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Proxy evidence is necessary to place current temperature and hydroclimatic
changes in a long-term context and to assess the full range of natural and anthropogenic climate forcings. Here, we present the first millennium-length reconstruction
of late summer (August–September) temperature variability for the Mediterranean
region. We compiled 132 maximum latewood density (MXD) tree-ring series of
living and relict Pinus heldreichii trees from a network of four high-elevation sites
in the Pindus Mountains of Greece. Forty series reach back into the first millennium and the oldest sample dates to 575 CE. At annual to decadal scales, the
record correlates significantly with August–September temperatures over the Balkan Peninsula and northeastern Mediterranean (r1950–2014 = 0.71, p < 0.001). We
produce two reconstructions emphasizing interannual and decadal scale variance
over the past millennium. Analysis of temperature extremes reveals the coldest
summers occurred in 1035, 1117, 1217, 1884 and 1959 and the coldest decades
were 1061–1070 and 1811–1820. The warmest summers occurred in 1240 and
1474, and the warmest decades were 1141–1150 and 1481–1490. Comparison of
this new reconstruction with MXD-based summer temperature reconstructions
across Europe reveals synchronized occurrences of extreme cool summers in the
northeastern Mediterranean, and an antiphase-relationship with warm summer temperatures over the British Isles and Scandinavia. This temperature dipole is related
to anomalies in the latitudinal position of the North Atlantic Jet. Despite the representation of common atmospheric forcing patterns, the occurrence of warm
extremes is limited to few events, suggesting potential weaknesses of MXD to
record warm temperature anomalies. In addition, we acknowledge problems in the
observational data to capture local temperature variability due to small scale topographic differences in this high-elevation landscape. At a broader geographical
scale, the occurrence of common cold summer extremes is restricted to years with
volcanically induced changes in radiative forcing.
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1 | INTRODUCTION
In the Mediterranean region, an overall warming trend
(Xoplaki et al., 2003a; Alexandrov et al., 2004; Philandras
et al., 2008; Toreti et al., 2009) has prevailed in the 20th
Int J Climatol. 2018;1–15.

century, with increasing frequency of hot summer temperature extremes (Kostopoulou and Jones, 2005; Diffenbaugh
et al., 2007). The intensity, length, and number of heat
waves along the western Balkans and southern Black Sea
coast have risen since the 1960s (Kuglitsch et al., 2010).
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Climate models agree on a persistent summer temperature
increase in coming decades (Li et al., 2012), accompanied
by extremely hot summers, which occurred only rarely during the past decades, but are projected to become common
in the second half of the 21st century (Lelieveld et al.,
2013). Additionally, risks of summer drought extremes are
increasing in west-central Mediterranean regions (Alpert,
2002; Sousa et al., 2011; Hoerling et al., 2012; VicenteSerrano et al., 2014; Spinoni et al., 2015) affecting the overall fire risk (Moriondo et al., 2006). Meteorological records
reveal a precipitation decrease in the eastern Mediterranean
(García-Herrera et al., 2007) and extreme drought episodes
have become more frequent and persistent (Xoplaki et al.,
2004). In a centennial-to-millennial scale context, proxybased climate reconstructions are needed to evaluate current
climatic trends and changes in the frequency and magnitude
of extremes, and to assess the full range of projected forcing
impacts (Ljungqvist et al., 2016). Proxy archives also provide the background to study the impact of climate on societies and economies (Büntgen et al., 2011; Xoplaki et al.,
2016) and support the differentiation between naturally and
anthropogenically forced variations.
Tree growth at high-elevation sites in the Mediterranean
region is typically influenced by a combination of temperature and precipitation (Seim et al., 2012; Trouet et al., 2012)
limiting the use of tree-ring width (TRW) as a temperature
proxy (Esper et al., 2016). Multiple TRW records and reconstructions have been produced in the region with hydroclimate as the dominant climatic signal (Akkemik and Aras,
2005; Touchan et al., 2005; Griggs et al., 2007; Akkemik
et al., 2008; Köse et al., 2011; Levanic et al., 2012; Seim
et al., 2012; Esper et al., 2014b; Klesse et al., 2015; Tejedor
et al., 2016; Klippel et al., 2017; Klippel et al., 2018). Progress has also been made in the assessment of long-term
temperature dynamics based on indices from documentary
sources (Camuffo et al., 2010; Kiss et al., 2011). In dendroclimatology, maximum latewood density (MXD) from
P. heldreichii (PIHE) in central–eastern Mediterranean treeline forests was shown to contain a robust July–September
temperature signal (r > 0.6; Trouet et al., 2012; Klesse
et al., 2015). PIHE MXD derived temperature reconstructions have been developed for the Mt. Olympus region in
Greece (1521–2010; Klesse et al., 2015), the Pirin Mountains in Bulgaria (1768–2008; Trouet et al., 2012), multiple
sites in the northeastern Mediterranean basin (1675–1980;
Trouet, 2014), and Italy (1650–1980; Leonelli et al., 2017).
However, millennium-length MXD chronologies have not
yet been developed for the region, which limits our understanding of the occurrence, magnitude, and possible causes
of naturally forced temperature extremes. Prior to 1550 CE
(Klesse et al., 2015), regional temperature information is
available solely from low resolution (decadal to multidecadal) proxy archives (Grauel et al., 2013; Gogou et al.,
2016; Izdebski et al., 2016).

Millennium-length MXD based temperature reconstructions have been produced in locations where tree growth is
temperature limited and wood material has been preserved
for several hundreds of years (Esper et al., 2016). In Europe,
MXD chronologies spanning the past millennium have been
developed at the northern tree line in Scandinavia (Esper
et al., 2012; Melvin et al., 2013; Linderholm et al., 2014;
Esper et al., 2014a) and at the elevational tree line in the
Pyrenees (Büntgen et al., 2008; Dorado Liñán et al., 2012;
Büntgen et al., 2017b) and Alps (Schweingruber et al.,
1988; Büntgen et al., 2006). Especially in the Mediterranean
region, an improved spatial distribution of high-resolution
proxy archives is required to refine our knowledge about
pre-instrumental climate variability patterns and their association with natural forcings at regional to continental scales
(Pages 2k PMIP3 Group, 2015).
Here, we address these topics by (1) introducing a new
MXD tree-ring chronology from 132 density profiles of living and relict high-elevation pine trees in the Pindus Mountains of Greece, that covers the period 738–2014 CE and
reflects August–September temperature variability; (2) identifying past temperature extremes at annual-to-decadal scales,
as well as detecting their spatial extent and association with
atmospheric patterns and climatic forcings.

2 | D A T A A ND M E T HO D S
2.1 | Geographical settings and sampling design
Between 2011 and 2016, 47 cores and 85 discs were collected at four P. heldreichii sites, with different exposures
within the tree line ecotone at 2,100 m. a.s.l on
Mt. Smolikas (SMO) (Figure 1a–c; subset of Klippel et al.,
2017). MXD measurements are produced using the highprecision DENDRO2003 X-ray radio densitometer from
Walesch Electronic. Samples were prepared according to
standard dendrochronological techniques for X-ray exposure (Lenz et al., 1976; Schweingruber et al., 1978). Cores
and wedges are treated for 34 hr with alcohol in a Soxhlet
to extract resins and other compounds. Each sample was
split into 3 cm long sections to avoid biases from internal
changes in stem-fibre direction. Two millimetre thick laths
from these sections are cut perpendicular to the tracheid's
longitudinal axis using a twin blade saw. The laths and a
five-step cellulose calibration wedge are placed on X-ray
films and exposed for 14 min. Depth levels of the calibration wedge returned reference values that are used to transform the X-ray film grey-scales into estimates of wood
density.
We produced two versions of the Smolikas density
record considering two detrending methods to remove biological age trends (Bräker, 1981) from the MXD series:
(a) ratios from cubic splines with a 50% frequency-response
cutoff at 100 years to emphasize inter-annual to multi-
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Site characteristics. (a) Typical shape of the oro-mediterranean ecotone (2,000–2,200 m a.s.l.) at the eastern foothills of Mt. Smolikas in
northwestern Greece with open stands of Pinus heldreichii forming the tree-line and (b) sampling of relict material. (c) Map of the of the study region and
(d) climate diagram of the meteorological station in Ioannina (39.70 N, 20.80 E, 488 m a.s.l.) for the period 1961–1990 [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 1

decadal scale variability (100SP), and (b) ratios from a
spline with a 50% frequency–response cutoff at 10 years to
emphasize inter-annual variability (10SP; Cook and Peters,
1981; Cook et al., 2017). These detrendings are specifically
designed to preserve high-frequency variance and remove
long-term fluctuations. Trends in variance, which mainly
originate from changes in sample replication and inter-series
correlation (Frank et al., 2007), are corrected by fitting
30-year splines to the mirrored chronologies and calculating
ratios (Cook and Peters, 1997). The two (100SP and 10SP)
chronologies are truncated at n < 10 series. The inter-series
correlation (Rbar) is calculated using 30-year segments
lagged by 15 years to evaluate temporal coherence changes
among the MXD series (Wigley et al., 1984). Variance
changes are analysed by calculating 100-year moving window SD. In addition, the spline chronologies and absolute
density values (g/cm3) are compared with PIHE MXD data
from the nearby Katarapass (KAT) and Mt. Olympus (OLY)
in Greece (Klesse et al., 2015), Bulgaria (VIH; Trouet et al.,
2012), and Italy (ITP; Schweingruber and Briffa, 1996)
(Table 1). Some of these chronologies are available on the
ITRDB (https://www.ncdc.noaa.gov/paleo-search/; GrissinoMayer and Fritts, 1997), while others were provided to us by
the authors.

2.2 | Climate data and signal detection
The study region is characterized by a Mediterranean climate
with warm to hot summers, droughts during June–
September, and humid winters (Figure 1d). The distinct
intra-annual precipitation differences are caused by seasonal
alternations in the occurrence of cyclonic storms in winter
and subtropical high-pressure cells in summer (Bolle, 2003).
Climate at the elevation of the study site is characterized by
cold, snowy winters with snow melt occurring in late spring,
and summer dryness is limited to June–August (Fotiadi
et al., 1999; Loukas et al., 2002).
The 0.5 gridded EOBS v.15 climate data of the
20.75 E/40.25 N grid point are used for the analysis of
growth-climate responses (Haylock et al., 2008). The use of
station data (Ioannina Figure 1d, Thessaloniki) and other
gridded products (CRU TS 3.24 climate data; Harris et al.,
2014) yielded no significant differences in calibration
results. As with the MXD data, the temperature data are
high-pass filtered by calculating residuals from 100- and
10-year smoothing splines to emphasize inter-annual to
decadal scale variance. Growth-climate relationships are
assessed by the Pearson correlation coefficients between the
chronologies and high-pass filtered temperature and precipitation data for the period 1950–2014, on a monthly basis
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TABLE 1 Description and temperature signals of 10 tree-ring maximum latewood density chronologies from Europe used for inter-site comparison of
temperature extremes

Code

Site

Country

Species

Length > 10 series

Seasonal target

r 100SP/10SP

EOBS grid Lat N/Lon E

Distance

SCA

NScan

Finland

PISY

–4–2006

JJA

0.75/0.75

67–70, 20–28

3,200 km

BRI

Scotland

UK

PISY

1720–1978

JJA

0.75/0.69

47–57, −10–2

2,600 km

PYR

Pyrenees

Spain

PIUN

1229–2014

MJAS

0.65/0.68

42–42.5, 0.5–1

1,800 km

ALP

Lötschental

Switzerl.

LADE

783–2004

JJAS

0.72/0.73

45–47 N, 6–9

1,350 km

TAT

Tatra

Slovakia

LADE

1707–2004

MJJ

0.67/0.74

49–49.5, 20–20.5

1,000 km

ITA

Bosque di Ceppo

Italy

ABAL

1741–1980

AS

0.66/0.74

42.5–43, 13–13.5

700 km

ITP

Sierra de Crispo

Italy

PIHE

1683–1980

JAS

0.54/0.66

39.5–40, 16–16.5

400 km

VIH

Vihren

Bulgaria

PIHE

1769–2008

A

0.67/0.73

41.5–42, 23–23.5

300 km

OLY

Olymp

Greece

PIHE

1530–2010

JAS

0.54/0.60

40–40.5, 22–22.5

100 km

KAT

Katarapass

Greece

PIHE

1759–1981

AS

0.37/0.65

39.5–40, 21–21.5

40 km

Note. Correlation coefficients derived from re-calibration against monthly 100- and 10-year high-pass-filtered EOBS v. 15 gridded temperature data. ABAL: Abies alba;
Lade: Larix decidua; PIHE: Pinus heldreichii; PISY: Pinus sylvestris; PIUN: Pinus uncinata.

and using seasonal windows ranging from previous-year
August to current-year October. The pre-1950 instrumental
data have previously been shown to be insufficiently reliable
for grid interpolations over the mountainous terrain of northern Greece (Klippel et al., 2017; Klippel et al., 2018). Spatial correlation maps were produced using the KNMI
Climate Explorer (https://climexp.knmi.nl/ Trouet and van
Oldenborgh, 2013).
We used a partial correlation approach to distinguish the
competing but inter-related influences of precipitation and
temperature on MXD formation (Meko et al., 2011). In a
first step, simple Pearson correlations between 1- and
2-month windows of temperature or precipitation and the
MXD chronologies were calculated. In the second step, a
partial correlation was applied removing the effect of the
inter-correlation between temperature and precipitation,
thereby accentuating the pure temperature or precipitation
signal. The stability of the growth-climate relationship for
the most important season was tested by modifying sample
replication to assess the significance of earlier, less replicated periods of the record (Esper et al., 2012). Correlation
coefficients were derived from calibrating a total of 2000
subsamples of the spline chronologies against August–
September temperatures. The replicate tree-ring chronologies
were developed using 5 to 35 MXD series randomly drawn
2000 times from the population of 43 series that cover the
entire calibration period.
2.3 | Reconstruction of temperature extremes
A scaling approach is used for calibration where both the
mean and standard deviation of the spline-detrended chronologies are adjusted to their corresponding values of the
(spline-detrended) instrumental temperature data to retain
the spectrum of instrumental variance in the reconstructions
(Esper et al., 2005). Uncertainties in the reconstruction
increase back in time due to the decreasing number of series
(chronology error), and are estimated in ARSTAN software
(Cook et al., 2017) by bootstrapping (Briffa et al., 1992),
and transferred into temperature estimates via scaling (Esper

et al., 2007; Trouet, 2014). The reduction of error statistic
(RE; Briffa et al., 1988) and coefficient of efficiency (CE;
Cook et al., 1994) are used to estimate the strength of the
relationship between reconstructed and observed temperatures. Positive RE and CE scores indicate reconstruction
skill of the model (Cook et al., 1994). For the detection of
extremely cold and warm summers, the ±1.5 SD threshold is
used. Thresholds and detection method are thus unique to
every proxy-climate reconstruction experiment and their
value affects inter-study comparisons of extremes (Akkemik
et al., 2005; Köse et al., 2011; Tejedor et al., 2016). Temporal changes in the frequency of extremes are analysed by
counting the numbers of cold and warm events using running 100-year windows.
Superposed epoch analysis (SEA) is performed to quantify post-volcanic cooling over the past millennium
(Panofsky and Brier, 1958). We extracted the dates of the
11 largest sulphur peaks in the composite Greenland and
Antarctic ice core records (excluding 1458; Sigl et al.,
2015), which are thought to be caused by large extra-tropical
eruptions as well as the 1835 Cosiguina, 1883 Krakatau
(Esper et al., 2013b) and 1452 Kuwae (Esper et al., 2017)
eruptions to set the timing of the impulse spike. All SEA
results are displayed as temperature anomalies with respect
to 5 years prior to the eruptions. Temporal mismatches of
2 years between known and unknown eruptions and reconstructed cooling arise due to dating uncertainties in the ice
core sulphur record (Baillie and McAneney, 2015; Schneider
et al., 2017).
2.4 | Spatial patterns of temperature extremes
A European-wide comparison of summer temperatures is
performed to examine the spatial extent of reconstructed
extremes. We compiled a collection of 10 MXD datasets
from various locations across Europe including five sites
within a 1,000 km radius from the Pindus Mountains
(Table 1). All datasets are described as having a clear summer temperature signal, and we accessed the data via the
ITRDB or from the original authors. In addition to the four
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P. heldreichii chronologies (KAT, OLY, VIH, ITP) detailed
above, we added an Abies alba (ITA) chronology from Italy
(Schweingruber and Briffa, 1996), a Larix decidua chronology from the High Tatras in Slovakia (TAT; Büntgen et al.,
2007), a Larix decidua chronology from the Swiss Alps
(ALP; Büntgen et al., 2006), a Pinus uncinata chronology
from the Pyrenees in Spain (PYR; Büntgen et al., 2017b), a
Pinus sylvestris regional chronology from 11 sites across
British Isles (BRI; Schweingruber and Briffa, 1996; Trouet
et al., 2018), and a Pinus sylvestris chronology from north
Scandinavia (SCA; Esper et al., 2012).
Before comparing the temperature history in our reconstruction with that of the 10 European MXD collections, the
raw data in each of the latter are re-standardized and recalibrated to produce a similar ratio of high-to-lowfrequency temperature variability in all datasets (Franke
et al., 2013; Esper et al., 2016). Each collection's raw data is
standardized according to the methods applied to the SMO
dataset (see above). A re-calibration is performed using temperature data from the 0.5 EOBS v.15 dataset (Haylock
et al., 2008). The spatial extent of the datasets varies, thus
the EOBS temperature grid-size is adjusted to the size of the
respective study region described by the chronologies'
authors and provided in Table 1. For those datasets previously used for climate reconstruction, seasonal grid-cell
means with the highest temperature response is used. For
example, the SCA record is calibrated against the mean JJA
grid-cell temperatures over the region 67 –70 N and 20 –
28 E. All reconstructions are rescaled and extremes are
defined as values exceeding ±1.5 SD.
The analysis of synchronous temperature extremes is
performed over the common period between the other individual European reconstructions and SMO, as well as the
common period 1769–1978 between all reconstructions.
Given all the reconstructions differ in their lengths and absolute number of extreme events, the percent overlap is calculated as a mean to enable inter-site comparisons. This
analysis is repeated using August temperatures from the
EOBS network to explore potential differences between
instrumental and tree-ring derived temperature extremes.
The analysis is restricted to the month of August to set a
comparable time span among different station data. Due to
the limited length of instrumental data, and in lieu of the 1.5
SD threshold, the five coldest and five warmest instrumental
temperature anomalies from each of the 10 calibration time
series are compared to the average temperature of the calibration grid-cell (Haylock et al., 2008).
The significance of the number of common events is
tested using a bootstrap approach. All reconstructions and
instrumental time series were randomized 1,000 times to
ensure that extreme events appear by chance over time. This
degree of repetition quantifies the range of possible overlaps
in extremes that occur in a random time series. A larger
number of common extreme years between the unperturbed
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reconstructions, compared to the randomized series, indicates common (climatic) forcing.

3 | RESULTS
3.1 | Chronology characteristics
After truncation at a minimum sample replication of n < 10
series, the new SMO MXD chronology includes 1277 years
and spans the period 738–2014 CE. The number of series
changes through time with a minimum of 11 series in
738 CE and a maximum of 44 series in the beginning of the
18th century (Figure 2c). The two detrendings reveal consistent results in the high-frequency domain, but mid-frequency
variability only appears in the 100SP chronology
(Figure 2a–b). Mean tree age is balanced prior to 1,700 CE
and increases towards the present due to the integration of
several near millennium-length series (Figure 2d). Coherency among the individual measurement series, expressed
by the inter-series correlation (Rbar), is moderate with mean
Rbar values of 0.30 and 0.38 for the 100SP and 10SP chronologies, respectively (Figure 2e). The Rbar values indicate
the potential to provide high-resolution reconstructions of
climate back to the first millennium. The moving SDs indicate that variance is stable through time with a general
higher SD in the 100SP chronology compared to the 10SP
chronology resulting from the additionally retained decadal
scale variability (Figure 2f ).
The spline chronologies correlate significantly at high
and mid frequencies with PIHE MXD chronologies from the
northeastern Mediterranean. Correlation coefficients range
from r = 0.55 to 0.82 (Figure S1a–b in Appendix S1, Supporting Information). Absolute density values largely overlap, only the values from the OLY-2010 dataset are
significantly lower (Figure S1c in Appendix S1). For the
first 200 years of growth, the average MXD per sample is
0.71 g/cm3 and 0.70 g/cm3 during the last 200 years of
growth. From the relict material, the values are 0.71 and
0.69 g/cm3, respectively, indicating the material is not significantly affected by weathering processes. Inter-site differences in absolute density values are not significant
(Figure S2 in Appendix S1).
3.2 | Climate signals
The SMO record is significantly correlated to temperatures
from July to September, with the strongest seasonal response
to the August–September mean using the 10SP detrended
proxy and instrumental data (r = 0.71, p < .01;
1950–2014). The correlations are (insignificantly) smaller
for the 100SP detrended data (r = 0.63), indicating a stronger proxy/temperature coherency at inter-annual time scales.
Partial correlation analyses reveal that SMO-MXD data display a pure temperature signal during the summer months,
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Chronology characteristics. (a) 100SP chronology (black) and 15-year smoothed version (green). (b) 10SP chronology (black) and 15-year
smoothed version (orange). (c) Yearly sample size for relict (dark grey) and living (light grey) material. (d) Annual mean tree age. (e) Rbar statistics
(calculated over 30 years lagged by 15 years) and (f ) 100-year moving SD for the 100SP chronology (green) and 10SP chronology (orange) [Colour figure
can be viewed at wileyonlinelibrary.com]
FIGURE 2

without artefacts derived from an inter-correlation between
temperature and precipitation (Figure S3 in Appendix S1).
The recalculation of subsets of 2000, 100SP and 10SP chronologies, and their correlation with August–September temperature, shows that the signal is robust down to a
replication of 10 series. The lowest correlation coefficient
with a random subset of 10 100SP detrended series is
r = 0.27 (p < .05) and r = 0.45 (p < .001) for a random
subset of 10 10SP series. The lowest replication in the chronology is 11 series, indicating that the less-replicated parts in
the early section of the reconstruction likely still contain a
statistically significant association with temperature
(Figure 3b). Spatial correlations between the spline chronologies and gridded August–September temperatures are also
robust, with the highest degree of variance explained by
those grid cells closest to the study site (Figure 4). Positive,
significant correlation coefficients between MXD indices
and August–September temperatures extend from central
Italy to western Turkey. Correlations over Austria, Slovenia
and Romania are weaker, but still significant. Significantly
negative correlation coefficients are found over the British
Isles and Scandinavia.
3.3 | Temperature extremes
Results from the calibration/verification exercises indicate a
stable growth-climate relationship permitting the use of the

entire 1950–2014 climate record to develop a scaling model
for reconstruction. The spline chronologies explain 43 and
51% of the August–September temperature variance over the
1983–2014 calibration period. RE and CE scores for the corresponding 1950–1982 verification period are 0.28 and 0.25
for the 100SP and 0.40 and 0.39 for the 10SP chronology.
Transposing the periods, using 1950–1982 for calibration,
the 100-year and 10SP chronologies explain 38 and 49% of
the August–September temperature variance, RE and CE
scores of the corresponding 1983–2014 verification are 0.25
and 0.22 for the 100SP both 0.44 for the 10SP chronology,
respectively. Comparison of the August–September temperature trends in both the reconstruction and instrumental data
reveals similar inter-annual to decadal scale variance
(Figure 3c–d). The three coldest years in the 100SP reconstruction and the four coldest years in the 10SP reconstruction agree with the five coldest measured years, suggesting
that both reconstructions contain some skill in capturing
temperature extremes.
In total, 110 cold and 48 warm extremes appear in the
100SP reconstruction, and 105 cold and 57 warm extremes
in the 10SP reconstruction (Figure 5 and Table S1 in
Appendix S1). The year 1240 was the warmest summer,
with reconstructed anomalies of +3.13 C and + 2.64 C in
the 100SP and 10SP reconstructions, respectively. The two
coldest summers in the 100SP reconstruction are 1217 and
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10SP reconstructions, is 1959, which is the second coldest
year in the instrumental EOBS v.15 record. The coldest
decade is 1811–1820 (−0.73 C) and the warmest decade
1481–1490 (+0.88 C; calculated only for 100SP reconstruction). The elimination of decadal trends in the 10SP
reconstruction causes events to appear more evenly distributed. However, over the past 450 years the occurrence of
warm temperature extremes is substantially less frequent
compared to preceding centuries. In contrast, the number of
cold extremes moderately increased between 800 and
1,700 CE, rapidly decreased from 1,700 to 1,800 CE, and
increased again to the present (Figure 5).
The SEA results suggest that volcanic eruptions are a
strong driver of temperature minima (Figure S4 in Appendix
S1). In 10 out of 11 cases, a low-temperature anomaly
occurred in the year of, or 1 year after, the sulphur peaks in
the ice-core record. Years with a significant post-volcanic
cooling are 939, 1108, 1171, 1230, 1257, 1453, 1601, 1641,
1695, 1783, 1815, 1835 and 1883. The average temperature
response in the first post-volcanic August–September, is
−1.72 C to −1.34 C (p < .01).
3.4 | Spatial patterns of temperature extremes

Calibration tests. (a) Pearson correlation of the 100SP (dark
green), and 10SP (dark orange) chronology with temperature data from the
EOBS v.15 grid 40.25 N and 20.75 E for the period 1950–2014 and
respective high-pass filtered versions (light green and light orange).
(b) Multiple correlation coefficients returned from calibrating a total of
2,000 100SP (dark green) and 10SP (dark orange) chronologies against
August–September temperatures for the period 1950–2014. The 100SP and
10SP chronologies were established randomly selecting from 5 to 35 MXD
series from a population of 43 living tree-ring series that span the full
calibration period, (c) instrumental 100-year high-pass filtered August–
September temperatures (black) and 100SP reconstructed temperatures
(light green) and (d) instrumental 10-year high-pass filtered August–
September temperatures (black) and 10SP reconstructed temperatures (light
orange) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3

1884 with anomalies of −3.71 C and − 3.61 C, respectively. The two coldest summers in the 10SP reconstruction
occurred in different years, 1035 and 1117, with anomalies
of −3.11 C and − 3.14 C, respectively. The third coldest
summer in the 100SP and fourth coldest summer in the

Comparison of the temperature extremes in the restandardized and re-calibrated European records (Figure S5
in Appendix S1) with the SMO-MXD reconstructions
reveals two main patterns: (a) for distant sites (≥1,000 km),
the synchronous occurrence of extremes is rare for cold and
warm events, and (b) for nearby sites (<1,000 km), the synchronicity is high for cold extremes but moderate to weak
for warm extremes (Figure 6). Between the SCA, BRI, PYR,
ALP, TAT reconstructions and SMO, the percentage of
overlap is 0–14% for cold and 0–6% for warm extremes.
Over Britain and Scandinavia (BRI and SCA), we find an
inverse relationship. The majority of extreme SMO cold
temperature anomalies appears as warm summers in these
records. However, the pattern is less distinct for warm
extremes (Figure 6a). The common extremes between the
ITA, ITP, VIH, OLY, KAT, and SMO reconstructions, over
their individual common periods, range between 43 and56%
for cold and 0–27% for warm extremes. Using a bootstrap
approach to assess the significance of common inter-series
extremes, we find that only the ITP and OLY, and the ITA,
VIH and KAT cold extremes occur non-randomly
(Figure 6b). Constraining the analysis to the common period
1769–1978 produces similar results (Figure 6c).
Divergence in the spatial scale of warm and cold
extremes, which is only visible in tree-ring derived temperature anomalies with cold extremes showing wider synchronicity than warm extremes, is lacking in the instrumental
data. Comparison of the synchronicity of the coldest and
warmest instrumental temperature anomalies across Europe
indicates no differences between cold and warm extremes,
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Spatial correlation maps (p < 0.05) between gridded EOBS v.15 0.25 August–September temperatures and (a) 100SP and (b) 10SP
chronologies. Stars refer to the location of the study site [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4

and with decreasing site distance, the general overlap
increases (Figure 6d).

4 | DISCUSSION
Here, we present the longest, annually resolved temperature
reconstruction for the Mediterranean region, covering the
period 738–2014 CE. Due to the outstanding length, the
regional climate history of temperature extremes is extended
by roughly 700 years compared to previous temperature
reconstructions.

sensitivity is detected towards the end of the growing season
in August and September, which is consistent with the physiological response of cell wall thickening and lignification
processes (Fritts, 1976). This response causes cell lumen
area to shrink to its minimum and cell wall thickness to
increase to its maximum with associated highest MXD
values (Cherubini et al., 2004). Similar patterns in climate
signal strength in the 100SP and 10SP chronologies suggest
that MXD variability is clearly associated with temperature
at the mid- and high-frequency.
4.3 | Temperature extremes

4.1 | Chronology characteristics
At the high-to-mid-frequency range, a strong correlation is
found between the SMO spline chronologies and other PIHE
records from the central–eastern Mediterranean region, and
absolute density levels are in line with previous measurements. Similar values of absolute density between living and
relict material (Tegel et al., 2010; Boswijk et al., 2014), and
habitat homogeneity (Esper et al., 2016) allows combining
the material to extend the SMO chronology back in time.
Moderate Rbar values point to potential micro-site effects
(Düthorn et al., 2013) or tree-specific density variations as a
consequence of four differently exposed sites (Figure 1c;
Klippel et al., 2017, Klippel et al., 2017). However, absolute
values in the range of previous studies from lower altitudes
pine trees (Büntgen et al., 2008; Klesse et al., 2015).
4.2 | Climate signals
Partial correlation analysis (Meko et al., 2011) has shown
that MXD displays a pure temperature signal that is not
affected by the interrelation between temperature and precipitation (Büntgen et al., 2009). Maximum temperature

In contrast to the multiple climate stations along the Mediterranean that report a general warming in recent decades
(Xoplaki et al., 2003a; Alexandrov et al., 2004; Philandras
et al., 2008; Toreti et al., 2009), an analysis of instrumental
temperatures for the period 1955–2013 shows that in northwestern Greece, statistically significant trends in summer
temperature are absent (Feidas, 2016). The cooling trend
from 1950–1976, previously reported throughout the Mediterranean basin, was followed by an, so far, insignificant
warming (Piervitali et al., 1997; del Río et al., 2011). Our
reconstruction mirrors this absence of a clear positive trend
at decadal scale. Differences in the frequency and magnitude
of extreme events between the 100SP and 10SP reconstruction appear because only 76% of the cold, and 65% of the
warm events overlap between the two chronology versions.
Hence, methods of frequency preservation add uncertainty
to the strength of extreme events (Battipaglia et al., 2010).
This finding demonstrates how the standardization method
employed substantially influences the expression of
extremes, thus emphasizes the difficulty in comparing
extremes across studies composed of tree-ring data from
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Northeastern Mediterranean annually resolved August–September temperatures back to 738 CE and cold (blue) and warm (red) temperature
extremes that exceed the threshold of ±1.5 SD and corresponding number of extremes in running 100-year windows (lower panels). Panel (a) shows an
August–September temperature reconstruction and extremes derived from a 100SP standardized chronology (black), the 15-year smoothed version (yellow)
and uncertainty estimates based on the sample bootstrap error (grey) and (b) same for a 10SP chronology [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 5

different sites and, perhaps even, different tree species
(Fritts, 1976).
The second coldest decade from 1061–1070 also falls
into a period of grand solar minima—the Oort minimum
(Guiot et al., 2010). The coldest decade 1811–1820 falls into
the periods of the Dalton minimum (Usoskin et al., 2002)
and Little Ice Age (Grove, 1988), which coincides with the
unknown eruption in 1809 (Guevara-Murua et al., 2014) and
the eruption of Tambora in 1815 (Stothers, 1984) causing
the “year without summer” 1816 (Oppenheimer, 2003). Cool
summers during this decade are also recorded throughout
central Europe, parts of Asia and North America by proxy
evidence inferred from glacier advances (Luckman, 2000;
Zumbühl and Nussbaumer, 2017) and tree-ring data
(D'Arrigo et al., 2003; Büntgen et al., 2006; D'Arrigo et al.,
2013; Bräuning, 2016), and in long instrumental station data
(Böhm et al., 2009). The SEA results demonstrate that several cold summers correspond to volcanic eruptions and
changes in radiative forcing (Robock, 2000; Esper et al.,
2013a; Esper et al., 2013b). Typical of MXD-based temperature reconstructions (Schneider et al., 2015), the cooling in
the first post-volcanic year is followed by a rapid recovery
in the second post-volcanic year (Esper et al., 2015). The
eruption of Krakatau in 1883 (Sigl et al., 2015) is captured
with anomalies of −2.02 C in the 100SP and −0.88 C in the
10SP chronology. Also, the 1257 Samalas (−1.79 C,
−1.10 C), 1452 Kuwae (−1.72 C, −1.59 C), 1601 Huaynaputina (−2.70 C, −1.88 C), 1641 Parker (−2.60 C,
−2.01 C), 1783 Laki (0.62 C, −1.27 C), 1835 Cosiguina
(−2.99 C, −2.43 C), and the 1991 Pinatubo (−1.56 C,
−0.98 C) eruptions are related to temperature minima. The
822–823 Katla eruption (Büntgen et al., 2017a) and the
unknown eruption in 1809 (Guevara-Murua et al., 2014),

did not cause extreme MXD minima at Mt. Smolikas. The
cold summer temperatures in 1699, 1914, and 1857 corroborate reports of previously reported regional climatic extremes
(Trouet et al., 2012; Klesse et al., 2015; Leonelli et al.,
2017). Instrumental station data in the Mediterranean region
(Xoplaki et al., 2003b) confirm the cold summer of 1959
when extremely cool air masses appeared at Mt. Olympus
and in Bulgaria. The cold extreme in 1347 (−2.70 C,
−2.37 C) coincides to severe plague (Yersinia pestis) outbreaks on the Mediterranean islands Sicily, Corsica, and Sardinia as well as well as in the cities Split and Dubrovnik,
though a causal link between low temperatures and Yersinia
pestis seems unlikely (Büntgen et al., 2012).
4.4 | Spatial patterns of temperature extremes
Volcanic eruptions are pulse-like disturbance events capable
of causing distinct cooling over Europe (Sigl et al., 2015;
Schneider et al., 2017). Despite the Hadley circulation and
stable warm high-pressure cells that bring predominantly
high temperatures and summer droughts to the Mediterranean (Bolle, 2003; Alfaro-Sánchez et al., 2018), the expression of temperature extremes differs between the
northeastern (Pindos Mts.) and western Mediterranean
(Pyrenees) basin (Seim et al., 2015). In the western Mediterranean, previous studies report a stronger influence of the
East Atlantic jetstream (Dünkeloh and Jacobeit, 2003;
Xoplaki et al., 2003b) and West African Monsoon (Fontaine
et al. 2010). By contrast, in the northeastern Mediterranean
we find an association with the latitudinal position of the
North Atlantic Jet (NAJ) (Mahlstein et al., 2012; Belmecheri
et al., 2017; Trouet et al., 2018) that causes temperature
extremes and synoptic timing of events in Bulgaria, Italy,
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Comparison of temperature anomalies and extremes (±1.5 SD) across Europe. (a) MXD based 100SP and 10SP temperature reconstructions
from Scandinavia (SCA), United Kingdom (BRI), Spain (PYR), Switzerland (ALP), Slovakia (TAT), Italy (ITA and ITP), Bulgaria (VIH), and Greece (OLY
and KAT) displayed as histograms (grey). Blue and red ticks indicate cold or warm extremes in the SMO 100SP and 10SP reconstructions and (b) percent of
common cold (blue) and (warm) temperature extremes between SMO and the reconstructions displayed in Figure 6 (a) over the individual period of overlap
(n > series) and (c) the common period 1769–1978. Values refer to the mean overlap from the 100SP and 10SP reconstruction. Grey bars display uncertainty
estimates derived from a Monte Carlo simulation with 1,000 randomized reconstructions. (d) Analysis was repeated comparing the overlap of the 5 coldest
and 5 warmest instrumental 10-year high-pass filtered August temperatures from the EOBS v.15 grids that were used for calibration over the period
1950–2014 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6

and Greece as well as anti-phase associations with temperature anomalies over Scandinavia and the British Isles
(Hughes et al., 2001; Xoplaki et al., 2003b; Oikonomou
et al., 2010; Trouet et al., 2012; Trouet, 2014; Klesse et al.,
2015). When the NAJ is in anomalously northerly position,
it generates anticyclonic conditions in northwestern Europe
associated with warm and dry conditions but also heat waves
and droughts (Chronis et al., 2011), and extreme cold temperatures in the northeastern Mediterranean. A southerly
NAJ increases the blocking frequency over the northeastern
Mediterranean and promotes hot summers, droughts, and
wildfires in southeastern Europe (Mahlstein et al., 2012;
Trouet et al., 2018). To evaluate these associations, the
SMO reconstruction is compared to a reconstruction of the
latitudinal position of the NAJ (NAJ_T; 1725–1978) developed from tree-ring data from the northeastern Mediterranean (NEMED) and the British Isles (BRIT; Trouet et al.,
2018). We used the 100SP SMO reconstruction due to

similar spectral properties of the records (Figure 7). Correlation between the SMO August–September temperature
reconstruction and reconstructed NAJ_T anomalies is
r = −0.66 (p < .001).
For validation, we tested the suitability of our SMO dataset for NAJ reconstruction. We repeated the reconstruction
NAJ_T procedure outlined in Trouet et al. (2018) using our
SMO reconstruction in lieu of the NEMED dataset (herein
NAJ_K reconstruction). The sole difference involves the use
of EOBS v.15 gridded temperature data as a target for reconstruction of August temperatures. The original NEMED
MXD chronology and the SMO chronology are significantly
correlated with NAJ position (r = −0.57 and r = −0.54,
respectively, p < .001; 1920–1978). Also, the original
BRIT-NEMED and BRIT-SMO composites reflect changes
in the latitudinal position of the NAJ (r = 0.63 and
r = 0.59, respectively, p < 0.001; 1920–1978). Reasons that
could cause slightly weaker coefficients for SMO include
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(a) Frequency analysis of the SMO 100SP (red), 10SP (green) spline August–September temperature reconstruction and reconstruction of the
position of the summer North Atlantic jet (NAJ_T, Trouet et al., 2018) (blue) over the common period 1725–1978. (b) Reconstructed 100SP August–
September temperature anomalies (red), summer NAJ_T reconstruction (blue) and (c) corresponding 31-year moving window correlations (black). (d) NAJ_T
(blue) and NAJ_K (red), a reanalysis of the latitudinal jet stream position using the SMO tree-ring data instead of the original NEMED compilation and
instrumental August NAJ position (black) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7

differences in the temperature dataset, reduced sample replication (Esper et al., 2016), and limited spatial representation,
as compared to the NEMED data. However, the NAJ_T and
NAJ_K reconstructions correlate at r = 0.9 (p < .001) over
their common period 1725–2014 (Figure 7c). This highlights
the potential for extending NAJ variability back to the first
millennium and forward to the 21st century by including the
SMO dataset in future analyses of the temperature seesaw
between the British Isles and the northeastern
Mediterranean.
4.5 | Differences between warm and cold extremes
Reconstructed warm temperatures are spatially heterogeneous, which we would not expect from the inspection of
instrumental data (Figure 6c). We suggest potential weaknesses in MXD to track warm events, due to a decoupling
between summer temperature and MXD formation. Except
for Scotland, revision of the calibration tests demonstrates
that the coldest instrumental temperature anomalies match
the lowest density values to a higher degree than the five
warmest instrumental temperature anomalies and the highest
density values (Figure S6 in Appendix S1). This weakness
to track warm extremes by the same degree as cold extremes
causes the warm extremes to be less synchronized on a
regional scale.
We suggest that in a cold summer, temperature is the
limiting factor affecting regional growth (Cherubini et al.,
2004), whereas in hot summers, this relationship is more
complex with a stronger contribution of endogenous factors
affecting cell wall thickening and lignification, causing substantial inter-tree and inter-site differences (Plomion et al.,
2001). In addition, slope exposure might influence the rate
of warming, which in turn causes a site-specific growth cessation and spatial heterogeneity of warm temperature
extremes (Holland and Steyn, 1975; Klippel et al., 2017).

Further research is necessary to disentangle the impact of
slope exposure and changes in insolation on MXD
formation.

5 | C O NC L U S IO N
Based on a network of high-elevation sites on Mt. Smolikas
in the Pindus Mountains of Greece, regional August–
September temperature variability is reconstructed back to
CE 738. Our reconstruction provides new insight in extreme
temperatures in the northeastern Mediterranean prior to the
second millennium, and fills a temporal and spatial gap in
larger-scale reconstruction efforts. Analysis of temperature
extremes shows that cool summers were most severe in
1035, 1117, 1217, 1884 and 1959. The dominant mode that
drives annual-decadal temperature variability along the
northeastern Mediterranean are atmospheric conditions associated with the position of the NAJ that in the anomalous
northward position generates extremely cold summer temperatures in the region, and in an anomalous southward position brings extremely warm summer temperatures. Our new
millennium-long MXD chronology bears the potential to
reconstruct the dynamics of the NAJ over longer timescales.
Further research is needed (1) to explore low-frequency
trends including transitions between cold and warm phases,
and (2) to update existing regional-scale composite chronologies in order to fill the spatial and temporal gap in the
northeastern Mediterranean region in larger-scale temperature reconstructions.
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