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Abstract. This paper presents a reconstruction of the sum-

mer temperatures over the Greater Alpine Region (44.05◦–

47.41◦ N, 6.43◦–13◦ E) during the last millennium based

on a network of 38 multi-centennial larch and stone pine

chronologies. Tree ring series are standardized using an

Adaptative Regional Growth Curve, which attempts to re-

move the age effect from the low frequency variations in the

series. The proxies are calibrated using the June to August

mean temperatures from the HISTALP high-elevation tem-

perature time series spanning the 1818–2003. The method

combines an analogue technique, which is able to extend

the too short tree-ring series, an artificial neural network

technique for an optimal non-linear calibration including

a bootstrap technique for calculating error assessment on

the reconstruction. About 50% of the temperature variance

is reconstructed. Low-elevation instrumental data back to

1760 compared to their instrumental target data reveal diver-

gence between (warmer) early instrumental measurements

and (colder) proxy estimates. The proxy record indicates

cool conditions, from the mid-11th century to the mid-12th

century, related to the Oort solar minimum followed by a

short Medieval Warm Period (1200–1420). The Little Ice

Age (1420–1830) appears particularly cold between 1420

and 1820 with summers that are 0.8 ◦C cooler than the 1901–

2000 period. The new record suggests that the persistency of

the late 20th century warming trend is unprecedented. It also

reveals significant similarities with other alpine reconstruc-

tions.
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1 Introduction

In the last decade, many studies concerned past temperature

variations in the Greater Alpine Region (GAR). They are

based on long instrumental observations (Begert et al., 2005;

Brunetti et al., 2006; Auer et al., 2007), written historical

documents (Pfister, 1999; LeRoy Ladurie 2004), glacier front

elevation (Holzhauser et al. 2005; Oerlemans 2005) or mul-

tiproxy combinations (Casty et al., 2005, for example). Re-

garding dendroclimatological studies, the Alps are favoured

by several low-elevation instrumental series extending to the

mid-18th century and by some high-elevation ones to the

early 19th century (Auer et al., 2007). This enables calibra-

tion and independent verification of tree-ring proxy to instru-

mental target data over exceptionally long periods (Frank and

Esper 2005; Büntgen et al., 2008). To date, numerous tem-

perature reconstructions have been produced from local tree-

ring chronologies and regional-scale network compilations

(see references herein). However, most of them span the

last 300–500 years only. There are relatively few that extend

back prior to 1000 (all dates in this paper are given in calen-

dar years AD). To date and to our knowledge, there are only

two tree ring-based Alpine temperature reconstructions that

extend back prior to 1000 and forward into the 21st century

(Büntgen et al., 2005, 2006a). This is because of the scarcity

of wood material from the early part of the last millennium,

necessary to assess climate variations during the putative Me-

dieval Warm Period (MWP) (Lamb, 1976). In contrast, much

more evidence of a Little Ice Age (LIA) cooling is reported

from various sites and archives (Grove, 1988). Büntgen

et al. (2005, 2006a) published two mean summer (June–

August and June–September) temperature reconstructions
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based on tree-ring width (TRW) and maximum latewood

density (MXD) from tree-ring sites in Switzerland and Aus-

tria. These reconstructions are the longest available for the

Alps (951–2002 and 755–2004).

In this paper, we present a millennium-long summer tem-

perature reconstruction covering most of the Alpine arc by

various existing and newly updated composite dataset that

combine living trees with dendroarchaeological material.

Unlike previous reconstruction, our reconstruction is built

from series widely distributed in the Alpine arc, and, in

particular, series from Western Alps are incorporated in the

dataset. In an effort to capture the natural range of high- to

low- frequency temperature variations and to provide a re-

fined reconstruction of their amplitude over past millennium,

we combined version of the well-established RCS technique

for tree-ring detrending, an analog method for data aggrega-

tion, and a neural network approach for reconstruction (Guiot

et al., 2005). This approach has been applied successfully in

palaeoclimatology (Peyron et al., 1998; Guiot et al., 2005)

and in dendroclimatology (Guiot and Tessier, 1997; Keller et

al., 1997; Carrer and Urbinati, 2005). It differs from linear

statistical methods in that it introduces non-linearity to the

system and appears particularly adapted to tree-ring based

reconstructions due to the complexity of tree growth, depen-

dent on climate but also on time, tree geometry and other

factors. Results are compared to existing alpine reconstruc-

tions, and comparison with NH reconstructions is conducted

to place our regional reconstruction in a larger-scale context.

2 Material

2.1 Tree-ring data

We have collected a large compilation of living and his-

toric wood samples from numerous well-distributed, high-

elevation wood samples in the European Alps. The data

extracted from the DENDRODB relational European tree-

ring database (http://dendrodb.cerege.fr/) and the WDC

tree-ring database (http://www.ncdc.noaa.gov/paleo/treering.

html) have been supplemented with new and unpublished

multi-centennial-long pine and larch chronologies (Edouard,

unpublished chronologies). In total, 502 larch series (Larix

decidua Mill., 19 sites) and 463 stone pine series (Pinus cem-

bra L., 17 sites) have been used (Table 1). For the larch

collection, the precise number of trees concerned by these

series is, however, not clearly specified, as some of the his-

torical timbers might originate from the same trees (Büntgen

et al., 2006b). In contrast, each pine represents a single

tree. Two composite chronologies (Swiss1 and Swiss2) are

also integrated. Swiss1 (TRW) is a Regional Curve Stan-

dardized (RCS) chronology, including four larch compos-

ite chronologies (1110 TRW series) from Switzerland and

the most recent part of a 7000-year pine TRW chronology

(417 ring width series) from western Austria (Büntgen et

al., 2005). “Swiss 2” (MXD) is composed of 180 max-

imum latewood density (MXD) larch measurement series

from 86 living trees and 94 historic timbers deriving from el-

evations >1600 m a.s.l. located in the sub-alpine Lötschental,

Simplon and Aletsch regions (Büntgen et al., 2006a). All

these chronologies are more than 400 years long. Three

larch chronologies (“Merveilles”, “Swiss1” and “Swiss2”)

are covering the whole last millennium. The “Nevache

Granges” larch chronology covers the last millennium with a

gap between AD 1255 and AD 1384. Characteristics of these

chronologies are detailed in Table 1.

2.2 Climatic data

Our aim is to provide reliable palaeoclimatic evidence for the

period before AD 1818, when systematically homogenized

high-elevation instrumental station measurements started

recording in the Greater Alpine Region (GAR) (HISTALP;

Auer et al., 2007). The HISTALP high-elevation tem-

perature data derive from 13 individual stations located

>1500 m a.s.l. and cover the 45◦–47◦ N and 6◦–9◦ E area

along the main Alpine crest-line. This compilation thus best

represents the spatial area and the elevation-zone of the tree-

ring network.

The HISTALP low-elevation (<1500 m a.s.l.) tempera-

ture time series (Auer et al., 2007) back to 1760 derives

from 118 stations across the GAR. It is herein used for ex-

tra verification and to characterize potential limitations of

our reconstruction in preserving long-term trends as those

reported from the transition of the LIA cooling until the

most recent warming. Correlation (1818–2003) between the

June–August (JJA) mean from high- and low-elevation is

0.92, indicating that these two series display a similar his-

tory. Temperatures are expressed as anomalies with respect

to the 1901–2000 mean.

3 Methods

First, the tree-ring width series are detrended using an Adap-

tive Regional Growth Curve (ARGC) (Nicault et al., 2008,

2010), which preserves long-term trends in the resulting

chronologies. Secondly, an analogue technique is used to ex-

pand all series to the common 1000–2000 period. Thirdly, an

Artificial Neural Network (ANN) technique (referred to here

as a transfer function) is calibrated on the 1818–2000 period

and then applied to the individual site chronologies back to

AD 1000. Five calibration and validation tests are finally car-

ried out to assess the reliability of the reconstruction.

3.1 Tree-ring data detrending and chronology

development

Cook et al. (1995) demonstrated that methods of individual

series detrending result in a lose of potential longer-term cli-

matic information above the segment length. Mean segment
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Table 1. Characteristics of the tree-ring sites: identifier (No), site name (TRW: Tree Ring Width, MXD: Maximum Latewood Density),

location, species (LADE: Larix decidua; PICE : Pinus cembra), period covered before truncation due to low replication (see details in

Sect. 3.1), number of individual tree-ring width series (n), Mean Serie Length (MSL in years), Average Growth Rate (AGR in 1/100 mm/year)

and source (DENDRODB: http://servpal.cerege.fr/webdbdendro; WDC: http://www.ncdc.noaa.gov/paleo/treering.html). The identifiers are

the same as in Fig. 1.

No Site Species Longitude Latitude Altitude Period n MSL AGR Source

(E) (N) (m a.s.l.) (AD)

1 Aleve LADE 7◦04 44◦36 2200 1426–1997 12 400 51.6 Nola P., DENDRODB

2 Alpe Musella LADE 9◦51 46◦17 2200 1563-1992 16 143 97.6 Nola P., DENDRODB

3 Berchtesgaden LADE 13◦01 47◦24 1725 1380-1947 27 163 33.2 Brehme K., WDC

4 Cadini Lago di Misurina LADE 12◦15 46◦34 2000 1463–1998 17 283 68.3 Urbinati C., DENDRODB

5 Chalets de l’Orgère LADE 6◦40 45◦12 2100 1353–1973 26 335 83.6 Tessier L., DENDRODB

6 Chardonnet LADE 6◦32 45◦01 2180 1492–1989 18 331 67.9 Edouard J.-L., unpublished

7 Clapouse LADE 6◦25 44◦51 2150 1557–1995 14 289 60.8 Guibal F., DENDRODB

8 Comasine LADE 10◦39 46◦20 2200 1438–1999 17 447 69.1 Urbinati C., DENDRODB

9 Fodara Vedla Alm LADE 12◦03 46◦22 1970 1520–1990 69 140 10.2 Huesken W., DENDRODB

10 Freyssinières LADE 6◦29 44◦42 2150 1474–1992 21 317 75.8 Edouard J.-L., unpublished

11 Merveilles LADE 7◦26 44◦02 2200 988–1974 28 448 36.8 Tessier L., DENDRODB

12 Moutieres LADE 6◦50 44◦17 2100 1414–1995 34 395 68.3 Edouard J.-L., unpublished

13 Muestair LADE 10◦26 46◦36 – 1295–1905 17 78.4 15.7 Schweingruber F. H., WDC

14 Névache Granges LADE 6◦34 45◦01 2000 751–1894 88 159 63.1 Edouard J.-L., unpublished

15 Obergurgl LADE 11◦01 46◦31 – 1333–1974 35 182 14.8 Giertz V., DENDRODB

16 Oriol LADE 6◦35 44◦47 2180 1381–1989 19 445 63.1 Edouard J.-L., unpublished

17 Passo Cinque Croci LADE 10◦34 46◦10 2050 1468–1999 15 220 87.4 Urbinati C., DENDRODB

18 Ravin de Congerman LADE 6◦39 44◦06 2100 1421–1992 8 338 62.9 Tessier L., DENDRODB

19 Ventina LADE 9◦46 46◦18 2050 1007–1993 21 441 57.8 Nola P., DENDRODB

length (MSL: the average number of rings per sample) and

Average Growth Rate (AGR : the length of core or the ra-

dius of disc sample divided by the number of rings) indicated

in Table 1 are useful for determining the maximum resolv-

able low-frequency variance in a tree-ring chronology due to

climate after its individual ring-width series have been de-

trended.

Our method is adapted to the Regional Curve Standard-

isation (RCS) method (Becker et al., 1989; Briffa et al.,

1992). This age-related detrending method enables to pre-

serve inter-annual to multi-centennial information in the re-

sulting chronologies. All measurement series are first aligned

according to their cambial age of one (biological zero). The

mean of all age-aligned series is calculated and the so-called

Regional Curve (RC) is usually smoothed with a cubic spline

or a parametric curve. In Alpine regions, as in many other

heterogeneous regions, rapid variations in soil factors, mi-

croclimate, competition, and other factors governing site pro-

ductivity, may induce major differences in tree growth rates.

The outlier sites, i.e. those that show a trend substantially

different from the regional curve, may then induce strong

bias in RCS chronology. In such conditions, a theoretical

growth curve that can be generalized for all the sites of a

given species in a given area is particularly difficult to pro-

cess. In order to minimize any bias introduced into the index

series by differences in growth rates, we calculate a growth

curve for each tree. The method is called the Adaptative Re-

gional Growth Curve (ARGC) (Nicault et al., 2008, 2010).

The ARGC theoretical growth curve, needed to detrend a

specific tree-ring series, is supposed as a non-linear func-

tion of cambial age and tree productivity, which is a function

of competition or soil. Following Rathgeber et al. (1999),

we take into account the juvenile growth calculated on the

first 50 years to reflect the tree productivity related to the site

conditions. The tree-growth trend is then modelled by a 3-

parameter-equation:

ϒt = F(α(Ct ),g(C),G(C)). (1)

Where ϒt is the theoretical value for tree-ring Ct , α(Ct ) is

the age of tree-ring Ct , g(C) is the initial growth of tree C,

www.clim-past.net/6/379/2010/ Clim. Past, 6, 379–400, 2010
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Table 1. Continued.

No Site Species Longitude Latitude Altitude Period n MSL AGR Source

(E) (N) (m a.s.l.) (AD)

20 Swiss1 (TRW) LADE 7◦29-11◦03 46◦-47◦ 1900–2200 951–2002 Composite Büntgen U., Büntgen et al. 2005

20a Lötschental (TRW) LADE 7◦29 46◦25 – 1085–2002 330 201 86 Büntgen U., Schmidhalter M.

20b Simplon (TRW) LADE 8◦03 46◦12 – 685–2003 78 259 87 Schmidhalter M.

20c Engadine (TRW) LADE 9◦46 46◦27 – 800–1993 376 144 115 Seifert M. et al.

20d Goms (TRW) LADE 8◦10 46◦25 – 505–2003 326 129 104 Schmidhalter M.

20e Tyrol (TRW) PICE 11◦03 47◦00 – 645–1997 417 197 99 Nicolussi K.

21 Swiss2 (MXD) LADE 7◦29–11◦03 46◦12–47◦ 1900–2200 755–2004 Composite Büntgen U., Büntgen et al. (2006)

21a Aletsch (MXD) LADE 8◦01 46◦50 –
1681–1986 31

– – Büntgen U.

21b Simmental (MXD) LADE 6◦24 46◦25 – – – Büntgen U.

21c Lötschental (MXD) LADE 7◦29 46◦25 – 1258–2004 110 – – Büntgen U., Schmidhalter M.

21d Simplon (MXD) LADE 8◦03 46◦12 – 735–1510 39 – – Schmidhalter M.

22 Aleve PICE 7◦04 44◦36 2225 1453–1994 23 312 70.9 Nola P., DENDRODB

23 Ambrizzola PICE 12◦07 46◦06 2100 1425–1997 56 220 84.8 Urbinati C., DENDRODB

24 Bois des Ayes PICE 6◦40 44◦49 2000 1475–1998 26 361 68.8 Edouard J.-L., unpublished

25 Buffères PICE 6◦34 45◦00 2100 1594–2000 39 243 92.4 Edouard J.-L., DENDRODB

26 Chaussettaz PICE 7◦07 45◦31 1820 1478–1994 25 274 85.4 Nola P., DENDRODB

27 Clavieres PICE 6◦40 44◦55 2200 1472–1995 24 308 74.2 Nola P., DENDRODB

28 Fodara Vedla Alm PICE 12◦03 46◦22 1970 1474–1990 93 164 91 Huesken W., DENDRODB

29 Formin PICE 12◦04 46◦29 2100 1493–1995 13 195 93.6 Urbinati C., DENDRODB

30 Isola PICE 7◦09 44◦10 2100 1637–2000 18 235 82.2 Edouard J.-L., DENDRODB

31 Jalavez PICE 6◦47 44◦39 2270 1575–1998 23 294 78.4 Edouard J.-L., DENDRODB

32 La Joux PICE 6◦57 45◦42 2200 1472–1997 17 376 67.9 Nola P., DENDRODB

33 Lac Miroir PICE 6◦28 44◦22 2300 1564–2000 11 327 60.6 Meijer F., DENDRODB

34 Manghen PICE 11.26 46◦10 2100 1488–1996 29 235 97.1 Urbinati C., DENDRODB

35 Obergurgl PICE 11◦01 46◦31 – 1544-1971 24 309 28.5 Giertz V., DENDRODB

36 Roubinettes PICE 7◦13 44◦07 2100 1540–2000 16 284 64.9 Edouard J.-L., DENDRODB

37 Val di Fumo PICE 10◦32 46◦02 2100 1584–1996 14 211 98.6 Nola P., DENDRODB

38 Vallee du Tronchet PICE 6◦30 44◦22 2350 1551–2000 12 280 77.1 Meijer F., DENDRODB

i.e. the average of the first 10 rings, G(C) is the maximal

juvenile growth of tree C, i.e. the maximum value reached

during its juvenile stage (first 50 years) after smoothing using

a 10-yr window.

An ANN technique as introduced by Nicault et al. (2010)

is used to estimate F for each tree (Eq. 1). The tree-ring series

are indexed by dividing each measured ring by its expected

value estimated from this curve. Finally, the standardized

tree-ring indices are averaged on the site-level. As each tree

is fitted by the ANN, the detrending is not sensitive to the oc-

currence missing rings at the tree pith (Nicault et al., 2010).

Resulting chronologies are truncated at a minimum replica-

tion of three series. Due to a high degree of common variance

between the larch and pine chronologies (see Sect. 4.1), these

data were simply merged yielding to increased sample size

and thus more robust time-series allowing further analysis to

be applied.

3.2 The analogue technique

Considering the fact that the number of available proxies

decreases back in time, several authors (Mann et al., 1999;

Luterbacher et al., 2002; Xoplaki et al., 2005; Casty et al.,

2005; Pauling et al., 2006) have used a number of regressions

based on a decreasing number of proxies or nested compo-

nent regression models (Cook et al., 2002). Resulting re-

constructions are often still contaminated by artificial vari-

ances changes through time (Frank et al., 2007b) which are
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Table 2. Correlation matrix of the Adaptative Regional Growth Curve detrended chronologies (1637–1974 period).

an inverse function of the number of proxies used. Moreover,

such methods do not account for missing values within proxy

series. A more and more frequently used alternative is the

regularized expectation maximization (REGEM), which im-

putes missing values on the basis of the regression between

variables (Schneider, 2001), in a manner that make optimal

use of spatial and temporal information in the dataset. Here,

infilling of missing data is done using an analogue technique

introduced by Guiot et al. (2005). This technique has not the

same weakness as REGEM, as the number of predictors is

maintained constant in time. In order to replace a missing

year for any given tree ring series, we compared the existing

vector of data with all other series available during this time

on the basis of the Euclidian distance and not on the basis of

the correlation between variables, as most of the methods do.

The corresponding year from the eight nearest series (called

analogues) are averaged with a weight inversely proportional

to the distance, providing the estimate of the missing tree-

ring value. The number of analogues varies according to the

data available, but those are used with a distance lower than

0.5. Note that some missing values may remain, if there are

not enough data for that period or if there are no close enough

analogues. The quality of the fit is estimated with the cor-

relation between observations and estimates on the common

www.clim-past.net/6/379/2010/ Clim. Past, 6, 379–400, 2010
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Fig. 1. Location map of the 38 tree-ring sites used for the Alpine temperature reconstruction. Sites are differentiated by species and whether

ring-width and maximum latewood density parameters were both available for a site (grey symbol) or only ring-width (white symbol). All

tree-ring sites are above 1700 m a.s.l. The labelled numbers also refer to Table 1.

period. A good correlation proves that the hypothesis justify-

ing the use of analogues is satisfied. Finally, if estimated se-

ries have a standard deviation inferior by 20% to the original

series, the estimates are rescaled to keep the same variance.

This method allows us to expand all series to the same com-

mon 1000–2000 period using only a single transfer function.

Results will show below that the method has an interesting

characteristic as compared with the regression based meth-

ods: the correlations between estimated series are not better

than those of the observed series as the estimation process

is not based on the similarity between variables but between

the years. The method is then conservative for the observed

spatial variability. Moreover, it has been demonstrated that

variance is well maintained independent of the number of

predictors (Nicault et al., 2008).

3.3 Calibration and verification

Standardized and completed tree-ring series were trans-

formed into a smaller number of principal component analy-

sis (PCA Richman, 1986) in order to remove the correlation

between the regressors and to provide more robust estimates.

We have successively tested the inclusion of 10 to 19 prin-

cipal components to select principal component truncation

criteria. These principal components were then related to

several combinations of regressors on the 1818–2000 period

using the same ANN technique above mentioned. The best

calibration was obtained when calibrating with JJA temper-

atures anomalies in accordance with the positive responses

of Pinus cembra and Larix decidua to summer temperatures

observed, by several authors (e.g. Frank and Esper, 2005), at

high altitude in the Alps. The anomalies of the JJA temper-

atures during the last 1000 years were estimated by apply-

ing the ANN to the principal components. To avoid loss of

amplitude due to imperfect calibration, simple scaling of the

reconstruction against instrumental targets, that is adjusting

the variance, was applied.

To assess the reliability of the ANN, a bootstrap method

(Efron, 1979; Guiot, 1990) was used. A subset of the ob-

served data (principal components and temperature) was ran-

domly extracted with replacement. The ANN was then cali-

brated on this data subset. This is iterated 50 times. At each

calibration, a determination coefficient (R2) between esti-

mated and observed values was calculated for the data ran-

domly taken for the calibration (the calibration R-squared,

R2C), and another one was calculated for the remaining data

(the verification R-squared, R2V).

The reconstruction skill and robustness are assessed by the

Root Mean Squared Error of the calibration data (RMSE),

the Root Mean Squared Error of Prediction of the verifica-

tion data (RMSEP), the Reduction of Error statistic (RE) and

the Coefficient of Efficiency (CE), both on the verification

data (Wigley et al., 1984). The RMSE statistic tests the qual-

ity of fit on the calibration data, while the RMSEP test the

prediction capacity of the transfer function by using inde-

pendent data. The RE statistic ranges from minus infinity
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Fig. 2b. Continued.

to one. If this statistic is greater than zero, the reconstruc-

tion has greater skill than would be obtained by simply using

the mean of the calibration period as the value for each year

of the reconstruction (Fritts, 1976). The CE compares esti-

mates with the mean of the verification period. It provides

the more rigorous verification test, particularly when there

are low-frequency variations and substantial differences in

the means of the calibration and verification periods. The

confidence interval for all these statistics are obtained from

the 5th and 95th percentiles of the 50 reconstructions. Boot-

strap technique then provides a way to decide statistically if

the reconstruction is robust or not.
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Table 3. Estimation of the missing data by analogue method. The first column represents the percentage of missing values considering the

period AD 1000–2000 as 100%. The statistics are calculated between observed values and estimates, when they are available. All correlation

coefficients are significant (at the 5% level).

No. Serie % of Correlation Number of correction factor

missing values (R) observations (ratio of std. dev)

1 Aleve 49.3 0.87 507 1.39

2 Alpe Musella 57 0.89 430 1.09

3 Berchtesgaden 47.2 0.91 528 1.57

4 Cadini Lago di Misurina 57.5 0.89 425 1.41

5 Chalets de l’Orgère 56.5 0.91 436 1.35

6 Chardonnet 55 0.91 450 1.44

7 Clapouse 62.6 0.88 374 1.38

8 Comasine 46.3 0.91 537 1.36

9 Fodara Vedla Alm 55.6 0.91 444 1.37

10 Freyssinières 56.3 0.88 437 1.52

11 Merveilles 2.6 0.98 974 –

12 Moutieres 48.6 0.89 514 1.45

13 Muestair 61.6 0.89 384 1.69

14 Névache Granges 15.8 0.99 842 1

15 Obergurgl 36.7 0.89 633 1.72

16 Oriol 41.8 0.93 582 1.55

17 Passo Cinque Croci 46.8 0.81 532 1.46

18 Ravin de Congerman 62.4 0.84 376 1.56

19 Ventina 31 0.97 690 1.26

20 Swiss1 (TRW) 0 0.91 1001 –

4 Results

4.1 Chronology characteristics

Common variance between the population series is likely

dominated by species differences. The average interspecies

cross-chronology correlation, calculated over the 1637–1974

common period, is 0.19, lower than the intra-species mean

correlations for larch (R = 0.38) or pine (R = 0.31). It

seems also influenced by the distance between sampling

sites. For Larix decidua, the lowest correlation (R = −0.03)

occurs between farther sites of Merveilles and Berchtesgaden

while the highest (R = 0.72) is found between neighbour

sites of Chardonnet and Chalets de l’Orgère (Fig. 1, Ta-

ble 2). More generally, high correlations values (R > 0.6)

are found between larch chronologies from Briançonnais,

Chardonnet, Névache Granges, Oriol, Clapouse, and Chalets

de l’Orgère, reflecting their proximity (Fig. 1, Table 2). Sim-

ilarly, for Pinus cembra, highest correlations are found in

Italian Dolomites between chronologies from Ambrizzola,

Formin, Manghen and Val di Fumo.

The proxy matrix has 38 columns (chronologies) and 1001

rows (years) with many gaps, especially before 1500. The

percentage of missing values, considering the reconstruction

(AD 1000–2000) as 100%, is provided in Table 3. It varies

between 0 and 68% with a mean of 49%. Eight chronologies

are available before AD 1400 and only 5 before AD 1200

(Fig. 3a, f). The analogue method provides us a good esti-

mate of most of the gaps, as verified by comparing the true

values, when available, with the estimates. Table 3 shows

that correlation between observations and estimates varies

from 0.83 to 0.99 with a mean of 0.90. The correction factor

applied to estimates in order to preserve the observed vari-

ance, varies from 1 (no correction) to 1.72 for Obergurgl

larch chronology. The correlations computed for 100-year
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Table 3. Continued.

No. Serie % of Correlation Number of correction factor

missing values (R) observations (ratio of std. dev)

21 Swiss2 (MXD) 0 0.99 1001 –

22 Aleve 53.9 0.86 461 1.48

23 Ambrizzola 56 0.92 440 1.37

24 Bois des Ayes 51.6 0.88 484 1.47

25 Buffères 68 0.83 313 1.53

26 Chaussettaz 53.2 0.87 468 1.59

27 Clavieres 51.2 0.90 488 1.38

28 Fodara Vedla Alm 51.2 0.90 488 1.46

29 Formin 68 0.87 320 1.36

30 Isola 66.5 0.86 335 1.36

31 Jalavez 60.1 0.87 399 1.54

32 La Joux 51.6 0.87 484 1.42

33 Lac Mirroir 59.2 0.84 408 1.46

34 Manghen 63.7 0.91 363 1.35

35 Obergurgl 58.4 0.87 416 1.43

36 Roubinettes 61.6 0.85 384 1.52

37 Val di Fumo 63.8 0.87 362 1.40

38 Vallee du Tronchet 62.8 0.88 372 1.41

Mean 49 0.90

segments in the original and in the infilled matrix are close

(Fig. 3d, h). Interestingly, for larch chronologies (Fig. 3d),

the intra-species correlations before 1200, between 0.38 and

0.55, reveal a fairly robust signal in the four oldest popula-

tions from Switzerland/Austria (Swiss 1, Swiss 2) and France

(Merveilles, Nevache). Despite the distance and the com-

posite nature of these populations, these correlations reveal a

common climate-related signal in the Alps during the early

part of the millennium for which regional temperature recon-

structions considerably differ at regional scale (Mann, 2007).

For the infilled series, mean correlation between 1050 and

1250 is 0.43. It decreases to 0.23 (at the same order of magni-

tude than for the observed data) between 1400 and 1600. For

pine chronologies, correlations range between 0.14 and 0.45

with a minimum between 1500 and 1700 (Fig. 3h). The peri-

ods of decreasing correlation match with the beginning of the

majority of the larch (pine) chronologies (Fig. 2). These pop-

ulations are composed of juvenile trees that are less sensitive,

especially for Larix decidua (Carrer and Urbinati 2004) to a

lesser extent for Pinus cembra (Carrer and Urbinati, 2004) to

climate. This climate signal age effect (Esper et al., 2008)

might explain the low correlation. It appears to be related to

an endogeneous parameter linked to hydraulic status that be-

comes increasingly limiting as tree grow and age, inducing

more stressful conditions and a higher climate sensitivity in

older individuals (Carrer and Urbinati, 2004).

The ARGC detrended larch and pine chronologies reveal

inter-decadal scale growth variations over the past millen-

nium. Visually, the original and infilled smoothed chronolo-

gies (Fig. 3a, b, d, e) show periods of similar inter-decadal

fluctuations, with low values at ∼ 1585−1605 and ∼ 1960−

1980, and high values at ∼ 1610−1620, and ∼ 1860−1880,

and during the last decades. Interestingly, after 1620, the

two chronologies are out of phase, with Pinus lagging behind

Larix by 20 years. For example, during the Late Maunder

Minimum 1675–1715, all larch chronologies show a promi-

nent, multi-decadal growth reduction during the ∼1680–

1700 period, whereas pine chronologies indicate a later and

less important reduction at ∼ 1710 − 1720. Between 1810

and 1821, almost all chronologies indicate reduced growth

rates and by the end of the 19th century, the chronologies are

back in phase.
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Table 4. Statistics of reconstructions of June to August temperature in the Alps functions of the number (10–18) of principal components

used. Four neurons and a maximum of 5000 iterations were used in each reconstruction. Calibration statistics are computed on the randomly

selected observations within the 1818–2003 period. Validation statistics are based on not taken observation within the same period. The

RMSE and the R2 statistic tests the quality of fit on the calibration data, while the RMSEP, RE and CE test the prediction capacity of the

transfer function by using independent data.

Number of 10 11 12 13 14 15 16 17 18

principal components

% of variance 0.81 0.83 0.85 0.86 0.88 0.89 0.90 0.91 0.92

RMSE 0.67 0.64 0.64 0.64 0.62 0.59 0.59 0.60 0.59

[0.61; 0.71] [0.59; 0.69] [0.59; 0.70] [0.57; 0.69] [0.55; 0.69] [0.54; 0.65] [0.54; 0.66] [0.56; 0.64] [0.54; 0.64]

RMSEP 0.73 0.72 0.71 0.71 0.70 0.71 0.69 0.69 0.69

[0.63; 0.83] [0.63; 0.84] [0.61; 0.82] [0.62; 0.82] [0.59 ; 0.81] [0.61; 0.80] [0.59; 0.78] [0.59; 0.76] [0.61; 0.80]

R2 (calibration) 0.43 0.46 0.47 0.49 0.51 0.55 0.54 0.55 0.55

[0.32; 0.53] [0.36; 0.56] [0.34; 0.56] [0.37; 0.59] [0.40 ; 0.61] [0.45; 0.66] [0.45; 0.64] [0.46; 0.64] [0.43; 0.65]

Reduction of 0.32 0.34 0.37 0.35 0.39 0.38 0.38 0.38 0.38

error (RE)

[0.14; 0.45] [0.17; 0.46] [0.21; 0.46] [0.18; 0.48] [0.19; 0.50] [0.18; 0.51] [0.22; 0.49] [0.24; 0.48] [0.21; 0.49]

Coefficient of 0.31 0.33 0.35 0.32 0.37 0.37 0.37 0.37 0.37

efficiency (CE)

[0.12; 0.43] [0.15; 0.46] [0.17; 0.45] [0.15; 0.47] [0.19 ;0.49] [0.15; 0.46] [0.17; 0.49] [0.22; 0.48] [0.13; 0.50]

4.2 Calibration and validation

The ANN was used with 4 neurons in the hidden layer, a

maximum of 5000 iterations. The calibration is based on the

randomly selected observations within the 1818–2003 period

and the verification is done on the non taken observations.

We have successively tested the inclusion of 10 to 19 princi-

pal components of the regressors, explaining from 81 to 92%

of their variance. The optimal configuration seems to be 14

principal components explaining 88% of the regressor’s vari-

ance and 51% of the predictand’s variance (R2) with a 95%

confidence interval of [40%, 60%]. It is considered as the

optimum configuration because it gives the best verification

statistics, say RE=0.39 and CE=0.37. These values, based

on observations which were not taken into account within

the 1818–2003 period, are largely significant with 95% con-

fidence intervals of respectively [0.19, 0.50] and [0.19, 0.49].

The mean discrepancy between reconstructed and instrumen-

tal temperatures is −0.07 ◦C (Fig. 4a) for the 1818–2000 pe-

riod. Discrepancies are maximal at 1823 (+2 ◦C) and 1976

(−1.45 ◦C) (Fig. 4a). When the curves are smoothed with

a 20-year low-pass filter (Fig. 4b), we see a maximum de-

coupling between colder periods e.g. 1950–1970 (−0.6 ◦C),

1819–1825 (−0.4 ◦C) and 1875–1900 (−0.25 ◦C) (Fig. 4b).

An extra verification of the results is provided by the com-

parison between low-elevation instrumental data and our re-

construction on the 1760–1818 independent period (Fig. 4c):

we obtained a R2 of 0.40, which is highly significant (p <

0.001) and comparable to the CE of 0.37 obtained on in-

dependent observation randomly selected between 1819 and

2000. The tree-ring-based reconstruction of 1760–1818 tem-

perature variability indicates discrepancies between “cooler”

proxy and “warmer” instrumental prior to 1840, similarly to

Büntgen et al. (2005, 2006a) and Frank et al. (2007a). The re-

construction substantially underestimates temperatures dur-

ing all the overlap period with early instrumental data with

a maximal gap in 1832 (−2.3 ◦C, Fig. 4c) and a mean di-

vergence (1760–1818) of −0.75 ◦C. For the 20-yr low pass

curves, R2 is 0.45 before 1819 and increases to 0.81 between

1819 and 2000 (Fig. 4d). This statement proves that the re-

construction is slightly better in the low frequency domain

than in the high frequency one.

5 Discussion

The discussion is lead by considering first methodological

points and then by analysing the Alpine climate and by com-

paring the reconstructed climatic variations at different geo-

graphical scales (region, hemisphere).

5.1 Comparison of the reconstruction to the proxies

Several hypotheses concerning proxy and target have been

invoked to explain this observed systematic tree-ring under-

estimates of early instrumental temperature: (1) tree-ring de-

trending, (2) biological persistence, (3) non linearity in the

climate/growth relationships and (4) instrumental data avail-

ability (Frank et al., 2007a).
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Fig. 3. Adaptative Regional Growth Curve (ARGC) detrended alpine chronologies and signal robustness. (a), (e), distribution of the

chronologies with each bar representing a single chronology. The alpine larch (b), (c) and pine (f), (g) ARGC detrended chronologies are

calculated for original (b, f, grey) and infilled (c, g, black) matrixes. The thick lines derive from 20-years low-pass filtering. The box-plots

(d), (h) display the mean correlations computed for 100-years segments in each matrix.

About the detrending methods, several reconstructions of

summer temperatures using independent datasets and both

individual spline fits and RCS techniques (Büntgen et al.,

2005, 2006a; Casty et al., 2005; Frank and Esper, 2005)

similarly underestimated the early instrumental data. This

discrepancy also appears in this study even with the new de-

trending ARGC technique. It is then not likely that these sys-

tematic discrepancies can be explained by standardisation.

The divergence due to biological persistence is demon-

strated to be maximal in alpine TRW reconstructions during

the temperature minima around 1815 (Frank et al., 2007a).

During this cold period, the tree growth reduction endured

during several consecutive years likely because of detri-

ments in mobilizing resources from root and needle follow-

ing stressful years (Frank et al., 2007a), leading to an un-

derestimation of the temperatures. This bias is absent in our

reconstruction (Fig. 4c) like in other TRW-MXD (Büntgen
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Fig. 4. Comparison of the bootstrap ANN reconstruction of the JJA temperatures against the high-elevation (a, grey) JJA mean temperatures

(1818–2000) and extra verification using low-elevation data (c, grey) back to 1760. (b), (d): the 20-year low-pass filter of the bootstrap ANN

reconstruction (black) and JJA mean temperatures at high and low elevations (grey). Temperatures are expressed as anomalies with regard to

1901–2000. Grey shadings denote the offset between (warmer) early instrumental and (colder) proxy data.

et al., 2006a) or MXD (Frank and Esper, 2005) reconstruc-

tions thanks to the lower autocorrelation existing in MXD

data (Cook and Kairiukstis, 1990). This phenomenon seems

then to have the largest consequences on the early wood.

Concerning the climate/tree-growth relationships, we

know that a large variety of environmental variables are in-

tegrated by tree growth. Moreover, trees can carry more

of an annual signal in the lower frequency domain due to

physiological processes and feedbacks (for example, photo-

synthesis occurring outside the growing season) (Frank and

Esper, 2005). Thus, the selection of only one instrumental

parameter as a reconstruction target may be responsible for

uncertainties in proxy/target relationships. Moreover, the rel-

ative influence of environmental factors may shift over time

as shown in some studies demonstrating change in the sensi-

tivity of hemispheric tree-growth to temperature forcing and

possible response shifts between temperatures and precipita-

tion (Briffa et al., 1998).

The reduction of instrumental data coverage back in time

(in the GAR, 36 temperatures series go back to 1850, 16

extend prior to 1800), particularly at higher elevations, in-

creases the weight of single stations in explaining the sur-

rounding climatic variations (Frank et al., 2007a). This

makes also difficult the homogenization of instrumental data.

The decoupling of target and proxy data is maximal be-

fore 1818. It coincides with the use of the HISTALP low-

elevation temperature time series doubtlessly highly corre-

lated to the high-elevation time series but also less replicated,

with more data gaps, a large amount of inhomogeneities and

generally recorded by urban stations (Büntgen et al., 2006a).

This decline in data quality and the elevational differences

between tree ring sites and meteorological stations might ex-

plain a large part of the observed discrepancy (see Frank et

al., 2007a for further discussion).

Some additional discussion can be done on the calibration

method. The ANN method is not linear and works as a black

box. It does not give any indication such as which of the pre-

dictors most influence the reconstruction (Guiot et al., 2005).

Even if Ni et al. (2002) conclude that it is an intrinsic advan-

tage of the ANN method to focus on the net effect of all the
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Fig. 5. Alpine summer temperatures reconstruction (a) with the white boxes denoting the warmest and coldest years, and the smoothed black

line (b) being a 20-year low pass filter with 95% bootstrap confidence limits (gray). Temperatures are expressed as anomalies with respect

to 1901–2000.

predictors (including the numerous interactions) rather than

on each predictor as in a linear regression, it may be instruc-

tive to calculate the correlation between each predictor and

the reconstructed series. Table 5 shows the significantly (at

the p = 0.05 level) correlated predictors ordered according to

decreasing correlation. The first five chronologies are from

eastern Alps, with a correlation ranging from 0.57 and 0.70,

and especially from Swiss Alps and Italian Dolomites. The

proximity of these chronologies with the high temperatures

time series used for calibration and centred on central Alps

(Auer et al., 2007) may explain these high correlations.

5.2 Alpine climate history

We first present the raw reconstruction and we then charac-

terise warm and cold years anomalies for the period AD 1000

and 1900, and for the 20th century.

5.2.1 Raw reconstruction: high frequencies

(year-to-year) variations

Figure 5a shows the raw summer reconstruction.

Warm years anomalies (AD 1000–1900)

Before 1986, summer anomalies compared to 1901–2000 ex-

ceeded two standard deviations (+1.2 ◦C) in 1834 (+1.3 ◦C),

1842 (+1.3 ◦C) and 1846 (+1.9 ◦C). These three years co-

incides with early grape harvests beginning before 18th

September in Burgundy (Chuine et al., 2004). In the begin-

ning of the reconstruction period, years 1161, 1238 and 1246

were also among the warmest (+1.2 ◦C, +1.1 ◦C, and +1.1 ◦C

respectively). The two latest are reported, in northern Eu-

rope, amongst the hottest of the 13th century (Jones et al.,

2001).

Cold years anomalies (AD 1000–1900)

The first relatively cold period can be found between 1040

and 1140 with particularly cold summers in 1072 (−2.1 ◦C),

1114, 1117, 1046 and 1047 (−2 ◦C). These years belong to

a period (1088–1137) characterised by a short advance of

the Grindelwald Glacier (Swiss Alps) in a larger context of

durable retreat during the Medieval Period (Holzhauser et

al., 2005). Summers of 1639, 1627 and 1632 were the three

coldest summers during the last millennium with respective

anomalies of −2.2 ◦C and −2.1 ◦C and −2.2 ◦C. They were

shown to be also cold in Ile de France (Etien et al., 2008).

Extreme cold conditions characterized the year 1627 until the

beginning of July for Central Europe, as deciphered from his-

torical sources (Pfister, 1999), and also denoted by snowfall

as late as June (Casty et al., 2005). For 1632, late grape har-

vest dates were reported in Burgundy (Chuine et al., 2004).

The summer of 1639 reconstructed from harvest dates ap-

pears rather mild in Burgundy (Chuine et al., 2004), while in

central Europe, historical sources describe a rather cold sum-

mer (Pfister, 1999). Year 1816 is recorded as the absolute
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Fig. 6. Comparison of regional and large-scale temperature reconstructions. All reconstructions were 20-yr low-pass filtered. (a) The

solar irradiance variations (black) reconstructed by Bard et al. (2007). Shadings denote the timing of great solar minima. (b) The average

value of June to August graduated indices of Pfister et al. (1994). (c) The speleothem yearly temperature reconstruction (dark blue) of

Mangini et al. (2005), the grape harvest April–August temperature reconstruction of Meier et al. (2007) and the multi-proxy JJA temperature

reconstruction (light blue) of Casty et al. (2005); the original record was adjusted to have the same mean as our reconstruction during the

1901–2000 period. (d) Our reconstruction (red; this study), the MXD-based Alpine temperature reconstruction (brown; Büntgen et al.,

2006) and RW-based reconstruction (orange; Büntgen et al., 2005). (e) Large-scale temperature reconstructions representing the Northern

Hemisphere (green, Mann and Jones, 2003, multi-proxy; dark green, Moberg et al., 2005, multi-proxy; light green, D’arrigo et al., 2006,

treerings). All temperature reconstructions were transformed to z scores over the 1000–1979 common period.

coldest Alpine summer by Pfister (1992, 1999) and Casty et

al. (2005), becoming known in the New World as “the year

without summer” (Harrington, 1992; Robock, 1994). In our

reconstruction, this year appears, at least in summer, of the

same order of magnitude or even slighty lower, than several

years discussed above (−2 ◦C).

The 20th century

After 1986, our reconstruction exceeded nine times (1986,

1988, 1991, 1993, 1994, 1998, 1999, 2000) the threshold of

1.2 ◦C. This succession of positive extremes during the last

15 years is remarkable. In the Alpine area, 1994, 1995 and

1993 were the warmest summers of the instrumental period,
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Table 5. Correlation coefficient between the reconstructed tempera-

ture of Alps and the proxies used (after estimating the missing data

with the analogue method). Coefficients are calculated on the to-

tal length of the period analysis, i.e., 1001 observations. Species:

LADE: Larix decidua; PICE: Pinus cembra. The horizontal line

indicates significant correlation coefficients (at the 5% level).

No. Chronologies Species Correlation

21 Swiss2 (MXD) LADE 0.70

4 Cadini Lago di Misurina LADE 0.57

8 Comasine LADE 0.57

9 Fodara Vedla Alm LADE 0.57

20 Swiss1 (TRW) LADE, PICE 0.57

2 Alpe Musella LADE 0.51

25 Buffères PICE 0.48

19 Ventina LADE 0.47

5 Chalets de l’Orgère LADE 0.46

17 Passo Cinque Croci LADE 0.45

6 Chardonnet LADE 0.44

14 Névache Granges LADE 0.43

34 Manghen PICE 0.41

3 Berchtesgaden LADE 0.40

23 Ambrizzola PICE 0.40

13 Muestair LADE 0.39

22 Aleve LADE 0.39

1 Aleve LADE 0.35

with anomalies greater than +2 ◦C compared with the sum-

mer mean temperature 1901–2000. The 95%-level error bars

calculated by adding the bootstrap error (related to the qual-

ity of the calibration sample) and the residual error (related

to the quality of the model selected) is on average 0.57 ◦C.

5.2.2 Smoothed reconstruction: low-frequencies

climatic variations and possible related forcing

Overview

Figure 5b shows the smoothed summer reconstruction. We

recontruct long cold periods from the second half of the

11th and the first half of the 12th century (−0.5 ◦C be-

low the 1901–2000 average) and between the late 16th cen-

tury and the early 18th century (−0.8 ◦C). The culmination

is achieved between 1685 and 1705 (−1.1 ◦C), which ap-

pears to be the coldest decades of the millennium. By con-

trast, a warm period is reconstructed between 1200 and 1420

(+0.4 ◦C). The first decades of the 13th century (1300–1340)

Table 5. Continued.

No. Chronologies Species Correlation

12 Moutieres LADE 0.33

15 Obergurgl LADE 0.32

35 Obergurgl PICE 0.29

28 Fodara Vedla Alm PICE 0.27

32 La Joux PICE 0.27

7 Clapouse LADE 0.26

29 Formin PICE 0.26

30 Isola PICE 0.26

37 Val di Fumo PICE 0.26

26 Chaussettaz PICE 0.24

31 Jalavez PICE 0.22

24 Bois des Ayes PICE 0.20

16 Oriol LADE 0.19

10 Freyssinières LADE 0.14

18 Ravin de Congerman LADE 0.12

27 Clavieres PICE 0.09

11 Merveilles LADE 0.06

38 Vallee du Tronchet PICE −0.13

33 Lac Miroir PICE −0.16

36 Roubinettes PICE −0.18

are clearly the warmest of the millennium (+0.7 ◦C) until

1980–2000 (+1.8 ◦C). Warm summers were also recorded

around 1550 and during the second half of 18th century.

Solar activity

Correlations between the low-frequency solar activity and

the 20 year-smoothed temperature reconstruction are 0.21

over their common period respectively. Even though, the

correlation is not significant at p < 0.05 level, records share

high values (0.41) during the twelfth and thirteenth centuries

(great solar maximum; Eddy, 1976) a prolonged depression

during 1350–1600 (0.21) and an increasing values toward the

twentieth century (0.31). The prominent interdecadal solar

minima, Oort, Wolf, Spörer, Maunder, Dalton, and Damon

as well as the corresponding maxima are superimposed upon

this secular trend. The relatively cold conditions during the

mid-11th century to the mid-12th century with a minimum

during the decade 1045–1055 can be related to the Oort so-

lar depression (Bard et al., 2007, Fig. 6a) with magnitude

comparable to that of the Late Maunder Minimum during

Clim. Past, 6, 379–400, 2010 www.clim-past.net/6/379/2010/



C. Corona et al.: Millennium-long summer temperature variations in the European Alps 395

1675–1715 (Shindell et al., 2001). Warmer conditions dur-

ing the end of the 12th and the 13th centuries of the mil-

lennium are associated in Europe with the Medieval Warm

Period (Hugues and Diaz, 1994) coinciding with the Me-

dieval solar maximum (Eddy, 1976). It is characterized at

high altitude, in the French Alps by its shortness and by sig-

nificant interdecadal variations. Warmer decades are cen-

tered around 1160, 1240 and 1315. Summer temperatures

steadily decrease from mid-14th century. Between 1400 and

1720, if we except decades centred on 1410 and 1560, the re-

construction indicates below-average temperatures, accom-

panied by significant inter-decadal variations. Key fluctua-

tions are low temperatures in the 1460s, 1600s and around

1700. These coldest periods of the LIA coincide with the

Spörer and Maunder solar minima (Fig. 6a). The cooling be-

ginning in the mid-18th century is in phase with the decrease

of the solar irradiance.

Volcanic activity

The pronounced cooling of summer temperatures, during

the period 1805-1820, recorded in Alpine glacier advances

(Holzhauser et al., 2005; Zumbühl et al., 2008), is char-

acterized by a sequence of larger volcanic eruptions: in

1808, with unknown location (Dai et al., 1991), in 1813 in

Awu, Soufriere, St. Vincent, Suwanose-Jima (Büntgen et al.,

2006a) and in 1815 in Tambora/Indonesia (Sigurdsson and

Carey, 1989; Crowley, 2000; Oppenheimer, 2003). Happen-

ing during the Dalton solar minimum, these eruptions most

likely lead to an accumulated aerosol cooling effect (Esper et

al., 2007).

Anthropogenic activity

During the industrial period, the proportion of man-made

forcing agents on the earth’s climate system increases com-

paratively to natural forcing agents (Anderson et al., 2003;

Crowley 2000; Meehl et al., 2003). Since the end of the

Late Maunder Minimum, temperatures discontinuously in-

creased until the end of the record in 2000. This trend and

the inter-decadal variations of the reconstructed temperatures

seen since the beginning of the 19th century are in line with

JJA instrumental temperatures recorded in the Alps (Auer et

al., 2007). The global and northern hemispheric warming of

the 20th century (e.g. Folland et al., 2001) and in Europe (e.g.

Luterbacher et al., 2004) is also prominent at high altitude in

the GAR (Casty et al. 2005; Büntgen et al., 2005, 2006a). It

occurred in mainly two stages: between 1880 and 1945 and

since 1975. If we consider the last three centuries (1700–

2000), the warming is higher than 2.5 ◦C (0.08 ◦C/decade),

but it is mainly due to two important steps, the first one likely

linked with natural forcings (beginning of 18th century) and

the second being anthopogenic (end of 20th century). Never-

theless, the anthopogenic step, compared to 1730–1980, re-

mains as 1.3 ◦C.

5.3 Comparison with other reconstructions

5.3.1 Regional-scale comparisons

To further assess the reconstructed Alpine JJA temperature

history, we compare the new record with regional scale re-

constructions by Pfister94 (Pfister et al., 1994), Meier07

(Meier et al., 2007), Mangini05 (Mangini et al., 2005),

Casty05 (Casty et al., 2005), Büntgen05 (Büntgen et al.,

2005) and Büntgen06 (Büntgen et al., 2006a). The Pfis-

ter94 graduated indices of summer temperatures (1525–

1990) covers central Europe and are related to biological

indicators such as dendro-climatic data, phenological obser-

vations, para-phenological indicators such as grape or vine

harvest dates. Monthly Graduated Indexes GI, range from

−3 to +3 (from very cold to very warm anomalies), 0 be-

ing ”average” months or data not available (according to the

1901–1960 period). On a seasonal level the GI is defined

as the average of the monthly GI, which yields gradations

of 0.3 between −3 and +3. The Meier07 April-August re-

construction concerns specifically Switzerland. It is derived

back to 1480 from an annually resolved record of grape har-

vest dates calibrated with monthly data from the Basel and

Geneva stations (1928–1979) and verified over 1980–2006.

The Mangini05 summer reconstruction is based on the pre-

cisely dated isotopic composition of a stalagmite from Span-

nagel Cave (2524 m a.s.l.) in the Central Alps of Austria. The

reconstruction covers the last millennium with a mean tem-

poral resolution of three years. Despite it concerns the whole

year, this reconstruction is used for comparison because it

is fully independent from our dataset. The Casty05 grid-

ded (0.5 ◦
×0.5 ◦ lat/long) reconstruction covers the European

Alpine region using long instrumental data in combination

with documentary proxy evidence. Monthly (seasonal) grids

are reconstructed back to 1659 (1500–1658). The data de-

tailed by Mitchell et al. (2005) comprising monthly global

land surface temperatures for the 1901–2000 period with

0.5◦ resolution serve as predictands. Here, for purposes

of comparison, a mean JJA series, representing the studied

zone, is calculated from 56 homogeneous grid-points. The

Büntgen05 reconstruction covers the Eastern Alps extends

back to 951. The dataset consists in 1527 subalpine larch

and pine ring width series. For the calibration of proxy data,

11 high-elevation meteorological station records are used

(Böhm et al., 2001). Finally, Büntgen06 is also centered

on Swiss and Austrian Alps. It compiled 180 MXD larch

series dating from 735–2004. The HISTALP high tempera-

tures time series of the GAR spanning the 1818–2003 period

are considered. Both reconstructions used the RCS method

to standardize dendrochronological series. Our dataset inte-

grates Swiss1 and Swiss2 chronologies used as regressors in

Büntgen05 and Büntgen06 reconstructions, respectively. All

data have been smoothed with a 20 year low-pass filter.

www.clim-past.net/6/379/2010/ Clim. Past, 6, 379–400, 2010



396 C. Corona et al.: Millennium-long summer temperature variations in the European Alps

According to the comparison provided in Fig. 6, the

smoothed Pfister94 reconstruction (Fig. 6b) correlates at 0.48

(1525–2000) with our reconstruction, revealing similar inter-

annual variations between indexes from historical documents

and our reconstruction. On low and medium frequency, both

signals show the same trends during cool periods in 1590,

1810 and 1910 and warm periods in 1550, 1850 and 1940.

The Mangini05 record (Fig. 6c) correlates at 0.30

(p < 0.05) with our record. It reveals warm conditions dur-

ing the putative Medieval Warm Period (1000–1300) early in

the last millennium, followed by cooler conditions during the

LIA e.g. around 1600, 1700 and 1820, partly similar to the

trends displayed in our reconstruction. However, tempera-

tures during the eleventh and twelfth centuries in Mangini05

are higher than in our study (Fig. 6c, d). The four oldest pop-

ulations used in our study shared a strong common signal be-

tween 1000 and 1200. Thus, this discrepancy can hardly be

related to the decline of replication back in time. Moreover,

cool summers around 1050 and 1120 are in phase with Oort

solar minimum and with the advance of the Great Aletsch

Glacier around 1100. Finally, the Mangini05 curve ends at

about 1930, making difficult to evaluate the Medieval warm

in the light of the 20th century. The filtered Meier07 record

has lower amplitude than our reconstruction. The greater am-

plitude of our reconstruction can be related to both scaling

uncertainties/dependence upon particular statistical recon-

struction approaches as well as amplitude dependence upon

both the spatial and temporal scales of interest (e.g., Esper et

al., 2005). The courses of both curves are similar between

1660–1710, 1800–1830 and 1950–2000. A divergence of the

curves is seen mainly between 1600–1660, 1730–1760 and

1880–1950. Such discrepancies may be explained by chang-

ing viticultural traditions (Lachiver, 1988), the varieties cul-

tivated, the style of wine produced, the quality sought, the

agricultural practices (Garcı́a de Cortázar-Atauri et al., 2010)

or other environmental influences than temperature. For ex-

ample, anomalously high September precipitations fosters

diseases and irregular sugar assimilation and, thus, distort

the accuracy of the temperature signal recorded (Meier et al.,

2007). These uncertainties on grape harvest dates and grape

harvest-based reconstructions are discussed extensively and

quantified by Garcı́a de Cortázar-Atauri et al. (2010).

Casty05 is calibrated against different instrumental target

records. Yet, the amplitude between the coldest and the

warmest year over the past 500 years are close, i.e. 4 ◦C

(between 1807 and 1816) for Casty05 and 4.5 ◦C (between

1639 and 1998) here. The smoothed Casty05 correlates at

0.50 (p < 0.05) with our record over their 1500–2000 com-

mon period and similar courses are observed during the peri-

ods 1500–1620 and 1800–2000. A major discrepancy occurs

around 1750. During this period, our reconstruction might

be influenced by differences between larch and pine datasets

(Fig. 3). Before 1800, Casty05 is systematically higher than

our reconstruction but also displays increasing uncertainties

related to inhomogeneities in the instrumental data before the

mid-19th century as reported by Luterbacher et al. (2004). A

bias as 0.7 to 0.8 ◦C (Möberg et al., 2003) and up to 1–2 ◦C

(Etien et al., 2008) before 1860, could exist in temperatures,

likely because of insufficient or inadequate shading appara-

tus of the thermometers, and may explain the differences be-

tween both reconstructions.

Unsurprisingly, our reconstruction, not fully independent

of Büntgen05 and Büntgen06, shared a high common signal

with both alpine reconstructions. Büntgen05 and Büntgen06

respectively correlate at 0.56 (p < 0.05) and 0.70 (p < 0.05)

(0.57 (p <0.05) and 0.77 (p <0.05) after smoothing) with

our record. The range of inter-annual variations of our

curve is also quite similar to Büntgen05, i.e. 4.2 ◦C (be-

tween 1821 and 2000) but slightly lower than Büntgen06

(6.2 ◦C, between 1816 and 1928). This difference may be

due to enhanced interannual climate response of the MXD

data (Büntgen06) considered as having a lower biological

memory as compared to their RW counterparts (Frank et al.,

2007). In details, between 1430 and 1700 our reconstruction

remains in phase with Büntgen05 and Büntgen06, despite the

introduction of several populations from the western Alps

in the dataset, indicating a generalised cooling of the GAR

during the LIA. Between1720 and 1920, our reconstruction

slightly differs from Büntgen05 and Büntgen06. Higher tem-

peratures are reconstructed at the end of the Maunder mini-

mum (1720’s) and the Dalton solar minimum (1820’s) is less

pronounced (Fig. 6d). They are related with growth increases

in several of the most Western chronologies used for recon-

struction, e.g. Chardonnet, Freyssinières, Névaches Granges

or Lac Miroir and absents in eastern populations. These pe-

riods match with abnormal dry conditions in Europe (Paul-

ing et al., 2006) and in the Alps (Casty et al., 2005) and a

lower drought sensitivity of Western populations exposed to

oceanic conditions might explain the observed differences.

This hypothesis is consistent with recent studies showing the

existence of longitudinal gradients of chronologies responses

for coniferous species (Frank and Esper, 2005b; Carrer et al.

2007).

5.3.2 Hemispheric-scale comparisons

Comparisons are carried out with the hemispheric tree-

ring-based D’Arrigo06 (D’Arrigo et al., 2006), and

the multiproxy-based Mann03 (Mann et al., 2003) and

Moberg05 (Moberg et al., 2005) reconstructions (Fig. 6e).

Alpine like other regional temperature changes have, as ex-

pected, larger amplitudes of variations than those averaged

over large areas (e.g. Mann et al., 2000; Luterbacher et al.,

2004; Jones and Mann, 2004; Brazdil et al., 2005; Xoplaki

et al., 2005). Correlations between this study and Mann03,

D’Arrigo06, and Moberg05, computed over the 1000–1979

common period are 0.18, 0.18 and 0.19. They are 0.50

(p < 0.05), 0.30 (p < 0.05), and 0.38 (p < 0.05) after 20-yr

smoothing indicating some similarities in the low frequency

domain. This reveals some common patterns in spite of
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differences in spatial extension and detrending methods ap-

plied in the large scale records. Key multi-centennial varia-

tions common to all records are high values associated with a

late Medieval Warm Period (1200–1420) a multi-centennial

depression between 1420 and 1830, attributed to the LIA,

and a recent warming trend (from 1980 onwards). However,

the reconstructed NH temperatures are not very high during

the 10th and 11th centuries and are less sensitive to the Oort

solar minimum. At decadal scales, all records show low tem-

peratures in the 1070s, 1300s, 1460s, around 1600, and 1820,

and high temperatures in the 1420s and in the 1570s.

6 Conclusions

A new larch/pine composite chronology is presented, inte-

grating populations from western Alps and providing ev-

idence of Alpine summer temperature variations back to

1000. The Adaptive Regional Growth Curve method is used

to preserve both low to high frequency information from the

data. Instrumental measurements from the HISTALP high

temperatures time series back to 1818 are used for calibra-

tion and low-elevation series were used for verification. The

new record correlates with high-elevation JJA temperatures

back to 1818, but indicates discrepancies between “cooler”

proxy-inferred and “warmer” instrumental values prior to

1850. The multidecadal to centennial variations properly

match with solar forcings particularly during solar minima

and some annual to decadal coolings are related to volcanic

eruptions especially at the beginning of the 19th century. The

record indicates a short Medieval Warm Period with warmer

conditions beginning as late as the early 13th. The LIA is

particularly cold between 1420 and 1720 with a mean sum-

mer temperature of −0.80 ◦C compared to the 1901–2000

reference period. After 1720, temperatures increase with dis-

tinct depressions during the 1810–20s, the 1910s, and 1970s.

According to this regional analysis, the last decade of the

20th is the warmest period over the past millennium: +0.9 ◦C

(compared to the 1901–2000 reference period). The ampli-

tude of this warming compared to the previous period is even

higher. It largely exceeds the warming reconstructed for the

Medieval Warm Period in both its amplitude and abruptness.

This particular feature (outstanding intense and rapid warm-

ing) is consistent with the fact that it might be attributed

to the contribution of anthropogenic greenhouse gases and

aerosols. These periods are seen in Alpine, European or

hemispheric reconstructions but also in independent proxies

(historical archives, speleothems) indicating the relevance of

this new record and the Alps to large-scale studies of global

climate change.
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Auer, I., Böhm, R., Jurkovi, A., Lipa, W., Orlik, A., Potzmann,
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