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whereas the MXD-chronology relates mainly to late 
summer warmth (July–September, r = 0.64, p < 0.001; 
1899–2010). The chronologies show opposing patterns of 
decadal variability over the twentieth century (r = −0.68, 
p < 0.001) and confirm the importance of the summer 
North Atlantic Oscillation (sNAO) for summer climate in 
the northeastern Mediterranean, with positive sNAO phases 
inducing cold anomalies and enhanced cloudiness and pre-
cipitation. The combined reconstructions document the late 
twentieth—early twenty-first century warming and drying 
trend, but indicate generally drier early summer and cooler 
late summer conditions in the period ~1700–1900 CE. Our 
findings suggest a potential decoupling between twentieth 
century atmospheric circulation patterns and pre-industrial 
climate variability. Furthermore, the range of natural cli-
mate variability stretches beyond summer moisture avail-
ability observed in recent decades and thus lends credibility 
to the significant drying trends projected for this region in 
current Earth System Model simulations.

Keywords Tree ring · Summer North Atlantic 
Oscillation · Northeastern Mediterranean · Maximum 
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1 Introduction

The Mediterranean Basin is a region where future cli-
mate impacts are expected to be severe and far-reaching 
(IPCC 2013; Giorgi and Lionello 2008). Warming trends 
and concomitant reductions in precipitation are expected 
to increase drought stress (Gao and Giorgi 2008) thereby 
affecting the intense agriculture activities (Schröter et al. 
2005) and increasing fire risk across this region (Moriondo 

Abstract The Mediterranean region has been identified 
as a global warming hotspot, where future climate impacts 
are expected to have significant consequences on societal 
and ecosystem well-being. To put ongoing trends of sum-
mer climate into the context of past natural variability, we 
reconstructed climate from maximum latewood density 
(MXD) measurements of Pinus heldreichii (1521–2010) 
and latewood width (LWW) of Pinus nigra (1617–2010) on 
Mt. Olympus, Greece. Previous research in the northeast-
ern Mediterranean has primarily focused on inter-annual 
variability, omitting any low-frequency trends. The pre-
sent study utilizes methods capable of retaining climati-
cally driven long-term behavior of tree growth. The LWW 
chronology corresponds closely to early summer moisture 
variability (May–July, r = 0.65, p < 0.001, 1950–2010), 
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et al. 2006). Projections of increasing summer heatwave 
frequency are most severe for low-altitude river basins and 
coastal regions, implying increasing health risks in many 
densely populated urban centers (Fischer and Schär 2010). 
Climate model comparisons show general consistency in 
warming and drying trends in the Mediterranean Basin, but 
with considerable uncertainties concerning absolute mag-
nitude and spatial patterns of these changes (Planton et al. 
2012).

General Circulation Models predict an overall drying 
of the Mediterranean region by the end of the twenty-first 
century of up to 20 % (IPCC 2013). However, analyses of 
instrumental measurements have demonstrated different 
climate modes and atmospheric drivers across the Mediter-
ranean basin. In particular, the evolution of precipitation-
related events during summer and autumn over the eastern 
Mediterranean regions generally differs from the western 
Mediterranean (Hertig et al. 2013). Moisture trends also 
differ by season. Depending on the scenarios used for 
downscaling approaches, summer precipitation predictions 
for the eastern Mediterranean range from a slight increase 
and a shortening of extreme dry spells (scenario A1B, Her-
tig et al. 2013) towards a severe drying (A2, Önol et al. 
2014; Dubrovský et al. 2013). The winter period (Octo-
ber–May), however, when most of the annual precipitation 
occurs, is expected to exhibit negative precipitation anoma-
lies independent of methods and scenarios (Hertig and Jac-
obeit 2008; Önol et al. 2014). These spatially and season-
ally variable climatic trends will have various impacts on 
biophysical attributes. The overall drying trends for winter 
may negatively impact annual streamflow and agricultural 
activities (García-Ruiz et al. 2011), whereas the reduction 
of summer precipitation mainly results in a decline of for-
est productivity (Lindner et al. 2010).

Northeastern Mediterranean precipitation trends are 
most closely associated with storm-track changes that are 
controlled by large-scale circulation patterns, such as the 
North Atlantic Oscillation (NAO), the East Atlantic/West-
ern Russia pattern (EA/WRUS), or the Scandinavian pat-
tern (SCAND) (Quadrelli et al. 2001; Trigo et al. 2002; 
Dünkeloh and Jacobeit 2003; Xoplaki et al. 2004; Krichak 
and Alpert 2005). Summer air temperatures and precipi-
tation in the Northeastern Mediterranean are modulated 
by blocking conditions and by an east–west geopotential 
height (GPH) dipole (Xoplaki et al. 2003a; Mariotti and 
Arkin 2007). This atmospheric circulation pattern during 
summer is part of the summer North Atlantic Oscillation 
(sNAO), which is defined as the first eigenvector of daily 
extratropical North Atlantic–European mean sea-level 
pressure during high summer (July–August, Folland et al. 
2009). The sNAO has an influence on air temperature, 
meridional atmospheric circulation, and cloudiness over the 
northeastern Mediterranean by modulating the Anatolian 

Low (Chronis et al. 2011). Positive sNAO phases are asso-
ciated with cold anomalies, enhanced cloudiness and pre-
cipitation in the Northeastern Mediterranean, and promi-
nent teleconnections of the opposing conditions over the 
British Isles (Folland et al. 2009). This atmospheric circula-
tion pattern not only influences climatic variability on sea-
sonal to inter-annual timescales (Önol and Semazzi 2009; 
Xoplaki et al. 2004), but also on decadal to centennial time-
scales (Mariotti and Dell’Aquila 2012; Luterbacher et al. 
2010; Trouet et al. 2012).

In light of the inter-annual to multi-decadal dynamics, 
long climatic records are needed to quantify and understand 
trends in natural climate variability. Furthermore, placing 
the sizable trends in temperature, precipitation and drought 
stress projected for the next century in the Mediterranean 
basin requires long-term climate records. The paucity of 
instrumental records in the northeastern Mediterranean 
prior to 1950 hamper such assessments. Thus, proxy-based 
reconstructions (Luterbacher et al. 2002; Nicault et al. 
2008; Pauling et al. 2006) contribute to our understanding 
of long-term climate variation in this region.

In terms of high-resolution proxy archives from the 
northeastern Mediterranean, tree line forests (Pinus heldre-
ichii, PIHE in particular) have shown a strong dendrocli-
matological potential (Trouet et al. 2012; Seim et al. 2012; 
Trouet, in press) for reconstructing summer temperature 
by means of maximum latewood density (MXD) over the 
last millennium. Other studies have shown the potential of 
long-living Mediterranean tree species to reconstruct pre-
cipitation during the growing season, including Quercus 
sp. (Griggs et al. 2007) and Juniperus excelsa (Touchan 
et al. 2003). Tree-ring chronologies from the wide-spread 
and drought sensitive species black pine (Pinus nigra, 
PINI) have also been used in regional precipitation recon-
structions (e.g. Akkemik and Aras 2005; Köse et al. 2011; 
Poljanšek et al. 2012; Levanic et al. 2013). These recon-
structions, however, have primarily focused on high fre-
quency (interannual) climate variability. The detrending 
techniques (often individual curve fits) applied, subsequent 
autoregressive modelling, and sample sizes of ~20 samples 
per site have left potential longer-term trends in past cli-
mate broadly unknown. Furthermore, detailed assessment 
of long-term climate variation is hampered by prior indi-
vidual works solely reconstructing either temperature or 
precipitation. To simultaneously understand temperature 
and hydroclimatic variability, the climate history still must 
be pieced together from the few sparse and spatially dispa-
rate reconstructions.

In this study we present robust reconstructions of cli-
matic variability in the northeastern Mediterranean basin 
by developing and analyzing an extensive tree-ring collec-
tion from Mt. Olympus, Greece. The significant ecological 
gradient on the Mt. Olympus massif causes temperature 
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limitations on tree growth towards the upper-treeline and 
moisture stress along the lower mountain flanks. Based on 
more than 500 tree cores from 9 sites, we present new sum-
mer climate reconstructions for temperature and precipita-
tion over the past 400 years derived from MXD (PIHE) and 
latewood width (LWW) chronologies (PINI). We focus on 
long-term trends and variability and their association with 
atmospheric circulation patterns.

2  Materials and methods

2.1  Study area

Mt. Olympus, situated in northern Greece, is part of the 
NNW–SSE oriented dinaric-hellenic mountain arc (Fig. 1). 
Only 20 km from the coastline, the massif peaks at 2,917 m 
(Mitikas). A typical Mediterranean dry season occurs from 
May to September with highest mean temperatures in July 
and August around 25 °C at the foot of the mountain in Lar-
issa (50 km south, 74 m asl). The joint limestone bedrock 
rapidly absorbs rainfall and snowmelt so that surface runoff 
is scarce above 1,200 m asl. PINI often forms pure stands 
on dry and rocky slopes between 800 and 1,700 m asl, 
whereas beech (Fagus sylvatica) forests dominate the val-
ley bottoms and ravines with moister conditions. At 1,600 
to 2,000 m asl, PINI is gradually replaced by PIHE, which 
forms the upper treeline near 2,300 m asl (Strid 1980).

2.2  Tree ring data and analysis

2.2.1  Development of PINI LWW chronology

Our seven PINI sampling sites span the lower to upper ele-
vation range (850–1,700 m asl) of the species in this region 

and are distributed around the Mt. Olympus massif to cap-
ture different slope exposures and luff-lee conditions. We 
collected at least two cores per tree from 33 to 48 trees per 
site (Fig. 1; Table 1). The cores were mounted, sanded, and 
cross-dated using standard dendrochronological techniques 
(Stokes and Smiley 1968). During sample preparation and 
cross-dating, we noted strong and coherent variability in 
the LWW. By using only LWW, Meko and Baisan (2001) 
and Griffin et al. (2011) were able to enhance the mon-
soonal precipitation signal (July–August) in tree rings of 
the southwest United States and thus extract much cleaner 
and temporally more specific climate information than by 
analyzing total TRW. Accordingly, we measured earlywood 
(EWW), and LWW separately to the nearest 0.01 mm using 
TSAP-Win software (Rinn 2003) and quality-checked the 
cross-dating using the program COFECHA (Holmes 1983). 
Signal-free Regional Curve Standardization (RCS) was 
applied to all individual LWW series to enhance retention 
of possible low frequency signals while retaining high fre-
quency variability (Melvin and Briffa 2008). In RCS, the 
individual series are first aligned by cambial age to obtain 
a regional growth curve (RC), by which they are subse-
quently divided (Briffa et al. 1992). Signal-free detrend-
ing removes possible distortion of the external forcing 
signal in chronologies by iteratively dividing ring width 
measurements by the chronology index (Melvin and Briffa 
2008). Each site chronology was detrended with its own 
RC smoothed with an age-dependent spline (Melvin et al. 
2007), using pith off-set estimates to improve the accuracy 
of the expected growth curve (Briffa and Melvin 2011). 
Site-level detrending was necessary because of differences 
in absolute growth level between sites and changing site 
replication over time (Fig. 2a, Klesse and Frank 2013). The 
site CHR differed notably in its site condition, stand com-
position, and low frequency behavior from the other six 
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Fig. 1  Climate diagram of the nearest meteorological station Larissa (74 m asl) and map of Mt. Olympus (Greece) with sampled PINI LWW 
(open circles) and PIHE MXD (filled circle) sites
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sites and it was excluded from the reconstruction (for fur-
ther information the reader is referred to Klesse and Frank 
2013). The remaining six chronologies (Fig. 3a) were 
scaled to match their mean and variance over the common 
period (1853–2010) and averaged with a bi-weight robust 
mean (Cook and Kairiukstis 1990) after variance stabi-
lization due to changing site replication over time (Frank 
et al. 2006). Chronology reliability was assessed using the 
expressed population signal (EPS), which is calculated 
from between-tree correlations (rbar) and sample replica-
tion. A threshold of 0.85 is often (albeit arbitrarily) cited 

as adequate to ensure the robustness of a chronology (Wig-
ley et al. 1984). The resulting regional LWW chronology is 
considered reliable back to 1617, when three sites have an 
EPS higher than 0.85.  

2.2.2  Development of PIHE MXD chronology

The PIHE samples were collected in the central part of Mt. 
Olympus close to tree line at around 2,200 m asl (Table 1) 
in 2010 to update, extend, and enhance an existing chro-
nology collected by Schweingruber in 1981. The cores 
were prepared for MXD measurements after Schweingru-
ber (1989). The prepared samples were processed using a 
WALESCH 2003 X-ray densitometer with a resolution of 
0.01 mm and brightness variations transferred into g/cm3 
using a calibration wedge (Eschbach et al. 1995; Lenz 
et al. 1976). After cross-dating as described above, the 
MXD-series were detrended using signal-free RCS with 

Table 1  Raw chronology statistics

PINI Pinus nigra, PIHE Pinus heldreichii, LWW latewood width, MXD maximum latewood density, MSL mean segment length, Rbar series 
intercorrelation, MS mean sensitivity
a EPS > 0.85

Site Species Ring parameter Elevation (m asl) Latitude Longitude Chronologya MSL n Trees n samples Rbar MS

LIA PINI LWW 850 40.050041 22.497186 1853–2010 96.3 45 87 0.57 .471

VPA PINI LWW 1,050 40.135815° 22.366780° 1794–2010 143 33 66 0.627 .486

REB PINI LWW 1,100 40.143893° 22.406005° 1848–2010 133.8 47 92 0.679 .525

PIGA PINI LWW 1,300 40.042421° 22.474153° 1607–2010 255.8 41 73 0.563 .474

XEP PINI LWW 1,500 40.093058° 22.308132° 1604–2010 267.2 31 78 0.519 .352

PPP PINI LWW 1,600 40.036644° 22.456621° 1617–2010 242 40 79 0.632 .444

CHR PINI LWW 1,700 40.092192° 22.321162° 1794–2010 167.7 42 81 0.553 .331

combined PIHE MXD 2,200 40.09° 22.37° 1521–2010 312 50 96 0.312 .044

Old (1981) PIHE MXD 2,200 1698–1981 201 15 29 0.327 .043

New (2010) PIHE MXD 2,200 1521–2010 361 35 67 0.310 .045

gr
ow

th
 le

ve
l (

m
m

)

0.0

0.2

0.4

0.6

0.8
PPP (1600m)
XEP (1500m)
PIGA (1300m)
VPA (1100m)
REB (1050m)
LIA (850m)

biological year

de
ns

ity
 (

g/
cm

3 )

0.5

0.6

0.7

0.8

0.9

0 100 200 300 400 500

this study 2010
Schweingruber 1981

(a)

(b)
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a 300-year spline smoothing. Pith-offset estimates (POE) 
were not available for the Schweingruber dataset. However, 
the slope of the RCs of the age aligned MXD measure-
ments was quite shallow (Fig. 2b) and a lack of POE would 
not alter the RC dramatically, so for consistency we did not 
use pith offset data for the entire MXD dataset. The abso-
lute density levels of the two datasets were offset from each 
other (Fig. 2b) likely due to a change in the X-Ray densi-
tometry equipment and laboratory procedures between the 
early 1980s and present (different X-Ray films and calibra-
tion wedges, Esper et al. 2014) and possibly because of 
local site conditions. Thus for RCS, separate detrending of 
these two datasets was necessary (see also Grudd 2008). 
The two MXDRCS-chronologies are strongly correlated 
(r = 0.83; p < 0.01). After standardization, the two chronol-
ogies were combined by scaling over their common period 
(EPS > 0.85, 1698–1981), and averaged as described with 
the PINI chronologies, resulting in a robust MXD chronol-
ogy (EPS > 0.85) back to 1521.

2.3  Climate data

To assess the climate signal in the tree-ring data, its tem-
poral stability, spatial signatures, and to define the most 
meaningful reconstruction target, we considered a wide 
variety of instrumental station records, gridded products, 
re-analyses, and previous reconstructions. In so doing, 
we attempted to balance properties of the instrumental 
datasets such as record length, data quality, and proxim-
ity to the tree-ring sites. The nearest meteorological sta-
tion with records of relevant length is located in Larissa 
(74 m asl), approximately 50 km south of the massif, with 
temperature observations starting in 1899 and precipita-
tion in 1951. The Larissa climate station is situated in flat 
terrain and southwest of the coastal ridgeline. Given its 
long length, and proximity to the tree sites, the Larissa 
instrumental temperature record (1899–2010) was used as 
a target for PIHE-based temperature analysis and recon-
struction. However, the amount and occurrence of precipi-
tation on Mt. Olympus varies with the position around the 
massif. Thus, the Larissa precipitation record may not be 
representative of the east-facing slopes of the mountainous 
study area, where summer precipitation is closely related 
to thunderstorms. Similar considerations and limitations 
apply for the other nearby stations, Thessaloniki (70 km 
NE), and Kozani (50 km NW), with precipitation records 
since 1931 and 1955. For this reason we used the grid-
ded (0.25 × 0.25° resolution, 1950–2010) E-OBS dataset 
(Klein Tank et al. 2002; Haylock et al. 2008) to calculate 
climate–growth correlations between the chronologies 
and precipitation and temperature, and as the precipitation 
reconstruction target dataset. We preferred this relatively 
short dataset to the often cited CRU dataset (Mitchell and 

Jones 2005) to ensure more precise spatial coverage of the 
tree-ring sites and because the span of the E-OBS dataset 
corresponds closely to the span of the proximal meteoro-
logical records. Prior to 1950, the nearest long precipitation 
datasets include Athens and Patrai located 230 and 330 km 
south of Mt. Olympus. The impact of increasing station 
sparseness can be observed in the spatial correlation finger-
print between the Mt. Olympus CRU grid cell time series 
and the surrounding grid cells. Post 1950, high correlations 
(r > 0.50) are restricted to northeastern Greece, Macedonia, 
and southeast Bulgaria (Fig. S1), whereas prior to 1950 
high correlation values cover Greece and the entire Balkans 
until 44°N. This is indicative of more remote (and less rep-
resentative) stations become increasingly weighted in the 
CRU gridding approach when the proximal (e.g., within 
100 km) stations are no longer available. These tests further 
support the preferential use of the E-OBS dataset.

Climate–growth responses were assessed based on Pear-
son correlation coefficients between the tree-ring data and 
monthly gridded climate data (E-OBS 7.0, 1950–2010) for 
the gridpoint closest to the study site (40.13°N, 22.13°E). 
Monthly values were further averaged to seasonal windows 
thereby integrating the most meaningful months of wood 
formation. To identify spatial signatures in the reconstruc-
tions over as long of a time-span as possible, we performed 
additional analyses with the long Larissa instrumental tem-
perature record (1899–2010), the CRU temperature dataset 
(CRU 3.21, 1901–2010) and seasonal 500 mb GPH fields 
(Twentieth Century Reanalysis, 1901–2010; Compo et al. 
2011). For the pre-instrumental period, we used seasonal 
historical gridded reconstructions of air temperature (Lute-
rbacher et al. 2004), precipitation (Pauling et al. 2006), 
and 500mb GPH (Luterbacher et al. 2002). Spatial correla-
tion and composite maps were generated using the KNMI 
explorer (http://climexp.knmi.nl; van Oldenborgh and 
Burgers 2005, Trouet and Van Oldenborgh 2013). We per-
formed a Wilcoxon test to calculate the statistical signifi-
cance of monthly 500mb GPH anomalies of the twentieth 
century over the Balkans and British Isles in years when 
the PIHE and PINI reconstructions both show positive/neg-
ative values or have opposing signs.

2.4  Reconstruction

The dimensionless tree-ring indices were calibrated to tem-
perature and precipitation by scaling (i.e., matching the 
mean and standard deviation of the instrumental target over 
the calibration period; Esper et al. 2005). The long Larissa 
instrumental temperature record (1899–2010) as well as the 
E-OBS gridded temperature data (1950–2010) were used 
for July–September temperature calibration/verification 
trials. The LWW chronology was calibrated to the E-OBS 
May–July precipitation grid-cell data (40.13°N, 22.13°E) 

http://climexp.knmi.nl
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expressed as anomalies from the 1950–2010 period. To 
test the reconstruction model, the Coefficient of Efficiency 
(CE) and Reduction of Error (RE) statistics (Cook et al. 
1994; Frank and Esper 2005) were used to assess the skill 
of the reconstructions over two sub-periods (1950–1980 
and 1981–2010 for the E-OBS data; 1899–1954 and 1955–
2010 for Larissa temperature).

3  Results

3.1  Climate–growth relationships

The strong coherence among the individual LWW chronolo-
gies (Fig. 2a) suggests a common response to environmental 
conditions. Correlations among sites are stable in time and 
generally high, with inter-series correlation of the LWW 
chronologies ranging from r = 0.35 (LIA-XEP, altitudinal 
difference 650m, horizontal distance 16.5 km) to r = 0.80 
(PIGA-PPP, 300 m, 1.5 km) over the 1853–2010 common 
period. As expected from the common growth patterns, all 
six sites show a similar climate response pattern (not shown, 
see Klesse 2012) and this justified averaging the six RCS 
chronologies into a regional chronology for further analy-
ses without risking a change in climate response over time 
due to changing site replication. The main climatic driver 
of PINI growth is moisture availability during the summer 
months (Fig. 4a). Only weak correlations were found with 
climatic conditions in the previous year or spring preceding 
the growing season. Correlations were strongest with MJJ 
precipitation (rEOBS = 0.65, p < 0.001), and June–July tem-
perature (rEOBS = −0.51, p < 0.001).

Correlations between the MXD series and E-OBS tem-
peratures were positive and greater than r = 0.20 for the 
months April through September, with highest values in 
July and August (Fig. 4b). Temperatures averaged for these 
2 months yielded correlations of r = 0.61 (p < 0.001), 
which was stronger than the negative correlations 
obtained with precipitation sums for these same 2 months 
(rEOBS = −0.46, rLarissa= = −0.42, Fig. 5b). Also the aver-
aged July–September temperature response assessed with 
the E-OBS dataset was comparably strong (r = 0.57). 
Exploration of climate response over the longer Larissa 
temperature record (1899–2010) revealed the strong-
est, most consistent, and highly stable climate response 
with July–September (JAS) temperatures (e.g., r = 0.67, 
r = 0.63, and r = 0.64 for the early (1899–1949), late 
(1950–2010), and full periods, respectively).

3.2  Precipitation reconstruction

The climate response of the LWW dataset provided 
the opportunity to develop a summer precipitation 

reconstruction. Accordingly, we performed formal calibra-
tion/verification exercises (Table 2). For May–July pre-
cipitation, 37–42 % of the variance was explained in the 
verification procedure, indicating good reconstruction skill 
and a stable strength of the climate signal in the tree-ring 
record. This stability and the ability to capture lower fre-
quency trends was confirmed by RE and CE statistics with 
positive values for both statistics during the early and late 
verification periods. Note that these statistics are provided 
for calibrations performed by scaling; corresponding sta-
tistics for regression approaches (for which the RE and CE 
statistics were developed) are even higher. A final MJJ pre-
cipitation reconstruction spanning the period 1617–2010 
was performed by calibration over the full 1950–2010 
period.
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The precipitation reconstruction shows a continuous decline 
over ca. 200 years (1700–1896) before an abrupt rise around 
the turn of the twentieth century (Fig. 5a). The beginning of 

the twentieth century (1901–1917) appears to have been the 
wettest early summer period in the past 400 years. The late 
twentieth century drying trend (1975–2000), known from 
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pointer years (periods with two or more consecutive extreme years) 
also mentioned in other climate reconstruction literature of the East-
ern Mediterranean

Table 2  Calibration and verification statistics of both temperature (MXD) and precipitation (LWW) reconstructions

RE reduction of error, CE coefficient of efficiency
a Values in brackets show results after regression instead of scaling

E-OBS Larissa

Early calibration  
period (1950–1980)

Late calibration  
period (1981–2010)

Early calibration  
period (1899–1954)

Late calibration 
period (1955–2010)

MXD

R2 0.403 0.281 0.460 0.388

RE 0.292 0.339 0.183 (0.339)a 0.367 (0.382)a

CE 0.148 0.166 −0.063 (0.140)a 0.150 (0.140)a

LWW

R2 0.343 0.413

RE 0.368 0.313

CE 0.172 0.165
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instrumental data, is also well captured by the tree-ring data 
but is reversed in the twenty-first century. The reconstruction 
suggests that the majority of the twentieth Century (~1900–
1975) was the wettest period on record and that recent mois-
ture deficits are well within the range of natural variability 
experienced over the past 400 years.

3.3  Temperature reconstruction

Similarly, the climate response of the MXD record demon-
strates the potential to develop a July–September tempera-
ture reconstruction. A skillful and stable calibration model 
was indicated by positive RE and CE statistics using the JAS 
E-OBS temperature data (1950–2010) as a target (Table 2). 
The final test with the long Larissa temperature data 
(1899–2010) revealed a positive RE and a slightly nega-
tive (−0.063) CE statistic suggesting some discrepancies on 
centennial time-scales. Attribution of these low-frequency 
discrepancies remains challenging as previous research has 
indicated significant uncertainties with the trends of long 
instrumental records (Wilson et al. 2005; Frank et al. 2007; 
Böhm et al. 2010; Thompson et al. 2008) in addition to 
those found in proxy data. Furthermore, in the case of the 
Larissa- MXD calibration, the agreement remains good with 
overall positive calibration statistics (RE: 0.339, CE: 0.140) 
when using linear regression rather than scaling. Consider-
ing the uncertainties in both the tree-ring and instrumental 
data and the lower variance of the reconstruction in compar-
ison to the instrumental data when using regression (Esper 
et al. 2005), and the desire to maximize the calibration win-
dow, the final reconstruction was developed by scaling to 
the Larissa temperatures over the full 1899–2010 period.

The Mt. Olympus temperature reconstruction (1521–
2010) displays overall decreasing late summer tempera-
tures from the seventeenth century to the early nine-
teenth century (Fig. 5b). The coldest decade in our record 
occurred from 1811 to 1820 and only 2 years of the eight-
eenth and nineteenth century rank among the 50 warmest, 
thus showing pronounced cool summer temperatures dur-
ing that time. Over the most recent century, the tempera-
ture reconstruction closely tracks well interannual to multi-
decadal variations of the Larissa JAS-temperature record, 
including the ongoing warming trend from 1975 to the 
present (Fig. 5b). Summer temperatures of the last decade 
are at the upper end of reconstructed values, the summer of 
2007 is the warmest over the past 490 years, but the above 
average temperatures of the sixteenth and early seventeenth 
century were likely more persistent.

3.4  Spatial dynamics and teleconnections

Spatial correlation analysis between our JAS temperature 
reconstruction and JAS instrumental temperature (Fig. 6a, b) 

and JAS 500mb GPH (Fig. 6c) reveals a strong dipole pat-
tern across Europe over the modern instrumental period. The 
MXD-based temperature reconstruction is highly representa-
tive of conditions in the northeastern Mediterranean and neg-
atively correlated with conditions over the British Isles. This 
pattern has broadly the same extent and strength in the early 
(1901–1949) as in the late instrumental period (1950–2010) 
and is stable also over the pre-instrumental period (1659–
1900, Fig. 6d). A strong correlation was observed between 
the Mt. Olympus MXD chronology and other PIHE MXD 
records from the eastern Mediterranean. Correlation values in 
the inter-annual to multi-decadal domain (i.e., data detrended 
with a 100-year spline) are: r = 0.78 (Vihren, Bulgaria, 
common period 1790–1981, collected by Schweingruber 
1981, NCDC 2011, p < 0.001); r = 0.67 (Mt. Pollino, Italy, 
1660–1980, collected by Schweingruber 1981, NCDC 2011, 
p < 0.001); and 0.63 (Albania, 1521–1895, unpublished, 
p < 0.001). The positive correlation in the northeastern Medi-
terranean and negative correlation centered over the British 
Isles are consistent with the atmospheric circulation pattern 
known as the summer North Atlantic Oscillation (sNAO; Fol-
land et al. 2009). Accordingly, the correlations between our 
temperature reconstruction and NCEP-sNAO index (JAS, 
1948–2010) and UCAR-sNAO index (JAS, 1899–2010) are 
r = −0.535, p < 0.001 and r = −0.505, p < 0.001 respec-
tively. Our reconstruction also shows persistent agreement 
with the sNAO reconstruction developed by Linderholm et al. 
(2009, 1521–1995, r = −0.33, p < 0.001) based entirely on 
tree-ring data from Scotland and Scandinavia.

The spatial signatures of the LWW-based precipitation 
reconstruction are similar to those of the temperature recon-
struction, but are weaker in strength (Fig. 7). Our recon-
struction of MJJ precipitation is significantly positively 
correlated with MJJ precipitation patterns in the Balkans 
and to a weak extent negatively correlated with precipita-
tion in NW France. The spatial correlation to MJJ tempera-
ture is strongly significant in the Balkans, southern Italy, 
and parts of northern Africa and the Levant (Fig. 7b). We 
also find a regional coherence with other precipitation sen-
sitive records prior to the instrumental period. For exam-
ple, the high-frequency (2–15 years bandpass filtered) Mt. 
Olympus precipitation reconstruction correlates strongly 
with the PINI TRW chronologies developed by Kuniholm 
in northern Greece at Zagradenye (r = 0.59, 1751–2003, 
distance = 230 km NE, p < 0.001) and Scotida (r = 0.62, 
1706–1979, 160 km W, p < 0.001), indicating a representa-
tive and stable summer moisture signal for northern Greece 
recorded by PINI on Mt. Olympus.

3.5  Temperature and precipitation co-variability

Our new reconstructions from Mt. Olympus offer 
the opportunity to assess the co-variation between 
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temperature and precipitation over the past 400 years. 
These reconstructions show a weak negative inter-cor-
relation in their high-frequency domain (2–15 years 
bandpass-filtered) throughout their common period 
1617–2010 (r = −0.13, p < 0.05, r1950–2010 = −0.21, 
p = 0.1188). Their medium-frequency variability (15–
100 years) generally also correlates negatively over the 
full period (r = −0.25, p < 0.001). Running correlations 
with a 51-year window-length oscillate between +0.2 
and −0.4 between 1617 and 1890. Although care must be 
taken when assessing the significance of low-frequency 
variability due to reduced degrees of freedom, the nega-
tive relationship is notably strong during the twentieth 
century (r = −0.67, p < 0.001). Similar relationships are 
observed in the meteorological data from 1950 to 2010, 
with the correlation between MJJ precipitation and JAS 
temperatures weaker in the high frequencies (r = −0.26, 

p < 0.05) than in the medium frequencies (r = −0.58, 
p < 0.001). These results indicate that cooler decades in 
the twentieth century have been accompanied by gener-
ally wetter conditions, while the year-to-year anti-cor-
relation has been fairly weak. However, our two recon-
structions suggest that this strong decadal co-variability 
has not been the case in the nineteenth century. From 
1801 to 1850 the correlation between the mid-frequency 
filtered series is only r = −0.29 (p < 0.05) and turns 
even slightly positive from 1851 to 1900 (r = +0.13, 
p = 0.38). The nineteenth century is furthermore char-
acterized by overall drier early summer conditions and 
generally cooler late summer temperatures. The different 
temporal response of the two reconstructions to summer 
climate offers the possibility to study the annual course 
of the atmospheric circulation patterns over Europe (e.g. 
500mb GPH).

JAS mean temperature, 1950-2010(a) JAS 500mb GPH, 1901-2010(c)

JAS 500mb GPH, 1659-1900(d)JAS mean temperature, 1901-1949(b)

Fig. 6  Spatial correlation maps between the MXD chronology and 
a July–September (JAS) mean temperature (E-OBS, 1950–2010), b 
JAS mean temperature (CRU, 1901–1949), c JAS 500mb GPH (20C 

reanalysis) and d JAS 500mb GPH reconstruction (Luterbacher et al. 
2002). The study site is indicated by a black dot on the maps
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During the 1901–2010 period (20C Reanalysis) cool 
and moist summer conditions (i.e. where the temperature 
reconstruction has values lower than the 1950–2010 aver-
age and the precipitation reconstruction higher values) 
have occurred 27 times (25 %). In these years there is a 
significant negative 500mb GPH deviation (p < 0.05) from 
June through September over the Balkans (37–47°N, 18–
28°E, Fig. 8) and the sNAO-like dipole pattern is very pro-
nounced from June through September (upper right panel 
in Fig. 9). Similarly, in warm and dry years (37 %), the 
positive anomaly pattern is persistent over the whole sum-
mer (Fig. 9). During the twentieth century dry and cool 
conditions have occurred only 16 times (15 %). In these 
years, the 500 mb GPH field follows a distinct course from 
negative anomalies in June to a ridge in August over the 
British Isles (50–60°N, -10–10°E, Fig. 8) and an opposing 
but weaker pattern over the Central to western Mediter-
ranean in June and northeastern Mediterranean in August 
(lower left panels in Fig. 9). Warm and wet years (24 %) 
are characterized by a shift from a positive 500mb GPH 
anomaly in June to strong negative anomalies in late sum-
mer (especially August) over the British Isles (Fig. 8) and 
vice versa over the Balkans (lower right panels in Fig. 9). 
The dominance of dry (early) summer conditions and 
rather cool (late) summer conditions during the eighteenth 
and nineteenth century (44 and 47 %, respectively) sug-
gests that drivers of atmospheric circulation over Europe 
during summer have changed in the last 110 years. This 
would be consistent with a stable center of action over 
the British Isles with lower 500 mb GPH in early summer 
and higher GPH during late summer, while the anoma-
lies over the Mediterranean are of opposite sign. Circula-
tion patterns in moist and cool summers as well as moist 

and warm summers of the twentieth century seem to have 
played a minor role over the previous two centuries (22 
and 13 %, respectively).

May-Jul precipitaton, 1950-2010(a) May-Jul temperature, 1950-2010(b)

Fig. 7  Spatial correlation maps between the LWW chronology and a May–July precipitation and b May–July temperatures (both E-OBS). The 
study site is indicated by a black dot on the maps
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aged period
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Fig. 9  Composite 500mb geopotential height anomaly maps (1901–
2010, 20C Reanalysis, anomalies of the 1950–2010 period) for dry 
and warm (top left), wet and cool (top right), dry and cool (bottom 
left) and wet and warm summers (bottom right). The top panels show 
the persistence of the 500mb GPH anomalies from June to Septem-

ber, while the lower panels signify the sign change between the Brit-
ish Isles and the Mediterranean between early summer (June) and late 
summer (August). The specific years are defined as in the text and 
Fig. 8. Units of anomalies are tens of meters
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4  Discussion

4.1  Inter-annual to centennial climate variability

We provided new proxy reconstructions for the northeast-
ern Mediterranean allowing a joint assessment of summer 
temperature and precipitation variability since 1617 AD 
and associated dynamical drivers. While MXD chronolo-
gies have previously primarily been developed for the high 
latitude boreal zone, our investigation on PIHE trees from 
Mt. Olympus strongly supports the utility of this tree-ring 
parameter in lower latitude regions (Briffa et al. 1988; 
Büntgen et al. 2008, Trouet et al. 2012, Trouet, in press). 
The coldest decade in our temperature reconstruction 
occurred from 1811 to 1820 (−1.22 °C below the 1950–
2010 average), which is in line with extremely cool sum-
mers reported throughout central Europe by long instru-
mental records (Böhm et al. 2010), tree-ring reconstructions 
(Büntgen et al. 2006, Frank and Esper 2005; Trachsel et al. 
2012; Popa and Bouriaud 2014), and inferred from rapid 
glacier advances in the Alps (Zumbühl et al. 2008). This 
decade includes the year 1816, which is also known as the 
‘year without summer’ (Stommel and Stommel 1979; Trigo 
et al. 2009) and occurs in reconstructions across the North-
ern Hemisphere as a cold year (Briffa et al. 1998; Frank 
et al. 2010) attributed to volcanic activity, particularly the 
massive Tambora eruption in 1815 (Wegmann et al. 2014). 
Other distinct negative peaks in the temperature reconstruc-
tion coincide with large tropical volcanic eruptions and 
extraordinarily cold years reported for the Northern Hemi-
sphere (Fig. 5b). The 1641 eruption of the Parker volcano 
is the 3rd coldest year of the past 600 years in Briffa et al. 
(1998) and is also captured in the MXD series (−2.41 °C). 
Similarly, the 1835 Cosiguina, (−2.54 °C), 1884 Krakatau 
(−2.59 °C), and 1991 Pinatubo (−1.94 °C) eruptions are 
associated with cold summers reconstructed for Mt. Olym-
pus. Other distinctive cold summers are not easily attrib-
utable to volcanism, but are consistent with more regional 
climatic extremes. Examples of such summers include 
1699/1700 (−2.47 and −2.19 °C), for which Xoplaki et al. 
(2001) describes year-round snow cover over the Cretan 
mountains, poor harvest in Thessaly, and high animal mor-
tality. The negative peak of 1959 (−3.27 °C) corresponds 
with an extremely cool summer throughout the Mediterra-
nean (Xoplaki et al. 2003b) and is also anomalously cold 
in the Bulgarian temperature reconstruction developed by 
Trouet et al. (2012).

The climate response of Mt. Olympus PINI radial 
growth is consistent with other studies of this tree species 
(Lebourgeois 2000; Martín-Benito et al. 2008; Touchan 
et al. 2014). The LWW parameter contained a specific sum-
mer precipitation response with less carry-over effects prior 
to the growing season compared to TRW (Klesse 2012). 

Accordingly, we were able to skillfully reconstruct MJJ 
summer precipitation back to 1617. Several extreme sum-
mers reconstructed for Mt. Olympus broadly agree with 
other precipitation reconstructions of the eastern Mediterra-
nean region. In their Standardized Precipitation Index (SPI) 
reconstruction for southern Turkey from Juniperus excelsa 
tree rings, Touchan et al. (2005) showed dry years from 
1926 to 1929, with 1927 exceeding their drought thresh-
old of −1.4. Purgstall (1983) reported a sustained famine 
in Anatolia from 1925 to 1928. In our study, these years 
are also characterized by low summer moisture values (in 
the context of the surrounding years with exceptional high 
values) with 1927 the driest year. More widespread anoma-
lous conditions are supported by Akkemik and Aras (2005, 
PINI from Central Turkey). The sustained wet summers 
of 1691–1693 captured by our reconstruction (+1.71 sd) 
are reported as a pronounced period of unusually low sun-
shine in the western Balkans (Poljanšek et al. 2013). Simi-
larly, the extremely dry summer of 1716 (−2.75 sd) was 
reported by Griggs et al. (2007) as exceptionally dry across 
the northern Aegean. Akkemik et al. (2008) describe 1715 
and 1716 as a major dry event with a great famine reported 
for 1715 (Xoplaki et al. 2001). 1725 is one of the driest 
summers reconstructed for Mt. Olympus (−2.63 sd) and 
is also captured in reconstructions from Turkey (Akkemik 
and Aras 2005; Touchan et al. 2007) and Romania (Levanic 
et al. 2013). During the year 1780 heavy rainfall occurred 
in northern Greece (Xoplaki et al. 2001), which is also 
clearly recorded in our reconstruction in the context of the 
surrounding years with rather low values (+0.81 sd).

4.2  Reconstruction fidelity

The above comparisons suggest that many inter-annual 
to decadal precipitation and temperature extremes recon-
structed for Mt. Olympus are spatially extensive across the 
northeastern Mediterranean and beyond. However, we are 
currently prohibited from comparing our low-frequency 
precipitation variability with other hydroclimatic recon-
structions from across the Mediterranean because other 
studies have used methods that are only capable of retain-
ing high-frequency climate variation. For example, Griggs 
et al. (2007) note in their title that their work is a “regional 
high-frequency reconstruction” as the tree-ring detrend-
ing and autoregressive modeling has removed all low fre-
quency trends. Similar methods were applied in most, if not 
all, other northeastern Mediterranean tree-ring based recon-
structions (e.g. Akkemik and Aras 2005; Touchan et al. 
2005). In our study, we applied methods that are capable of 
retaining long-time scale climate variability from the tree-
ring proxies. Our reconstructions show significant long-
term deviations in hydroclimate over the past centuries with 
the nineteenth century notably dry and cool in comparison 
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to the twentieth century. Such long-term variations might 
not be expected based upon relatively short instrumental 
records, but are consistent with dramatic changes in hydro-
climate across the globe during the past centuries (e.g., 
Stockton and Jacoby 1976). Right now there is no con-
sensus for the spatial patterns or extremeness of twentieth 
century hydroclimatic conditions. Reconstructions from 
some regions suggest more pluvial conditions during much 
of the twentieth century [e.g. southeast Germany (Wilson 
et al. 2005), Pakistan (Treydte et al. 2006), the northeast-
ern United States (Pederson et al. 2013)], while some show 
about average precipitation values [e.g. northern Europe 
(Helama et al. 2009), Central Europe (Büntgen et al. 2011, 
and Monsoon Asia (Cook et al. 2010)] and others dry [e.g. 
European Alps (Kress et al. 2014), Morocco (Esper et al. 
2007), the southwestern United States (Cook et al. 2004)], 
or even wet spells [e.g. England (Wilson et al. 2013)] espe-
cially in the latest decades of the twentieth century. Our 
reconstruction provides new evidence that the Balkans 
experienced significant hydroclimatic variability during the 
past centuries and that the projected drying of up to 20 % 
(IPCC 2013) as well as the slight increase of summer pre-
cipitation (Hertig et al. 2013) would be in the range of past 
natural variability.

Nevertheless, caution is warranted when producing and 
interpreting reconstructions from tree rings with regard to 
the techniques applied to remove the biological age/size 
trend, the spectral characteristics in tree-ring time series, 
and the influence of other factors on tree growth in addi-
tion to the climate factor targeted for reconstruction. In 
order to investigate (and hopefully avoid) the possibility 
that detrending or sampling biases influence the long-term 
trends, we performed additional tests and found that the 
dramatic increase in the reconstructed precipitation around 
the turn of the twentieth century is also present if indi-
vidual conservative detrending (e.g., negative exponential 
standardization) was applied (Fig. S2). Hence it can be 
dismissed that the twentieth century growth increase is 
related to a modern-sample bias (Briffa and Melvin 2011), 
as might be caused, for example, by the two young sites 
LIA and REB entering the regional chronology or the fact 
that no (XEP, PPP) or only few (PIGA) young trees (ger-
mination after 1850) contribute to the long higher eleva-
tion site chronologies. Prominent growth increases in the 
twentieth century are also evident in the raw TRW and 
LWW time series, further indicating that these recon-
structed patterns are not an artifact of the applied detrend-
ing method.

Furthermore, similar trends and growth patterns 
observed for all investigated sites (Fig. 3a) suggest that if 
non-climatic disturbance contributed to the twentieth cen-
tury growth increase, the disturbance was spatially exten-
sive and occurred on all flanks of the Mt. Olympus massif, 

making it unlikely that windthrow from storms (Everham 
and Brokaw 1996) or fires reported for the late 19th cen-
tury on the eastern side of Mt. Olympus (Habeck and Reif 
1994) were responsible. Human management activities and 
animal grazing likely affected some of the forests, but are 
unlikely to result in such consistent disturbance patterns 
around the entire Mt. Olympus massif and are expected 
to have particularly modest, if any, effects on the particu-
larly inaccessible sites located among rock/cliff faces. 
These rocky/cliff sites are also likely less susceptible to 
fires, windstorms, and other disturbance processes that 
are known to more strongly impact closed-canopy for-
ests. Increasing the spatial coverage of precipitation sensi-
tive time series across the northeastern Mediterranean will 
allow further testing of possible disturbances and more 
detailed assessments of the spatial patterns of hydrocli-
matic variability. New emphasis on datasets that are well-
replicated and continued efforts to preserve long time-scale 
climate information should be prioritized. Identification 
and research at sites containing in situ relict material have 
particularly great potential to reduce uncertainties in 
benchmarking current climate conditions to pre-industrial 
variability.

It is broadly known that spectral properties of tree-ring 
time series are influenced by both climatic drivers and bio-
logical factors and can affect reconstruction fidelity. TRW 
tends to have a reddish spectrum, i.e., greater variance on 
longer rather than shorter time-scales, due to effects such 
as carbohydrate storage, leaf and root growth, and long-
term disturbance effects (Fritts 1976; Meko 1981; Frank 
et al. 2007, 2013). The spectral characteristics of MXD are 
more poorly understood, but a recent analysis suggested 
that MXD time series tend to have whiter (i.e., more equal 
variance across all time-scales) spectra in comparison to 
TRW series and also possibly instrumental temperature 
data (Franke et al. 2013). By using LWW, which is less 
influenced by the previous year’s climate and growth than 
TRW, we expected to obtain a greater fidelity to match the 
spectral domain of precipitation. Tests on the instrumental 
and reconstructed spectra (Fig. S3) suggest that the pre-
cipitation reconstruction spectrum does not differ substan-
tially from the instrumental spectra during their common 
1950–2010 period. Furthermore, the decadal to multi-dec-
adal variability prior to the instrumental period is broadly 
centered around observed values during the recent dec-
ades. Similar results are found for the temperature recon-
struction, but with a slight underestimation (overestima-
tion) of the low (high) frequency variance. These results 
suggest that while some caution is warranted regarding the 
overall spectral characteristics of the reconstructions, they 
broadly support the overall shape and properties of hydro-
climatic and temperature variability reconstructed for the 
past centuries.
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4.3  Temperature and precipitation covariation

Similar to the instrumental observations, our temperature 
and precipitation reconstructions are negatively corre-
lated with each other over the past four centuries both in 
the inter-annual to decadal and particularly the decadal to 
multi-decadal time-scales. This negative correlation serves 
to amplify possible drought effects through increased 
evaporative demand by high temperatures and contempo-
raneous reductions in rainfall, both expected for the future 
(Seneviratne et al. 2006). Current projections indicate a 
2–3 °C increase in summer temperatures and up to 20 % 
decrease in summer precipitation for the Mediterranean 
region by 2100 (IPCC 2013). Land–atmosphere feedbacks 
are thought to modulate and amplify stress conditions asso-
ciated with warm temperatures and soil moisture deficits 
(Seneviratne et al. 2006). Implications for both forest and 
agricultural activity include lower productivity and yields. 
Adaptation strategies may include the planting of more 
drought resistant crops and alternations in the planting and 
harvesting rhythms (Maracchi et al. 2005). Forest man-
agement strategies include promoting more heat/drought 
resistant cultivars or reducing transpiratory water losses 
through thinning of ecosystem (both over and understory) 
vegetation (Giuggiola et al. 2013).

Our reconstruction shows that the general co-variability 
between low precipitation and high temperatures apparent 
over the instrumental period does not necessarily hold on 
long time-scales. For example, in the 19th century there is 
no correlation between our temperature and precipitation 
reconstructions (r = 0.0), yet generally lower (late) sum-
mer temperatures coincide with overall drier (early) sum-
mer conditions. This is different to twentieth century tem-
perature and precipitation co-variability. Similarly, Kress 
et al. (2014) reconstructed wet and warm conditions dur-
ing Medieval times for the European Alps, whereas twen-
tieth century warm temperatures were associated with dry 
conditions. The analysis of Central European climate data 
between 1780 and 1995 and the sea level pressure recon-
struction from Luterbacher et al. (2002) revealed a major-
ity of the summer climate variation in Europe could be 
attributed to internal changes of major atmospheric circula-
tion patterns (Beck et al. 2007; Jacobeit et al. 2003). Such 
results suggest that changes in dynamical patterns can be 
superimposed upon shifts in long-term climatic baselines, 
and underscore the potential role of forced changes in both 
atmospheric dynamics and long-term temperature increase.

4.4  Spatiotemporal teleconnection dynamics

Spatial correlation analyses revealed a prominent dipole 
pattern across Europe that is consistent with the sNAO 
signature (Folland et al. 2009). The sNAO has previously 

been identified as the driving mode of summer air tem-
perature variability in Greece on interannual as well as 
decadal scales (Xoplaki et al. 2003a) and as the main 
driver of drought events over the northeastern Mediterra-
nean (Oikonomou et al. 2010). The prominent dipole has 
recently been reported in a summer temperature reconstruc-
tion for Bulgaria (Trouet et al. 2012) and in Hughes et al. 
(2001) in a network of drought sensitive chronologies from 
the eastern Mediterranean highlighting the importance of 
this circulation mode for tree growth in this region.

A July–August sNAO reconstruction (Linderholm et al. 
2008, 2009) based on tree-ring data from northwestern 
Europe permitted the assessment of this dynamical mode 
back to 1441. The reconstruction is strongly correlated with 
twentieth century JJA precipitation over northern Europe 
(Pauling et al. 2006). However, the correlation declines dra-
matically parallel with the decrease of instrumental records 
in the early 1800s and generally low replication of precipi-
tation sensitive proxy records in northern Europe in Pauling 
et al. (2006) before 1800. Surprisingly, Linderholm et al. 
(2009) found a weak negative relationship (r = −0.16, 
1441–1995) with the eastern Mediterranean April–Septem-
ber PDSI reconstruction (averaged over 32.5–47.8 N, 10.8–
30.8 E) by Brewer et al. (2006) instead of expected positive 
correlation inferred from the dipole pattern of the sNAO. In 
contrast to that, our MJJ precipitation reconstruction cor-
relates positively over the full 1617–1995 period (r = 0.21, 
p < 0.001) with the sNAO reconstruction of Linderholm 
et al. (2009), with increasing r values (r = 0.3) when 
15–100 year bandpass-filtering was applied. The slightly 
higher positive relationship during the twentieth century 
(r = 0.23, p < 0.05) and the particularly strong correlation 
of decadal to multidecadal variability (r = 0.60), coincides 
with an unprecedented pronounced negative correlation 
between the precipitation and temperature reconstructions 
from Mt. Olympus (r = −0.65).

The strongest previous evidence for a persistent tel-
econnection between summer climate conditions over the 
British Isles and the eastern Mediterranean was found in 
the Bulgarian summer temperature reconstruction (1768–
2008) of Trouet et al. (2012). They suggested that the 
sNAO dipole signature is strong and stable over the period 
of overlap with the sNAO reconstruction of Folland et al. 
(2009, r = −0.43; p < 0.001, 1768–1976). Our temperature 
reconstruction yields similar, albeit slightly weaker correla-
tions to the sNAO reconstruction of Folland et al. (2009) 
over the same period (1768–1976, r = −0.25; p < 0.001). 
Comparison of our temperature reconstruction with the 
Linderholm et al. (2009) sNAO reconstruction (1441–1995) 
allows testing the stability of this dipole even further back 
in time. Indeed, we find stable correlations between the 
sNAO and northeastern Mediterranean temperatures back 
to 1521 (r = 0.33; p < 0.001). Trouet et al. (2012) describe 
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a weakening in the correlation between Bulgarian tree-ring 
data and other records from the northern European dipole 
center including the sNAO index from 1795 to 1830. We 
also find weaker negative correlations in the late 1700s/
early 1800s supporting hypotheses that this represents cli-
matic dynamical phenomena (e.g., circulation responses to 
large volcanic eruptions) rather than reduced reconstruc-
tion quality as alternately discussed in Trouet et al. (2012). 
This again points to possible decoupling between the domi-
nant atmospheric circulation patterns derived from twen-
tieth century instrumental data and pre-industrial climate 
variability.

5  Conclusion

We present a multi parameter summer climate reconstruc-
tion for northern Greece extending back to 1617, which 
fills a gap, both in space and time, in the proxy evidence 
(Pauling et al. 2006; Luterbacher et al. 2004) for the south-
ern node of the sNAO. The LWW chronology reflects MJJ 
precipitation and the MXD record relates strongly to JAS 
temperature. There is great consistency between warm and 
simultaneous dry decades in the twentieth century, but our 
reconstructions show that this co-variability does not nec-
essarily hold on longer time-scales. The reconstructions 
indicate generally drier early summer conditions over the 
period 1700–1900 CE compared to the reference period 
(1950–2010) and simultaneously cooler late summer condi-
tions, pointing towards a possible decoupling of the atmos-
pheric circulation patterns derived from twentieth century 
instrumental data and pre-industrial climate variability. 
Further research on this topic should focus on a network 
analysis of well replicated datasets with long time-scale 
climate information and differing seasonal responses (e.g. 
MXD as late summer, TRW or LWW as early summer 
proxies) from both sides of the sNAO dipole to investigate 
the long-term behavior and dynamics of this important 
summer climate mode.

We show that summer temperatures of the last decade 
are at the upper end of reconstructed values, but not unprec-
edented. Recent summer precipitation values are compara-
ble to similar conditions in the 2nd half of the seventeenth 
century. However, summer moisture limitations signifi-
cantly lower than those observed in the late twentieth–early 
twenty-first century fall within the range of natural climate 
variability. This is particularly notable considering that cur-
rent moisture availability already places severe limits on 
agricultural productivity, and thus both lends credibility to 
and caution for the significant drying trends projected for 
this region in current Earth System Model simulations. 
The projection of both warmer and drier summer climate 
poses challenges for human well-being, with increasing 

population requiring improved water management and 
the adaption of agricultural and silvicultural practices to 
counteract drought induced yield losses (García-Ruiz et al. 
2011; Maracchi et al. 2005).
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