villalba et al.

(2003; red; 1640–1995)
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2009) mostly coincide with cold periods in our SSA

summer temperature reconstructions. This is also con-

firmed if the proxy record from New Zealand is removed

from the predictor set (Fig. S8). This suggests that the

teleconnections between the SSA and New Zealand areas

as found in the instrumental record (e.g. Villalba et al.

1997b) were persistent over the last millennium. The warm

temperatures reconstructed in the twentieth century are of

similar amplitude as in preceding warm periods within the

last millennium (Fig. 2).

4.2 Spatial reconstructions

The temperature variations of the different sub-regions of

SSA are broadly synchronous at multi-decadal to centen-

nial scales, albeit with different amplitudes (Figs. 4, 6). At

annual to decadal timescales (except for the pre-1650

period in summer), the temperatures of the sub-regions

exhibit more individual fluctuations (Figs. 4, 5, 6, 7 and S9,

S10), but remain mostly within the 2 SE uncertainty bands

of each individual region (not shown). The strong

synchronicity in summer temperatures before 1650 might

be an artifact caused by the decreasing number of available

predictors back in time leading to reduced spatial vari-

ability and more fitting towards mean conditions. As also

found in regional reconstructions from the NH and the

tropics (Jansen et al. 2007; Rabatel et al. 2008; Wanner

et al. 2008), the timing and extent of the warmest and

coolest periods in our reconstructions vary in different

parts of SSA (Fig. 4): The warm peaks between 900 and

1350 are distinct in SP, NP and CC with 30-year filtered

anomalies of up to ?0.9�C (wrt 1901–1995, Fig. 4) in the

late thirteenth and early fourteenth centuries. In these

regions, the transition to colder conditions is characterized

by two rapid temperature decreases between 1335 and

1355 as well as between 1370 and 1400. The reconstruc-

tions of the ST region can be clearly distinguished from the

other regions due to the weak warm anomalies before 1350,

the absence of the distinct cool period at the beginning of

the fifteenth century and the pronounced minimum around

1850 in summer (Fig. 4). The distinct differences in vari-

ability between the sub-regions may also be an artifact of

the strong limitations of the instrumental target in broad

regions of SSA due to the sparse coverage with station data

(Garreaud et al. 2009; see also Fig. S2).

4.3 Quality considerations

The three methodologies used herein (PCR, CPS and

RegEM) lead to comparable reconstructions at decadal to

centennial timescales (Figs. 2, 3, middle panels and Figs.

S3, S4, S6, S7, S11, S12). Particularly the results of PCR

and CPS are remarkably similar, with a slightly different

temperature history estimated by RegEM (Figs. 2, 3). The

bottom panels of Figs. 2 and 3 suggest that none of the

applied methods systematically over- or under-estimates

the interannual variance back in time. We mainly base our

discussions on the results of PCR, because this method

yielded the highest skill scores (Figs. S6, S7). The PCR and

CPS reconstructions are relatively robust to changes in

reconstruction parameters, calibration period (see

Figs. S13, S14) or predictor subset (see Figs. 9, S11). In

contrast, the results of the RegEM reconstructions are

sensitive to changes in the truncation parameter, predictor

set and calibration period chosen; particularly in the spatial

reconstructions with short calibration periods (see e.g.,

Fig. S11). The summer temperature reconstruction, which

we performed based on a completely independent predictor

set (see Sect. 3.3), has a qualitatively similar pattern at

centennial timescales (Fig. 9). Also, the reconstructions

based only on predictors from within SSA are very similar

to the results of our optimized sets in both seasons (Fig. 9),

indicating that including proxies from areas outside SSA

does not lead to biases in our reconstructions, at least as

Table 5 Long instrumental temperature stations used for verification

Station name Start End Lat S Lon W cor DJF cor JJA

Ushuaia 1901 1986 54.8 68.32 0.38a 0.63*

Punta Arenas 1888 1991 53 70.85 0.08b 0.34

Santa Cruz Aero 1901 1989 50.02 68.57 0.28a 0.71*

Trelew Aero 1901 1989 43.2 65.27 0.51* 0.3a

Esquel 1901 1983 42.97 71.15 0.49* 0.07b

Bahia Blanca Aero 1860 1989 38.7 62.2 0.41* 0.32

Prado 1883 1988 34.85 56.2 0.67* 0.69*

Buenos Aires 1856 1989 34.58 58.48 0.57* 0.43*

Pudahuel 1861 2008 33.38 70.78 0.35* 0.65*

San Juan 1901 1985 31.57 68.87 0.77* 0.52*

Cordoba 1873 1986 31.4 64.2 0.69* 0.4*

Punta Tortuga 1901 1980 29.9 71.4 0.51* 0.66*

Goya 1877 1960 29.1 59.3 0.59* 0.73*

Curitiba 1885 1991 25.43 49.27 0.5* 0.53*

Asuncion Aero 1893 1990 25.27 57.63 0.39 0.71*

Salta Aero 1901 1989 24.85 65.48 0.81* 0.65*

Iguape 1895 1987 24.72 47.55 0.2a 0.19

Sao Paolo 1887 1991 23.5 46.62 0.4* 0.33a

Rio de Janeiro 1871 1990 22.92 43.17 0.38* 0.38*

Station names, beginning and end years of the measurements and

coordinates. Correlations with the spatial summer and winter PCR

reconstructions at the corresponding grid cells in the pre-1931 overlap

periods
a Correlation of station data with the predictand is not significant in

the verification period
b Correlation is not significant also in the calibration period

* Significant correlations (p\ 0.01)
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regards the SSA mean. Moreover, our reconstructions are

not dominated by single proxies, as shown by the indi-

vidual regression weights of each proxy in PCR (Figs.

S15–S18). We therefore argue that the reconstructed low

frequency patterns are relatively robust with respect to the

reconstruction methodology and predictor set used.

Our results suggest that the selected predictors are able

to capture regional differences in past SSA temperatures at

interannual (illustrated by Figs. S9, S10) and decadal

timescales (Figs. 4, 5, 6, 7, 9). This finding is corroborated

by the significant correlations with the independent regio-

nal reconstructions of the southern Andes (Villalba et al.

2003) and the long temperature measurements from SSA

(Table 5). However, most of these correlations are signi-

ficant though rather low, indicating that our reconstructions

have limited potential for local to regional analyses in the

complex mountain areas of the Andes and in the peripheral

regions of SSA.

The reconstruction uncertainties are smaller in summer

than in winter (Figs. 2, 3, 5, 7, S9 and S10), indicating that

the quality of the predictor network is higher in summer.

Generally, our reconstructions and verification exercises

yielded mostly positive but relatively low skill scores for

both seasons (Figs. 5, 7, 8). It must be noted that we

optimized our predictor set based on these skill scores

which are, therefore, very probably overestimated to a

certain extent. The lowest skill and the largest uncertainties

(Figs. 5, 7) correspond mostly to the lowlands east of the

Andes, from where no annually resolved temperature

proxies are available (Fig. 1). We emphasize that in the

period before 1493, the summer temperature reconstruc-

tions exhibit larger uncertainties (as illustrated in Fig. 2),

because all but one predictor used in this timeframe stem

from outside SSA and are only connected to its climate

through teleconnections which are assumed to remain sta-

ble over time. However, Fig. S8 shows that the record from

within SSA has the largest influence on the reconstruction

in this period (900–1492). Furthermore, a reconstruction

based only on SSA proxies (some of them not included in

the optimal set) reveals similar results. This indicates that

the reconstructions reflect realistic fluctuations of SSA

temperatures, also in this early period (details see supple-

mentary material). The results are generally more uncertain

in winter than in summer, because in winter, the relation to

SSA winter temperature is found by correlation analysis

only and has not been explicitly stated in literature for most

of the non-instrumental proxies used. The only exception

are the tree ring records from South Patagonia and Tierra

del Fuego, which Aravena et al. (2002) found to be related

to annual minimum temperatures. These findings underline

the need for more highly resolved temperature proxies

from within SSA, particularly in other seasons than sum-

mer and in the eastern part of the continent.

5 Conclusions and outlook

Twenty two (20) carefully selected proxies were used to

statistically reconstruct austral summer (winter) tempera-

tures of SSA back to 900 (1706) using PCR, CPS and

RegEM. The results represent the first seasonal sub-conti-

nental-scale climate field reconstructions of the SH going

so far back in time. The reconstructed SSA mean summer

temperatures are characterized by warm episodes before

1350, between 1710 and 1820 and after 1940. Cold con-

ditions prevailed between 1400 and 1650 as well as

between 1820 and 1940. This mostly agrees with recon-

structions of fluctuations of temperature sensitive glaciers

in SSA and New Zealand. In winter, the decadal-scale pre-

1901 temperature anomalies mostly remain below the

twentieth century average. Within the twentieth century,

the 30-year filtered anomalies of both seasons do not

exceed the uncertainty range of warm periods in previous

centuries. Our spatial reconstructions indicate differences

in the low and high frequency variability between the sub-

regions of SSA. This study clearly revealed that temporally

and spatially highly resolved multi-centennial climate field

reconstructions are also possible in the SH. Nevertheless,

skill values are still rather low and there is a striking lack of

annually resolved proxy data, especially from tropical and

subtropical regions (see Boninsegna et al. 2009) and from

the eastern lowlands of SSA.

Together with reconstructions from other regions, our

reconstructions allow quantification of differences and

similarities of past temperature variations of different

continents and hemispheres and to put the recent warming

into a larger temporal and spatial context (as intended by

the PAGES 2k initiative; Newman et al. 2009). Besides,

they can serve as a basis for the analysis of environmental

and societal changes of the last millennium in SSA as well

as for comparison and calibration issues of proxies with

lower resolution. Along with forthcoming reconstructions

of precipitation (Neukom et al. 2010) and sea level pres-

sure, our results will help to understand the influence of

globally relevant large scale patterns, such as ENSO, SAM

and PDO on the climate of SSA as well as regional

expressions of solar and volcanic forcings. Finally, the

reconstructions can be used for comparison with the out-

puts of global climate model (GCM) simulations (Meyer

and Wagner 2008a, b. Such comparisons can help to

improve the understanding of the processes driving past

climate variability in SSA and also to assess and ultimately

improve the ability of GCMs to simulate past and future

climate variability.
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