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Abstract A 2.5 9 2.5� gridded summer (April–Sep-

tember) drought reconstruction over the larger

Mediterranean land area (32.5�/47.5�N, 10�W/50�E; 152

grid points) is described, based on a network of 165 tree-

ring series. The drought index used is the self-calibrated

Palmer Drought Severity Index, and the period considered

is 1500–2000. The reconstruction technique combines an

analogue technique for the estimation of missing tree-ring

data with an artificial neural network for optimal non-

linear calibration, including a bootstrap error assessment.

Tests were carried out on the various sources of error in

the reconstructions. Errors related to the temporal varia-

tions of the number of proxies were tested by comparing

four reconstructions calibrated with four different sized

regressor datasets, representing the decrease in the num-

ber of available proxies over time. Errors related to the

heterogeneous spatial density of predictors were tested

using pseudo-proxies, provided by the global climate

model ECHO-G. Finally the errors related to the

imperfect climate signal recorded by tree-ring series were

tested by adding white noise to the pseudo-proxies.

Reconstructions pass standard cross-validation tests.

Nevertheless tests using pseudo-proxies show that the

reconstructions are less good in areas where proxies are

rare, but that the average reconstruction curve is robust.

Finally, the noise added to proxies, which is by definition

a high frequency component, has a major effect on the

low frequency signal, but not on the medium frequencies.

The comparison of the low frequency trends of our mean

reconstruction and the GCM simulation indicates that the

detrending method used is able to preserve the long-term

variations of reconstructed PDSI. The results also high-

light similar multi-decadal PDSI variations in the central

and western parts of the Mediterranean basin and less

clear low frequency changes in the east. The sixteenth and

the first part of the seventeenth centuries are characterized

by marked dry episodes in the west similar to those

observed in the end of the twentieth century. In contrast,

the eighteenth and nineteenth centuries (Little Ice Age)

are characterized by dominant wet periods. In the eastern

part of the Mediterranean basin the observed strong

drought period of the end of the twentieth century seems

to be the strongest of the last 500 years.
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1 Introduction

Among the many reconstructions of temperature at global or

hemispheric scales (Bradley and Jones 1993; Overpeck et al.

1997; Jones et al. 1998; Mann et al. 1998, 1999; Crowley and

Lowery 2000; Briffa et al. 1998, 2001, 2002, 2004; Esper

et al. 2002, 2004, 2005; Cook et al. 2004; Huang 2004;

Pollack and Smerdon 2004; Moberg et al. 2005; D’Arrigo

et al. 2006a, b; Osborn and Briffa 2006; Jansen et al. 2007)

the large increase in temperatures at the end of the twentieth

century is a common feature. However, the observed change

is not homogeneous across the hemisphere and significant

differences may occur between regions and seasons

(Luterbacher et al. 2004; Guiot et al. 2005; Brazdil et al.

2005; Casty et al. 2005a; Xoplaki et al. 2005). Studies of past

climate trends and changes within these regions could

therefore help to understand climate variability at smaller

spatial scales. Further, some regions are potentially more

sensitive to climate change, for example the Mediterranean

basin where general circulation models predict a significant

warming and decrease in precipitation (Gibelin and Deque

2003; Hertig and Jacobeit 2007; Giorgi and Lionello 2007).

Giorgi (2006) identified the Mediterranean basin as the most

prominent hot spot of climate change in the world with a

decline in precipitation of over 20% in period between April

and September. Further, extreme climatic events are

expected to become more frequent and intense in this region

(Meehl and Tebaldi 2004; Rambal and Debussche 1995;

Stott et al. 2004). The probability of exceptional warm

periods, similar to the record summer of 2003, has increased

in this region (Luterbacher et al. 2004; Stott et al. 2004;

Büntgen et al. 2005; Xoplaki et al. 2006).

The complexity of the Mediterranean climate may result

in quite different spatial responses to global change, and

some authors have shown large differences between eastern

and western Mediterranean for both winter precipitation and

summer temperature (Xoplaki et al. 2003, 2004; Dunkeloh

and Jacobeit 2003). Global changes may have a significant

effect on this region, particularly for water availability. The

region is currently characterised by a summer drought per-

iod, particularly in the south and southeast part of the

Mediterranean basin, which, coupled with anthropogenic

impact, has increased desertification (Le Houerou 1992;

Greco et al. 2005; Esper et al. 2007). Future changes could

have a highly negative impact on water resources and

therefore important socio-economic implications.

In order to improve our knowledge of natural climate

variability and explore the possible roles of various causal

factors (greenhouse gases, volcanism, solar activity…)

scientists need sufficiently long data series from periods

during which these forcings differed from today. Instru-

mental data are not available over a sufficiently long period

to investigate whether these forcings have played an

important role alone or in combination in climatic changes.

We therefore need to extend these data by using proxy data

(Bradley 1999). The most widespread and continuous

proxies for this period are tree rings, especially in the

Mediterranean region. Whilst documentary documents are

also widespread in the Mediterranean region, they are often

discontinuous and their quality decreases back in time

(Luterbacher et al. 2006 and references therein). In con-

trast, the Mediterranean area offers a broad spectrum of

dendroclimatological time series, both in time and space,

making this area ideal for climate reconstructions prior to

the instrumental period.

Previous studies on past Mediterranean climate are

available for several regions, e.g. the Iberian Peninsula

(Barriendos and Rodrigo 2005), southern Spain (Rodrigo

et al. 1999, 2001), northwestern Spain (Saz 2004), south-

eastern Mediterranean (Touchan et al. 2003, 2005), the

Alpine region (Casty et al. 2005) Sicily (Diodato 2007),

Morocco (Esper et al. 2007; Till and Guiot 1990), southern

Jordan (Touchan et al. 1999), central Turkey (D’Arrigo and

Cullen 2001; Akkemik and Aras 2005), and the western

Black Sea region of Turkey (Akkemik et al. 2005, 2007). A

recent overview is given by Luterbacher et al. (2006).

Briffa et al. (2001), and Guiot et al. (2005) have provided

temperatures reconstructions for southeastern France and

Spain. Other studies include flood (Llasat et al. 2003;

Guibert 1994) or drought reconstruction (Barriendos and

Llasat 2003; Piervitali and Colacino 2001; Esper et al.

2007). To date, the only temporally and spatially high-

resolution reconstruction of precipitation for the Mediter-

ranean basin has been developed by Pauling et al. (2006).

As Mediterranean droughts are linked to both a lack of

precipitation and high evaporation, it is important to use an

index, which takes into account the soil water availability

for the vegetation rather than purely climatic variables. We

have therefore chosen to reconstruct the Palmer Drought

Severity Index (PDSI; Palmer 1965), which has been used

in a number of previous tree-ring based studies, notably in

the US (Cook and Jacoby 1977; Cook et al. 1988, 1992,

999, 2004; Stockton and Meko 1983; Stahle and Hehr

1985; Stahle and Cleaveland 1988; Meko et al. 1993) but

also in other countries (D’Arrigo et al. 2006a, b; Li et al.

2006; Esper et al. 2007). Van der Schrier et al. (2006,

2007) have estimated changes in summer moisture across

Europe and Alpine region during the period 1801–2003.

This index uses a rough estimation of the water contained

in the soil, based on a running water balance calculation

(soil water content from previous month plus the inputs and

less the outputs) and therefore represents the water
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available for vegetation. Verification tests show that PDSI

reconstructions are reliable. Whilst previous reconstruc-

tions of temperature or precipitation gave significant and

coherent results at a local scale, attempts to reconstruct

large-scale temperature and precipitation from only tree-

rings on this region were unsuccessful (the reconstructions

did not pass any verification test). However, multiproxies

reconstructions (Pauling et al. 2006) or, as shown here,

PDSI reconstructions give much better results. PDSI suc-

cess may be explained by three factors. (1) It integrates

both temperature and precipitation that both influence the

growth of vegetation to a varying degree. (2) It is a better

estimator of water availability, which is the main climate-

forcing factor in Mediterranean tree-physiology, than pre-

cipitation. (3) It has a memory component: the index for

any given month is influenced by the amount of water

fallen in the previous months. This results in an autocor-

relation between the successive annual indices of a similar

magnitude to tree-ring series autocorrelation.

There are several potential sources of uncertainty for this

kind of reconstruction. For example, is the network of

available proxy indicators dense enough for a meaningful

estimation of regional climate? Can statistical models,

calibrated with data at interannual timescales be used to

estimate the low-frequency variability of the past climate?

Zorita et al. (2003) have assessed these questions using the

output from a long-term climate model simulation, and the

reconstruction method proposed by Mann et al. (1998). The

large-scale mean temperature of the model was recon-

structed on the basis of different sets of selected model grid-

points, representing the proxy indicators (pseudo-proxies).

As expected, the results showed that there is a minimum

number of proxy series required to reconstruct a significant

part of the temperature variance. They also found that the

low-frequency behaviour of the global temperature evolu-

tion is not always well reproduced. Another source of

uncertainties has been tested by Von Storch et al. (2004),

Burger et al. (2006) and Mann et al. (2005). Küttel et al.

(2007), where, in order to represent the imperfect relation

between proxies and climate, the pseudo-proxies were

degraded with statistical noise. We apply the same kind of

tests here to evaluate the reliability of our tree-ring data for

PDSI reconstructions, and robustness of our reconstruc-

tions. Theses reconstructions will improve the knowledge

of spatio-temporal variability of drought in the Mediterra-

nean basin, and place recent changes in an historical

context. Further, these reconstructions allow climate mod-

els to be tested in a drought sensitive region.

2 Data

The study area is the Mediterranean region from 30�N to

50�N and from 10�W to 50�E. Three datasets are required

for PDSI calculations: temperature, precipitation and local

available water content (AWC) of the soil. Gridded pre-

cipitation and temperature data were extracted from the

monthly 0.5 9 0.5� dataset compiled by the Climatic

Research Unit TS 2.0 (Mitchell et al. 2004) (http://www.

cru.uea.ac.uk/cru/data/hrg.htm), covering the period

between 1901 and 2000. Soil available water capacity data

were extracted from the ‘Global Soil Types, 1—Degree

Grid’ (Zobler 1999). Calculation were made on 2.5�92.5�
degree grid, chosen as a trade-off between spatial resolution

and a reduced number of grid points for data processing.

The tree-ring dataset comprised 136 sites distributed

across the Mediterranean basin (Fig. 1), taken from the

DENDRODB Relational European tree-ring database

(http://www.servpal.cerege.fr/webdbdendro/).

In general in this region, tree growth occurs between

April and September. Summer drought is the main limiting

factor for most of the species growing under the Mediter-

ranean climate. However, water available for growth is

controlled by both summer and winter precipitation. Fur-

ther, temperature influences evapotranspiration during this

period. The signal is a complex combination of different

Fig. 1 Location of the 165 tree-

rings series used in the

reconstruction
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climatic factors occurring during different periods. Sum-

mer drought is therefore a complex climatic parameter, and

we use a set of different species from a wide variety of sites

to obtain a better understanding of this complexity and to

improve the spatial reconstitution. We have therefore

retained all available series that are longer than 300 years

(i.e. starting before 1700). The tree-ring measurements

used in this study were the total ring width (RW), the final

(or late) width (LW) and the maximum density (MD), as

these are the most related to summer drought conditions. In

total this gave 165 tree-ring series: 122 RW, 21 LW and

22 MD (Table 1).

3 Methodology

In summary, we first calculate the PDSI from instrumental

data. Secondly, the tree-ring series are detrended. Thirdly,

a transfer function is calibrated on the 1901–2000 period

and then applied to tree-ring series up to 1350 AD. Finally,

various tests are carried out to assess the reliability of the

reconstructions.

3.1 PDSI calculations

The PDSI is based upon a set of empirical relationships

derived by Palmer (1965) to represent the regional mois-

ture supply, standardized in relation to local climatic

conditions. A supply and demand model of soil moisture is

used. The supply is the amount of moisture in the soil plus

the amount that is absorbed into the soil from rainfall. The

demand is more difficult to calculate, because the amount

of water lost from the soil depends on several factors,

including temperature and the amount of moisture in the

soil. A PDSI value is usually a combination of the current

conditions and the previous PDSI value, so the PDSI also

reflects the progression of trends, both droughts and wet

spells. A modified version of the PDSI, the self-calibrated

PDSI (Wells et al. 2004), was used for this study. In the

self-calibrated PDSI, values for the duration factors and the

climate characteristics are calculated for each location by

examining the historical climate of the location.

The self-calibrated PDSI over the Mediterranean basin

was calculated using the program developed by the

National Agricultural Decision Support System (http://

www.nadss.unl.edu/PDSIReport/pdsi/). We use the mean

PDSI of the summer season (April–September), which is

related to the water available during the growing season.

The length of the season was chosen to cover the different

growing periods of the species used, which could be very

different according to tree-site geographical and altitudinal

location. This growing season could be very short at high

altitude (July–August) to very long at middle or low alti-

tude (Mars–October). Growing season duration could also

show strongly year to year change. PDSI integrates the

seasonality of temperature and precipitation as it is a bal-

ance, month after month, between input and output water.

So the choice of April to September growing season seems

to be the best compromise between the geographically and

species dependent growing seasons.

3.2 Standardisation of tree-ring data

Tree-ring series cannot be used directly as their long term

variations are influenced by a number of non-climatic

factors (Fritts 1976) that must be removed without dis-

torting the climatic signal (Cook et al. 1995). There are

many standard methods for detrending tree-ring series

Table 1 Description of tree-

ring series
Country Ring-width

series

Ring density

series

Species

Switzerland 2 2 Picea abies (3); Larix deciduas (1); Pinus sylvestris (1);

Pinus mugo (1)

France 24 8 Pinus cembra (10); Abies alba (3); Pinus sylvestris (2);

Larix decidua (8); Picea abies (2);

Italy 25 4 Pinus cembra (10); Abies alba (11); Larix decidua (10);

Picea abies (8)

Spain 44 2 Pinus sylvestris (12); Pinus nigra (16); Pinus mugo (1);

Abies alba (4); Pinus uncinata (11)

Morrocco 5 0 Cedrus atlantica

Algeria 1 0 Pinus halepensis

Turkey 13 0 Cedrus libanii (2); Pinus nigra (2); Pinus sylvestris;
Cedrus brevifolia; Abies Nordmanniana S.; Juniperus
sp.

Greece 4 2 Abies borisii (2); Abies cephalonica (1); Pinus nigra (1)

Cyprus 4 4 Pinus nigra (3); Cedrus brevifolia (1);
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(Fritts 1976; Cook et al. 1990). In many of these methods

(negative exponential functions, regression functions,

splines etc) individual series are detrended. This results in a

loss of potential low frequency information. Over the last

10 years, there has been a shift to noisier methods that use

a subset of ‘mean growth functions’ or ‘regional curves’ to

capture lower frequency information. These methods are

essentially the Regional Curve Standardisation (RCS)

method (e.g. Briffa et al. 1992; Esper et al. 2004, 2007).

Recent refinements of this method are detailed by Briffa

et al. (2001) and Melvin (2004).

We have applied a RCS method, which has been shown

to be the most appropriate method to preserve multicen-

tennial climate variability (D’Arrigo et al. 2006a, b; Briffa

et al. 1998; Esper et al. 2002; Melvin 2004). In order to

minimize the bias due to differences in growth rate, the

theoretical growth is considered as a function of age and

productivity. This curve is then regionally calibrated with

an Artificial Neural Network (Nicault et al. 2008), called

the Adaptative Regional Growth Curve (ARGC). This

method is based on the adaptation of the regional growth

curve (RCS) to each tree, by taking into account the dif-

ferences of mean productivity. Following Rathgeber et al.

(1999), we postulate that the theoretical growth curve is a

non-linear function of cambial age and tree productivity,

which is a function of competition or soil. As the ARGC

method takes into account, at least partially, differences in

tree and site productivity observed during the juvenile

growth period, it is able to minimise any bias introduced

into the index series by differences in growth rates.

The tree-ring series are standardized into relative tree-

ring indices by dividing each measured ring by its expected

value estimated from a growth trend (Eq. 1). An artificial

neural network (ANN) was used to estimate the growth

curve trend for each tree from the cambial age, initial and

maximum productivity tree (Eq. 2). We use a feed-forward

network trained with the error back-propagation learning

algorithm (Rumelhart et al. 1986). Productivity is taken

into account on the basis of juvenile growth characteristics.

Indexed series are obtained as follows (a script written in R

is available from the authors):

It ¼
Ct

Yt
ð1Þ

Yt ¼ FðaðCtÞ; gðCÞ;GðCÞÞ ð2Þ

where

Yt is the theoretical value for tree-ring Ct,

a(Ct) is the age of tree-ring Ct,

g(C) is the initial growth of tree C, 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-year window.

These last two parameters (10 and 50 years) are chosen

by the user and depend on the maximum age of the popu-

lations. For any given species in a given area the original

RCS curve is built with all the populations available in the

database (DENDRODB see above) for a given area, and

not only those selected for reconstruction, in order to cover

the maximum variety of ecological conditions and tree-age

classes. RCS regions are defined according to relatively

homogeneous climate features and population density. At

least 50 trees had to be available to process the stan-

dardisation for a given area. For example three areas have

been defined for Pinus cembra in Italian Alps: West, East

and Center.

3.3 Climate reconstruction

The PDSI was reconstructed on a 2.5 9 2.5� grid cover-

ing the whole Mediterranean region (32.5�/50�N 10�W/

50�E), for the period 1350–2000, with a full calibration

period from 1901 to 2000. The technique used involves a

combination of an analogue technique, to estimate miss-

ing data, coupled to an artificial neural network technique

(referred to here as a transfer function) for optimal non-

linear calibration (Guiot et al. 2005), and a bootstrap

technique for calculating the error bars of the recon-

struction. We have chosen to fill the matrix of proxies so

that only a single transfer function is required. Other

authors (Mann et al. 1998, 1999; Luterbacher et al. 2002,

2004; Xoplaki et al. 2005; Casty et al. 2005; Pauling et al.

2006) use a number of regressions based on a decreasing

number of proxies. This is more time-consuming, and

does not avoid the problem of missing values within

proxy series.

Missing values in the predictor dataset is a problem,

which has been solved in different ways. One is the nested

regression: a regression is calibrated for each different

subset of available predictors. This heavy procedure often

leads to reconstructions with a variance decreasing with the

number of really included predictors (Pauling et al. 2006).

An alternative more and more frequently used is the reg-

ularized expectation maximization (REGEM), which

impute missing values in a manner that makes optimal use

of spatial and temporal information in the dataset

(Rutherford et al. 2005). We propose another method,

which has not this weakness as the number of predictors is

maintained constant in time, using an analogue technique.

In order to replace a missing year for any given tree ring

series, we compared the existing data with all other series

using a Euclidian distance. The corresponding year from
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the eight nearest series (analogues) are averaged with a

weight inversely proportional to the distance, to give a

value obtained that is used to complete the missing tree-

ring value. It should be noted that some missing values

may remain, if too may missing values occur, or if no good

analogues could be found. Results will show below that the

reconstructed variance is well maintained independent on

the number of predictors. The price to pay is the difficulty

to quantify the total uncertainty on the reconstructions.

Various validations of the results help to control this point

(Sect. 2.4).

Standardized and completed tree-ring series were

reduced using a principal component analysis (PCA) in

order to remove the correlation between the regressors and

to reduce their number. A PCA was also applied to the

PDSI series in order to reduce the number of predictands,

and to obtain a small number of synthetic variables rep-

resenting the large-scale variations. The selected tree-ring

series principal components (34) were then related to the

selected PDSI components (24) using the same ANN

technique described above. The summer PDSI during the

last 650 years was then estimated by applying the trans-

posed eigenvector matrix to the reconstructed principal

components.

Cross-validation was used to assess the reliability of the

extrapolation outside of the calibration period. The cali-

bration interval was divided into two parts (1901–1950 and

1951–2000), we then (1) calibrated using the first part and

verified on the second one, (2) calibrated using the second

part and verified on the first, and (3) calibrated using the

total dataset.

Errors from the ANN were assessed using a bootstrap

method (Efron 1979). A subset of the observed data was

randomly extracted with replacement. The ANN was then

calibrated on this dataset and replicated 50 times, and each

of the 34 predictand PC’s were reconstructed separately. At

each calibration, a determination coefficient between esti-

mated and observed values was calculated for the data

randomly taken for the calibration (the calibration

R-squared, Rc
2), and another was calculated for the

remaining data (the verification R-squared, Rv
2). Runs with

a Rc
2 \ 0.20 or a Rv

2 \ 0 were rejected and any PC for

which less than 10 runs were kept were rejected. The

confidence interval for the reconstruction is given by the

5th and 95th percentile of the 50 reconstructions and cor-

rected by the residual variance (Guiot et al. 2005).

Additional statistics are also calculated at this step: the root

mean squared error of the calibration data (RMSE), the

root mean squared error of prediction of the verification

data (RMSEP) and RE (Cook et al. 1994). As we use

principal components instead of individual gridpoints,

these statistics are regionally averaged for the whole

Mediterranean reconstruction.

3.4 Tests for systematic errors in the reconstruction

The RMSE statistic tests the quality of fit on the calibration

data, while the RMSEP and RE test the prediction capacity

of the transfer function by using independent data. How-

ever, some additional error sources must be assessed and

we examine here error due to (1) the variation in the

number of predictors in time (in particular the low number

of tree-ring series prior to 1500 AD); (2) the irregularity of

the spatial coverage (in some regions, very few data are

available); (3) the non-climatic noise included in tree-ring

series.

3.4.1 Effect of the time-dependent number of proxies

In order to assess the impact of the decreasing number of

available tree-ring series in earlier periods, three additional

calibrations were made: one on the series that cover the

period 1600–2000, i.e. 68 series; one for the series covering

the period 1500–2000, i.e. 25 series; one for the series

covering the period 1350–2000, i.e. 7 series. Including the

full reconstruction, this resulted in four reconstructions that

were then compared to assess the effect of the quantity of

available information. In each case, despite the varying

number of proxies, the analogue technique provides a

quasi-full matrix for the total 1350–2000 period.

3.4.2 Effect of the space-dependent density of predictors

In the second test, we examined whether the statistical

methodology remains valid in regions where the number of

proxies is small. This concerns non-forested regions, e.g.

Algeria (see map in Fig. 1), but also becomes much more

widespread across the Mediterranean basin before 1500

AD as the number of available predictors drops below 10.

To test the effect of the reduced number of proxies, we

have used climate simulations of the global model ECHO-

G (Legutke and Voss 1999) to represent both the proxies

and target climate. This model consists of the spectral

atmospheric model ECHAM4 coupled to the ocean model

HOPE-G, both developed at the Max-Planck-Institut für

Meteorology (Hamburg, Germany). The model ECHAM4

has a T30 horizontal resolution. The simulations used are

driven by prescribed changes in volcanic forcing, solar

irradiance, and greenhouse gases (‘Erik-the-Red’ simula-

tion). We calculated self-calibrated summer PDSI using the

method described above for instrumental data, based on

monthly temperature and precipitation fields for the period

1350–1990.

Whilst simulations are available from another model

HadCM3 (Gordon et al. 2000) for the same period, we have
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chosen ECHO-G as it appears to be better correlated to our

data (Brewer et al. 2006).

Each simulated proxy series (pseudo-proxy) is provided

by the closest grid point to the tree-ring series. As the

resolution of the model grid is much lower than that of the

tree sites, the same pseudo-proxy may represent several

predictors. The predictands, i.e. the climatic variables to be

reconstructed are obtained by interpolation of the model

grid to the 2.5�9 2.5� instrumental grid. The method

described in Sect. 2.3. is then applied to these two datasets.,

using the period 1901–1990 for calibration. As in Sect.

2.4.1, four calibrations are carried out, using the different

predictor sets (165, 68, 25, 7) available for the four periods

considered. An additional test is the examination of the

spatial distribution of the correlations between observa-

tions and reconstructions, which are expected to be lower

where less proxies are available.

3.4.3 Effect of the noise contained in the proxies

Calibration using a regression or other least-square

method results in a loss of variance, which corresponds to

the ratio between residual variance and predictand vari-

ance. A perfect regression (residual variance equal to

zero) implies no loss, but usually the calibrated variance

is between 50 and 80%, resulting in a loss of between 20

and 50%. This loss can have a significant impact on the

low-frequency domain if the predictand (i.e. climate) has

a red spectrum. In order to test this impact, we have used

pseudo-proxies (von Storch et al. 2004; Küttel et al. 2007)

described in Sect. 2.4.2, to which a varying proportion of

statistical noise was added: P�t ¼ Pt þ retSP where Pt is a

given proxy series (at time t), Pt* is the noisy proxy, etis a

Gaussian random variable of mean 0 and variance 1, SP is

the standard deviation of proxy P and r is the ratio of

noise that is added: r = 0 corresponds to a perfect pseudo-

proxy without noise, r = 0.5 to a noise having half the

standard deviation of the proxy, r = 1, 2, 3, 4 correspond

to a noise having the same (double, triple, quadruple)

standard deviation as the proxy. This test was carried out

using the full dataset of the 165 proxy series available for

the period 1700–1975.

The transfer function is calibrated for each dataset on

the period 1901–1990 and applied to 165 pseudo-proxies

back to 1350 AD. The various reconstructions are com-

pared spatially as well as temporally.

4 Results

The first 34 principal components of the 165 indexed and

filled (by the analogue technique) tree-ring series were

selected, explaining 82.3% of the total variance. The first

24 principal components of the 152 PDSI series were

retained, explaining 89.9% of the total variance. The

results presented here include the mean Summer PDSI

calculated for the whole Mediterranean basin, and five

representative gridpoints situated, respectively in Italy

(37.5�N, 15�E), Turkey (37.5�N, 30�E), Spain (40�N, 0�E),

Alps (45�N, 7.5�E) and Greece (40�N, 22.5�E). These

points were chosen according the spatial distribution of the

proxies (Fig. 1).

4.1 Effect of temporal and spatial decrease of proxies’

number

4.1.1 Cross-validation test

The reconstructions using the two calibration subsets

(1901–1950 and 1951–2000) were evaluated using the

calibration correlation coefficients, the verification corre-

lation coefficients, the correlation between the two

reconstructions for the period 1350–2000 and the mean

variance of each reconstruction for the same period, aver-

aged for the whole basin (Table 2). The calibration for the

period 1700–2000 with all the proxies available is excellent

for both calibration sub-periods. More than 70% of the

variance is reconstructed and the independent verification

is also very good. Calibrations with subset of data corre-

sponding to the periods 1600–1700 (1700-calibration),

1500–1600 (1600-calibration) and 1350–1500 (1500-cali-

bration) remain highly significant even with a reduced

number of proxies (Table 2). The correlation between the

two reconstructions over the period 1350–1700 is very

good for the 1700-calibration (165 proxies) and 1600-cal-

ibration (68 proxies) reconstructions, and although it

decreases for the 1500-calibration (25 proxies), remains

good. The variance calculated for reconstructions based on

the 1700-, 1600- and 1500-calibrations (Table 2) varies

between 0.5 and 0.8 but is much lower for the 1350-cali-

bration (0.18–0.19). The RE calculated for each

reconstruction (Table 2) based on the four calibrations

datasets varies between 0.12 and 0.16 for the first cali-

bration subset (1901–1950) and between 0.17 and 0.21 for

the second subset (1950–2001), which means that the

reconstructions are better than simply repeating the cli-

matology through this period. The lower values observed

for the reconstructions based on the 1350-calibration data

set are still acceptable. Overall, and as expected, the cor-

relations, the variance, and the RE of the reconstructed

series decrease with the number of regressors used. How-

ever, with the exception of the reconstructed variance

obtained using the 1350-calibration, the results are satis-

fying and cross-validation shows that correlations between
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the PDSI reconstructions obtained from the two calibration

subsets are still significant even when the number of

proxies is low.

4.1.2 Comparison between ‘composite’ and ‘complete’

reconstruction

The analogue method has allowed the extension of all

165 tree-ring series back to 1350, but it is difficult to

assess the quality of such extrapolations. We have

therefore made a composite reconstruction (Meko 1997),

constructed as follows: for the period 1700–2000, we

have used the reconstruction based on all 165 series; for

each earlier period (1600–1700, 1500–1600, 1350–1500),

we have used the reconstruction obtained using only the

proxies available for that period. This composite

reconstruction has been compared to the reconstruction

based on the maximum number of tree-ring series

(the complete reconstruction) at the five selected grid

points described above, for each of the earlier periods

(Fig. 2).

The two curves are quite different during the period

1600–1700 periods, but remain very similar in variability

and value. Correlations calculated on each sub-period show

that whilst the correlations are good for the period 1600–

1700 (0.22–0.57) (Table 3), the correlations decrease

before 1600. Correlations are weak before 1600, but low

frequencies are coherent. The poor correlation is explained

by the reduced variability of the reconstruction obtained

from the sub-period calibration.

A visual inspection of the curves (Fig. 2) shows that the

differences for the 1500–1600 period still acceptable, with

the exception of the Alps during the period 1500–1550.

Prior to 1500, however, the differences become much

larger, and the variance of the composite curves is too low

(Table 4). During all periods, the variance of the complete

reconstruction is always higher than the composite vari-

ance (Table 4), and both types of variance decrease with

the number of predictors involved.

As the composite curves have much lower variability

prior to 1500, we have chosen to use the complete series

for further analysis. Further, we have rejected the recon-

structions for the period 1350–1500, as we unable to test

the quality of the replacement by the analogue method (the

complete reconstruction). The following tests will then be

done on the complete calibration and reconstruction from

1500 onward.

Table 2 Results of the test of cross validation for the two sub-periods 1901–1950, 1951–2000

PC nb. 1901–1950 1951–2000 RE 1951–2000 1901–1950 RE (Rec1 Rec2) Rec1 Rec2

r calib r verif r calib r verif r VAR VAR

1700–2000 34 0.84 0.78 0.16 0.88 0.89 0.21 0.72 0.33 0.53

1600–1700 23 0.88 0.73 0.13 0.83 0.88 0.23 0.77 0.65 0.87

1500–1600 17 0.86 0.76 0.11 0.76 0.63 0.21 0.54 0.60 0.80

1350–1500 6 0.76 0.62 0.12 0.68 0.83 0.17 0.85 0.19 0.18

The table shows the mean calibration multiple correlation coefficients, the mean verification multiple correlation coefficients, and the RE

calculated for each sub period, the mean correlation between the two reconstructions on the 1350–2000 period (Rec1-Rec2 r) and the mean

variance of each reconstruction on the 1350–2000 period (Rec1VAR, Rec2VAR), calculated for the whole Mediterranean basin

Italy

Spain

Turkey

Alps

Greece

Fig. 2 Comparison of composites and complete reconstructions for

each selected point: Italy (37.5�N, 15�E), Turkey (37.5�N, 30�E),

Spain (40�N, 0�E), Alps (45�N, 7.5�E) and Greece (40�N, 22.5�E). In

blue: composite reconstruction; in green PDSI complete reconstruc-

tion; in red: actual PDSI series
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4.2 Bootstrapped PDSI reconstruction

The results of the reconstruction for each PDSI PC are

shown in Table 5. For the first PDSI PC, which explains

22% of the PDSI variation in the Mediterranean basin, the

tree-ring series explain 97.5% of the variance of this

component with a 90% confidence interval of [0.92, 0.98].

The squared correlation for the verification is 0.90 with a

90% confidence interval of [0.57, 0.97]. The reconstruction

remains highly significant for the first 14 PCs. The RC
2 of

the ten following components is statistically weak or non

significant, and these have been rejected. The total variance

explained can be calculated by combining the R2 with the

variance of each PC. The results are highly significant as

73% [62, 78] of the PDSI variance is explained with a R2V

of 0.49 [0.19, 0.63].

RMSE, RMSEP, and RE coefficients are mean values

calculated for the whole reconstruction (Table 5), but

RMSE is based only on the observations retained for the

bootstrap calibration, whereas RMSEP and RE are based

on the observations not used in the calibration (Table 5).

The values obtained (RMSE: 0.92, RMSEP: 1.09, RE:

0.55) follow the good correlations values obtained with the

bootstrap test and thus confirm the reliability of the

reconstruction. When the calibration is made on a period of

only 50 years, RE is positive but relatively low. However,

when the calibration is made on a higher number of

observations during the bootstrap procedure (2/3 of the

observations dispersed throughout the 1901–2000 period),

the RE is much higher (0.55). This may be due to the fact

that there is a trend in the twentieth century, which reduces

the stationarity of the period.

Whilst the mean correlation coefficient is highly sig-

nificant for the whole Mediterranean basin, the map of the

correlations between observations and reconstructions

across the 1901–2000 interval (Fig. 3) shows that there is a

great deal of spatial variability in the amount of grid point

PDSI variance explained by the proxy dataset, and the

correlations are low (\0.75) in some southern regions. In

Morocco, Spain, South-France, Italy, Greece, and Turkey,

however, the PDSI variability appears to be well explained

by the proxies. This corresponds roughly to the zones with

the highest density of proxies.

The bootstrap reconstructions for the five selected grid

points are shown in Fig. 4. The reconstructed PDSI for

Turkey shows a number of differences from other regions.

For example the humid period between 1660 and 1760

observed in the west has no equivalent in Turkey.

4.3 Test using GCM simulations as pseudo-proxies

4.3.1 Effect of spatial heterogeneity

The correlations between the pseudo-proxy based PDSI

reconstructions and the target ECHO-G climate decrease

from 0.92 with 34 PCs to 0.78 with 6 PCs (Table 6). In

addition, the variance of the four reconstructions decreases

as the number of predictors decreases, which is expected.

Even the reconstruction based on the second highest

number of pseudo-proxies (1700-reconstruction) shows a

marked decrease in variance. Further, the errors bars

associated to the five reconstructions increase when the

number of available pseudo-proxies decreases (Fig. 5).

This is expected, but what is less obvious is the fact that the

reconstructions themselves are quite similar. Our method is

then able, in theory, to reconstruct PDSI when the proxies

have a very good quality, even if their number is low, and

this has little effect on the error bars. The problem emerges

when the proxies are noisy: this will be tested in the next

section.

The spatial effect of the reduction in the number of

pseudo-proxies is shown in Fig. 6. As the number decrea-

ses, the PDSI becomes increasingly poorly reconstructed in

areas located at distance from the pseudo proxies. The

averaged PDSI remains correctly reconstructed even when

local reconstructions are poor. Maps of correlations,

between observed PDSI and the four PDSI reconstructions,

(Fig. 6) show that there is a great deal of spatial variability

in the amount of grid point PDSI variance explained by the

pseudo-proxy dataset, and the correlations are weak

Table 3 Correlation coefficient between composite curve and com-

plete curve calculated for the 1350–1500, 1500–1600, 1600–1700

sub-period on the 1350–1700 period, for each selected point

1350–1500 1500–1600 1600–1700

Italy 0.02 -0.04 0.55

Greece 0.13 -0.16 0.57

Spain 0.05 0.20 0.54

Alps 0.06 -0.16 0.48

Turkey 0.06 0.33 0.22

Table 4 Variance of the composite and complete reconstructions for

the 1350–1500, 1500–1600 and 1600–1700 periods, for each selected

point

periode Reconstruction Italy Greece Spain Alps Turkey

1350–1500 Composite 0.50 0.33 0.27 0.31 0.13

Complete 1.50 1.28 1.65 1.52 1.89

1500–1600 Composite 0.81 1.05 1.02 0.81 0.80

Complete 1.47 2.02 1.76 1.31 1.59

1600–1700 Composite 1.73 1.41 2.08 1.25 0.92

Complete 2.62 2.07 2.57 2.91 1.88
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(\0.75) in some southern regions. We can conclude from

these maps that, from a strict methodological point of view,

the number of predictors is sufficient almost everywhere

after 1500. Prior to this period, the PDSI cannot be

reconstructed for a number of large zones, even with

perfect pseudo-proxies.

4.3.2 Effect of the noise

When noise is added to the pseudo-proxies to represent

the imperfect relation between proxies and climate, the

correlations between the reconstructions and the target

ECHO-G PDSI decrease as the noise increases (Table 7).

Whilst the variance of the noisy reconstructions is always

lower then that of the perfect curve, they remain highly

significant. A closer examination shows that the all

reconstructed PDSI series are flatter than the target

ECHO-G series, indicating that the noise affects the low

frequencies of the reconstructions (Fig. 7). These low

frequencies are also systematically underestimated likely

due to the fact that the calibration period is in mean drier

than the extrapolation period. The medium frequencies

remain well reconstructed, particularly for the period

1750–2000. The high correlations suggest that high fre-

quencies are also well reconstructed. The main conclusion

from this test is that noise, which is by definition a high

frequency component, has a major effect on the low

frequencies of the signal, but not on the medium or high

frequencies.

Table 5 Statistical results of

the bootstrapped ANN

technique reconstruction,

calibrated on the whole 1901–

2000 period

Mean R2 with 90%-confidence

interval calculated both on

calibration and on verification

datasets for each PC and for the

general reconstruction including

all the PC variance

Variable % 5%_calib_R 50%_calib_R 95%_calib_R 5%_verif_R 50%_verif_R 95%_verif_R

PC 1 22.22 92.13 97.71 98.43 57.04 90.53 96.88

PC 2 12.4 74.87 86.78 93.51 18.08 60.27 72.84

PC 3 8.19 86.65 94.31 97.21 12.63 72.64 83.42

PC 4 7.66 63.57 88.56 93.93 11.3 52.22 74.96

PC 5 5.32 61.97 82.3 89.99 0.38 34.52 66.11

PC 6 4.36 73.6 82.37 87.82 10.31 45.27 70.35

PC 7 3.59 60.17 79.95 90.24 8.02 34.34 67.25

PC 8 3.36 66.74 78.15 86.44 5.74 42.27 64.4

PC 9 2.69 29.35 78.96 87.69 8.75 37.86 57.15

PC10 2.42 70.11 77.8 84.05 13.28 30.3 57.07

PC11 2.23 57.41 71.13 82.03 4.82 22.69 41.92

PC12 2.06 64.68 71.91 80.67 9.26 32.16 48.78

PC13 1.8 61.67 81.25 89.05 10.66 44.24 65.99

PC14 1.57 40.82 64.3 75.57 2.79 16.65 42.46

PC15 1.48 0 0 0 0 0 0

PC16 1.27 50.18 62.34 79.65 0.36 10.76 22.2

PC17 1.19 38.43 52.37 61.01 0.68 8.96 30.79

PC18 1.14 38.34 66.98 76.77 0.34 16.38 31.09

PC19 0.96 54.4 61.75 71.4 0.88 16.96 37.13

PC20 0.9 0 0 0 0 0 0

PC21 0.87 0 0 0 0 0 0

PC22 0.77 0 0 0 0 0 0

PC23 0.75 45.89 57.86 66.69 0.47 10.38 27.09

PC24 0.71 0 0 0 0 0 0

General 61.9 73.2 77.9 18.9 48.7 62.6
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Fig. 3 Reconstruction of the summer PDSI with bootstrapped ANN

method: spatial repartition of the R2
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5 Discussion

5.1 Reconstruction quality

The tests performed for the instrumental period show the

reconstructions to be highly significant for the entire

Mediterranean basin, at least during the twentieth century.

We have used pseudo-proxies to assess the ability of the

method to reconstruct PDSI during earlier periods and

different regions of the study area.

The first pseudo-proxy based test confirms the results of

Zorita et al. (2003), showing that the main effects of a

reduction of the number of predictors are an increase in the

error bars associated with the reconstruction and a decrease

in the reconstruction variance. The averaged curve is,

however, much more robust. The second test (Von Storch

et al. 2004), shows that, whilst the variance of noisy

reconstructions is always lower than the variance of the

target curve, the high and intermediate frequencies are

relatively well preserved with similar fluctuations observed

in all curves. The white noise added to the pseudo-proxy

series, which is by definition a high frequency component,

has a major effect on the low frequencies of the signal.

ITALY

TURKEY

SPAIN

ALPS

GREECE

Fig. 4 Reconstruction of the summer PDSI with bootstrapped ANN

method for the five selected point Italy (37.5�N, 15�E), Turkey

(37.5�N, 30�E), Spain (40�N, 0�E), Alps (45�N, 7.5�E) and Greece

(40�N, 22.5�E). In red actual PDSI series

Table 6 Results of the pseudo-proxy test

PSPz_1700 PSPz_1600 PSPz_1500 PSPz_1350 ECHOG

VAR 0.69 0.64 0.50 0.50 1.20

r (PSPrec, EchoG) 0.92 0.87 0.84 0.78

r (TRrec, PDSI) 0.85 0.81 0.72 0.49

Variance of each reconstruction of mean summer PDSI using pseudo-proxies (Calibrated with different sets of proxies for 1350, 1500, 1600,

1700), correlation coefficient between these reconstructions (PSPrec) and ‘perfect’ ECHO_G simulation and, as element of comparison,

correlations between PDSI reconstructions from tree-ring data (TRrec) and Actual PDSI Data

1700-reconstruction

1600-reconstruction

1500-reconstruction

1350-reconstruction

Fig. 5 Reconstruction of the mean summer PDSI (all Mediterranean

area) based on a different number of pseudo-proxies: from 136 (top)

to 7 (bottom)
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Climatic reconstructions based on highly noisy proxies

may therefore underestimate the long-term variations.

In addition, we have shown that the reconstruction for

the period 1500–2000 is good or acceptable, but the

reconstruction over 1350–1500 is not based on a sufficient

number of predictors for the low and intermediate fre-

quencies to be considered as reliable. Comparison of

spatial variation in the pseudo-proxy and tree-ring data

reconstructions shows that low correlation coefficients,

between actual and reconstructed values, are not linked

with data quality but with the presence-absence of proxy

data. The combination of these tests has allowed us to

assess the reliability of tree-ring data set to reconstruct the

PDSI, and thus to help in the interpretation of the results.

5.2 PDSI variations

PDSI is a combination of precipitation and temperature that

takes into account the water soil capacity, giving it a cli-

matic memory. The previous winter conditions will affect

the value of PDSI in summer and even previous years

could have an effect. It is therefore difficult to correlate this

index directly with precipitation and/or temperature.

However, the use of precipitation and temperature in the

PDSI calculation allow an integration of these variables as

effective droughts, which are the main characteristic of the

Mediterranean climate. Dai et al. (2004) and Mika et al.

(2004) have shown a good correlation of PDSI and soil

moisture at global to local scales, and the ability of PDSI to

well represent meteorological spatial variability.

Four of the five selected grid points (Spain, Alps, Italy,

and Greece) show very similar long-term PDSI variations

over the last 500 years (Fig. 4). Only the Turkish grid point

shows different patterns. This confirms the dipole nature of

the Mediterranean climate, with drier conditions over the

western part and wetter condition over the eastern Medi-

terranean, previously shown by several authors (Kutiel
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Fig. 6 Reconstruction of the

summer PDSI using

pseudoproxies: correlation

between simulated PDSI by

ECHO-G-all at 2.5 9 2.5�
gridpoints and their estimates

using pseudo-proxies. White
points indicate the position of

the pseudo-proxies. The four

graphics correspond to the four

reconstructions implying each a

different number of predictors

for calibration (see text)

Table 7 Results of the noisy pseudo-proxies test

PSPst0.5 PSPst1 PSPst2 PSPst3 ECHO_G

VAR 0.43 0.53 0.70 0.42 1.20

r (PSPs, ECHO) 0.86 0.82 0.67 0.73

Variance of each reconstruction of mean summer PDSI using noisy

pseudo-proxies (with a proportion of 0.5, 1, 2 and 3 of white noise

variance) and correlation coefficient between these reconstructions

and ‘perfect’ ECHO_G simulation

Fig. 7 Reconstruction of mean summer PDSI using noisy pseudo-

proxies with a proportion of 0.5, 1, 2 and 3 of white noise variance

compared to the mean ECHO-G simulation
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et al. 1996a, b; Cullen and deMenocal 2000; Xoplaki 2002;

Xoplaki et al. 2003, 2004, Pauling et al. 2006; Luterbacher

et al. 2006). In terms of large-scale atmospheric circula-

tion, this spatial pattern has been principally associated

with the North Atlantic Oscillation (NAO), but also with an

East Atlantic/Western Russia pattern (EA\WRUS)

(Xoplaki et al. 2003, 2004). The complex topography of

Mediterranean basin with thermal and orographic forcing

(Fernandez et al. 2003) also plays a role in this dipole

(Xoplaki et al. 2003). In our reconstruction this well-

marked dipole pattern is probably represented by the first

principal component.

In the western and central Mediterranean basin, the

twentieth century is characterized by variations between

marked dry and wet periods, for example the dry period

1945–1955 (Fig. 8a) and the wet period 1961–1981

(Fig. 8b). In this region, twentieth century PDSI fluctua-

tions are similar to the period of high variability between

the second part of the sixteenth century and the first part of

the seventeenth century. A marked decrease in PDSI values

can be observed in the western part of Mediterranean

(Spain and Morocco) during the last few decades of the

twentieth century. The values, however, remain similar to

the severe drought period of the sixteenth and seventeenth

centuries. These periods of drought are coherent with Esper

et al. (2007) drought reconstruction in Morocco, as the

following wet period observed up to the twentieth century.

In the eastern Mediterranean, the most important drought

period occurred between 1925 and 1940 (Fig. 4). This

drought is one of the harshest and longest observed during

the last 500 years. This dry period was previously men-

tioned by Purgstall (1983) (in Touchan et al. 2005) who

noticed a sustained famine during the 1925–1928 period,

and by Touchan et al. 2005 who noticed the same 4 year

drought period and the 1935 extreme drought period.

Despite a less marked reduction in PDSI values over the

last few decades in the eastern Mediterranean, the twenti-

eth century is significantly the driest period of the whole

Mediterranean region (mean PDSI = -0.10 with standard

deviation of 0.13) of the last 500 years (mean PDSI of the

400 previous years = 0.55 with standard deviation 0.26).

5.3 The 1500–1650 period

This period was generally characterized by dry conditions

(Fig. 4). The sixteenth and the first part of the seventeenth

centuries are, in general, the driest period of last 500 years.

The first part of the sixteenth century (1500–1540) shows a

slight decrease of PDSI from wet (end of the fifteenth

century) to severe dry conditions. The period from the

middle of the sixteenth century to the middle of the sev-

enteenth is characterised by alternating wet and dry

periods. The drought periods are greater in intensity and

duration than the wet periods. Three well-marked drought

can be observed: 1540–1575 (Fig. 9a for the year 1540),

1620–1640 (Fig. 9c), and 1645–1665.

The generally dry conditions of this period and the large

fluctuations in climate shown by our reconstruction are

coherent with several previous studies of the LIA in Europe

and the western Mediterranean area. The alternating warm

and cold phases and wet and dry phases, reconstructed by

Glaser et al. (1999), are coherent with the high PDSI var-

iability. The year 1540 was the warmest and driest one in

Europe (Glaser et al. 1999; Casty et al. 2005). Our results

confirm that a severe drought occurred this year across the

Mediterranean basin (Fig. 9a). Whilst no clear similarities

can be seen between our reconstructions and the precipi-

tation reconstructions for southern Spain (Rodrigo et al.

2000) and Morocco (Till et al. 1988), there is better cor-

relation with other western Mediterranean zones. Saz

(2004) have shown a significant opposition between annual

mean temperature and total annual precipitation in North-

ern Spain. Low precipitation is related to high temperatures

for the period 1540–1560 and around 1600, and with low

PDSI. High precipitation is related to low temperatures

around 1575 and around 1610, and to high PDSI. This

underlines the interest of using the PDSI, which represents

the opposition between temperature and precipitation

rather than only precipitation variations. The reconstruction

of a drought index by Barriendos and Llasat (2003) for

Catalonia shows very similar pattern to our PDSI recon-

structions during the period 1550–1650. The catastrophic

flood event index, reconstructed by Llasat et al. (2005), and
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the reconstruction of Durance river (Southern Alps) flood

events (Guibert 1994) are also in agreement with our

results, notably during the 1575–1620 period. In Sicily,

Piervitali and Colacino (2001) observed that during the

sixteenth and seventeenth centuries religious processions

for rainfall were more frequent than during the eighteenth

and nineteenth centuries, confirming our reconstructions

for Southern Italy.

The high climatic variability of the sixteenth and sev-

enteenth centuries in the western Mediterranean is not

observed in the east, where no long drought or wet periods

occurred. A marked dry period occurred around 1500, and

has been shown in previous studies, including a recon-

struction of March–June precipitation (Akkemik et al.

2005), April–August precipitation (Akkemik and Aras

2005) and May–August precipitation (Touchan et al. 2005).

During several well-marked periods, the eastern Mediter-

ranean is in opposition with the west, for example during

1540 to 1560 and 1620 to 1640 (Fig 9c). These events

seem to be analogous to the 1945–1950 period.

5.4 The 1650–1900 period

The Maunder Minimum (1645–1715) marks the transi-

tion from the dry conditions of the sixteenth and early

seventeenth century, to the longest wet period (1670–

1765). This transition (1665–1700) corresponds to the

one of the coldest periods of the Little Ice Age (Pfister

1999; Jones et al. 1998; Briffa 2000; Luterbacher et al.

2000, 2001; Büntgen 2005). This long stable and wet

period (1700–1750) affected the entire Mediterranean

Basin with a relatively homogeneous pattern of high

PDSI values (Fig. 9d). The only dry conditions are

observed in the eastern part of Turkey. These observa-

tions are coherent with previous studies from the

Mediterranean area (Rodrigo et al. 2000; Xoplaki et al.

2001; Barriendos 1997), which show that the climate,

both in western and eastern Mediterranean, was colder

and slightly wetter. These wet conditions were inter-

rupted by a well-marked period of low PDSI values

(1760–1780) (Fig. 9e). This period is comparable to the

sixteenth to seventeenth century’s drought period in

intensity and in length. However the spatial pattern is

somewhat different, with a clear opposition between a

dry north and a normal to wet south. In the Alps, this

period corresponds to a marked dry period, particularly

after 1770 (Casty et al. 2005), which is associated with

relatively high summer temperatures across Europe

(Luterbacher et al. 2004). In Spain, Barriendos and

Llasat (2003) have shown an increase in the drought

index during this period and Creus et al. (1995) observed

some anomalously dry springs.

The nineteenth century was dominated by wet condi-

tions although with a relatively dry period around 1860.

However, this century is mainly characterised by a highly

variable PDSI values, with rapidly alternating wet and dry

episodes and extreme values.

In southern Italy, the wettest year, 1810, follows the

driest years in the Alps (1807–1808, Fig. 9f). These

2 years with very low PDSI values correspond to a suc-

cession of hot summers in France, and Casty et al. (2005)

described 1807 as the warmest alpine summer. The PDSI

pattern for these 2 years shows low to very low values for

the whole Mediterranean basin. In the last few decades of

the nineteenth century (Fig. 9g) the spatial pattern of PDSI

values shows a well-marked opposition between northern

part of the Mediterranean basin where dry conditions pre-

vailed and the southern part where wet conditions

prevailed. This period is characterised by a predominance

of negative NAOI index, with an atmospheric situation

causing increased rainfall in the Mediterranean region

(Yiou and Nogaj 2004; Cullen et al. 2002; Luterbacher

et al. 2006; Vinther et al. 2003), with the exception of 1882

(Fig. 9h), which is an extreme positive NAO. The exis-

tence of more frequent negative NAO atmospheric

conditions during the eighteenth and nineteenth century

(Luterbacher et al. 2002; Pauling et al. 2006), could explain

the dominance of humid conditions.

6 Conclusion

This study is the first large scale PDSI reconstruction in the

Mediterranean area. The index was reconstructed on a

2.5�9 2.5� grid from tree-ring series covering the whole

Mediterranean basin (10�W–45� E and 30�N–50�N) for the

period 1350–2000. Several tests were used to assess

the reliability of this reconstruction, including variations in

the spatial and temporal densities of predictors. In particular,

the use of pseudo-proxies provides a good method to

examine the effect of problems in the method or dataset for

periods where no instrumental data is available. The statis-

tical significance of the reconstruction shows that tree-ring

series provide well-adapted proxies for water availability in

the Mediterranean region. The reconstruction shows well

defined temporal and spatial variability of PDSI over the

study area and time period. It shows, in particular, a very high

PDSI variability during the sixteenth and seventeenth cen-

tury (Early LIA), dominated by severe drought conditions,

and a eighteenth century (maximum LIA) characterised by a

stationary wet period notably during the first 60 years. The

spatial patterns show frequent oppositions between the east

and west of the region during the sixteenth to seventeenth

centuries and between the north and the south during the

eighteenth, nineteenth and twentieth centuries.
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During the twentieth century, the amplitude and dura-

tion of PDSI variations are similar to these observed during

the sixteenth and seventeenth centuries. Several severe

drought episodes occur during the last few decades, albeit

less severe than the worst period of drought of the 1540–

1670 period. However, the reconstruction shows a trend of

decreasing PDSI values over the last few decades, espe-

cially in western part of the Mediterranean basin, linked to

a trend of increasing temperatures. The continuation of this

warming trend, as shown under future climate scenarios

(IPCC 2001; Stott et al. 2004), is likely to result in pro-

longed and extreme drought conditions over the entire

Mediterranean basin. This trend toward increasing periods

of drought, coupled with human impact on soil conditions

in the southern Mediterranean will have important agri-

cultural and socio-economic consequences for this region,

and needs to be taken into account in land management

schemes.
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7 Appendix: the reconstruction method

Compared to the majority of palaeoclimatological proxies,

dendroclimatology has an advantage in having annual

time-series for calibrating the relationships between cli-

mate and proxies. The relatively low time resolution of

other proxies means that variability in time must be

replaced by variability in space and a training set must be

collected from a wide variety of locations. For these

proxies, the modern analogue technique (MAT) has

become the leading approach after Hutson (1980), Prell

(1985) and Guiot et al (1985), because the method avoids

spurious extrapolations and does not affect significantly the

reconstructed variance. This is crucial when we are inter-

ested in large climatic changes such as glacial-interglacial

fluctuations.

For a given past assemblage, the MAT is based on a

search for the most similar assemblages among a collection

of modern samples. An appropriate distance measure is

required in order to evaluate the degree of analogy between

past and modern samples. When the method is applied to

tree-ring data (Guiot et al. 2005), the assemblages are

replaced by annual vectors of proxies, and the objective is

to fill missing data in the proxy matrix by using the most

similar vectors containing sufficient data. It is possible to

use a variety of distance measures, but the Euclidian dis-

tance is certainly the most practical here:

d2
ts ¼

1

mts

Xmts

k¼1

ptk � pskð Þ2 ð3Þ

where mts is the number of proxies simultaneously avail-

able for year t (with missing data) and potentially analogue

year s, ptk (resp. psk) is the value of proxy k for year t (resp.

year s), dij
2 is the mean squared Euclidian distance between

years t and s. Each proxy series is first standardized so that

it ranges between 0 and 1.

The smaller the distance, the greater is the degree of

analogy between the two years. Thus, for each proxy series

k and year t, we look for analogue years in the other proxy

series. A subset of these years is then selected; corre-

sponding to a small number of samples with existing data

for proxy series k and the estimated value p̂tk is then

obtained as a weighted average of the same proxy series at

the analogous years. As the estimate is an average of a

subset from the same statistical population, there is a slight

bias in the estimation of its variance. This non-linear

approach can be compared to the expectation maximization

algorithm proposed by Schneider (2001).

After infilling of the missing proxies, the relationship

between instrumental climate series and proxies is cali-

brated by a non-linear technique (the artificial neural

network, ANN) for the period for which climatic data are

available. This technique has been largely applied in

dendroclimatology (Guiot and Tessier 1997; Woodhouse

1999; D’odorico et al. 2000; Carrer and Urbinati 2001; Ni

et al. 2002). We used the feedforward network trained

with the backpropagation learning algorithm and validated

by a bootstrap technique (Guiot et al. 2005). ANN does

not give systematically better results than linear regres-

sion, but, when it is carefully applied (avoiding

overfitting), it is never worse (Racca et al. 2001). It is

better when there are strong non-linearities in the

relationship.
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