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ABSTRACT

Dendroclimatology in the Eastern Mediterranean (EM) region has made important contributions to the understanding of climate variability on timescales of decades
to centuries. These contributions, beginning in the mid-20th century, have value for resource management, archaeology, and climatology. A gradually expanding tree-
ring network developed by the first author over the past 15 years has been the framework for some of the most important recent advances in EM dendroclimatology. The
network, now consisting of 79 sites, has been widely applied in large-scale climatic reconstruction and in helping to identify drivers of climatic variation on regional to
global spatial scales. This article reviews EM dendroclimatology and highlights contributions on the national and international scale.
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INTRODUCTION

Dendroclimatology is the study of the relationship between tree-
ring growth and climate variability and the use of that relation-
ship to reveal patterns of climate variation in the past. Indirect
evidence of climatic variability is gleaned from proxy records of
past conditions, such as pollen, speleothems, lacustrine sediments,
ice cores, historical documentations, and long time series of repli-
cated tree-ring growth measurements spanning several centuries.
One advantage of tree-ring records is their precise dating to the
exact calendar year, which allows them to be compared directly
with instrumental records. This provides a powerful tool for devel-
oping quantitative reconstructions of climate on seasonal to centu-
ry or longer timescales that include estimates of uncertainty. They
also represent the most geographically widespread proxy records
capable of yielding annually resolved time series over the last mil-
lennium (e.g. Touchan ef al. 2003; Jones and Mann 2004; Briffa
et al. 2004; Esper et al. 2004) and generally possess the highest
correlations with instrumental climate data (Jones et al. 1998).

The following three sections describe the chronological devel-
opment of dendroclimatology in the Eastern Mediterranean (EM).
This development can conveniently be organized into studies doc-
umenting the climate signal in tree rings, climate reconstructions
on the local and small-regional scale, and climate reconstructions
on the large scale from extensive spatial networks of tree-ring
chronologies. Two concluding sections address the relevance of
tree-ring studies to climatology of the EM, and discuss tree-ring
network expansion with a view to the future.

INTERACTION BETWEEN TREE-RING
CHRONOLOGIES AND CLIMATE

Dendroclimatology in the EM was in its infancy until the late

20th century. The first dendroclimatological attempt in the re-
gion was by Gassner and Christiansen-Weniger (1942), who
demonstrated that tree growth in parts of northeastern Turkey is
significantly influenced by precipitation. Gindel (1944) investi-
gated the relationship between Pinus helepenis and precipitation
and temperature in the Judean Hills/Jibal al-Khalil in Israel and
the West Bank. This work was followed some decades later by a
number of diagnostic dendroclimatic studies in various parts of
the EM (Liphschitz and Waisel 1967; Shanan et al. 1967; Waisel
and Liphschitz 1968; Lev-Yadun ez al. 1981; Chalabi and Serre-
Bachet 1981; Munaut 1982; Parsapajouh ef al. 1986; Chalabi and
Martini 1989; Akkemik 2000, 2003; Hughes et al. 2001; Kdse
and Giiner 2012).

Touchan and Hughes (1999) were able to build the first set of
EM tree-ring chronologies with a dendroclimatological focus.
Chronologies from Pinus halepensis and Quercus aegilops in Jor-
dan and from P. halepensis on Mt. Carmel in Israel were analyzed
for the spatial coherence of their ring width variations. Signifi-
cant correlation was found between the northern site chronolo-
gies (northern Jordan and northwestern Israel), but not between
chronologies in northern and southern Jordan.

In Turkey, Akkemik (2000) investigated the response of a
Pinus pinea tree-ring chronology from near Istanbul to climate
variables, and reported important influence from both tempera-
ture and precipitation. A positive influence of precipitation was
found for all months except March and June, while the significant
influence of temperature was positive but limited to March and
April. Hughes et al. (2001), working with living tree chronologies
developed by Peter Kuniholm, demonstrated that crossdating over
large distances in Greece and Turkey has a clear climatological
basis, with signature years consistently associated with specific
persistent atmospheric circulation anomalies.
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LOCAL-SCALE DENDROCLIMATOLOGICAL
RECONSTRUCTIONS

The aforementioned studies laid the groundwork for the build-
ing of an EM tree-ring network specifically aimed at improved un-
derstanding of local and regional climatology of the EM. Several
local-scale dendroclimatological reconstructions were developed
in different parts of the EM in the late 1990s and early 2000s. For
example, Touchan ef al. (1999) developed the first dendroclimatic
reconstruction in the Near East in the form of a 396-year-long
estimated record of October-May precipitation in southern Jordan
from two chronologies of Juniperus phoenicia. The longest re-
constructed drought, as defined by consecutive years below 80%
of the 1946-1995 mean observed October-May precipitation,
lasted 4 years. In comparison, the longest drought recorded in the
1946-1995 instrumental data lasted only 3 years.

D’Arrigo and Cullen (2001) soon followed with the first precip-
itation reconstruction for central Turkey (Sivas). The reconstruc-
tion of February-August precipitation covered 350 years, but gave

only a limited perspective on the climate variation during the last
few decades because the chronologies used had been collected
much earlier—in the 1980s by Peter Kuniholm. Their reconstruc-
tion of wet and dry intervals indicated that no drought, as mea-
sured by precipitation more than one standard deviation below the
mean, lasted for more than two consecutive years.

Touchan and Hughes, with support from the U.S. National Sci-
ence Foundation, set out to develop an extensive regional net-
work of EM chronologies specifically as proxy records of climate
(Figure 1). The first part of this effort yielded 36 chronologies
from 42 sites; the well-replicated tree-ring chronologies with high
sample depth (at least 20 trees per site) provided tree-ring cover-
age back to AD 1017. Touchan et al. (2003) used tree-ring data
from living and dead trees in southwestern Turkey to reconstruct
spring (May-June) precipitation several centuries back in time.
Their reconstructions show clear evidence of multiyear to decadal
variations in spring precipitation. Within those variations, the
longest period of spring drought was 4 years (1476-1479). Only
one drought event of this duration has occurred during the last
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Figure 1. Locations of tree-ring chronology sites.
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6 centuries. Monte Carlo analysis designed to take into account
the uncertainty in the tree-ring reconstruction indicated a less than
33% probability that southwestern Turkey has experienced spring
drought longer than 5 years in the past 660 years. The longest
reconstructed wet periods were found during the 16th and 17th
centuries. Touchan et al. (2003) also found that spring drought
(wetness) is connected with warm (cool) conditions and south-
westerly (continental) circulation over the EM.

A major dendroclimatological advance in the EM was the first
reconstruction there of a drought index (Touchan et al. 2005a).
The reconstruction covers most of Turkey and some adjoining
regions for the period AD 1251-1998 and uses as a drought mea-
sure the standardized precipitation index (SPI), a widely accepted
moisture index that provides an objective method for determining
drought conditions at multiple timescales (Edwards and McKee
1997). This first SPI reconstruction provided important regional
information concerning hydroclimatic variability in southwestern
and south-central Turkey.

Small-scale reconstructions in the EM have taken advantage of
multiple tree species. Pinus nigra tree rings were used by Ak-
kemik and Aras (2005) to reconstruct April-August precipitation
(1689-1994) for the southern part of central Turkey. Oak tree
rings were used by Akkemik et al. (2005) to develop a March-
June precipitation reconstruction for the western Black Sea region
of Turkey. They found that during the past 4 centuries drought
events in this region persisted for no more than 2 years, and that
single-year extreme dry and wet events have occurred frequently.
These various tree-ring studies in Turkey suggest that runs of dry
years rarely last for more than 3 years. Griggs et al. (2014) devel-
oped a September-August precipitation and drought reconstruc-
tion for AD 1830-2006 from Pinus brutia tree rings for Cyprus.
This study, making use of trees from low and medium elevations,
provides the first long-term assessment of annual precipitation and
drought for Cyprus, and emphasizes the importance of elevation
for the seasonality of the climate signal embedded in tree rings.

Using tree-ring data from living-tree and archaeological sam-
ples, Akkemik et al. (2008) developed the first precipitation and
streamflow reconstruction for northwestern Turkey. The stream-
flow reconstruction was for the Filyos River, near the western
Black Sea. High-frequency variations were found to be especially
important, accounting for 34% of the variance of May-June pre-
cipitation and 53% of the variance of May-August streamflow.
They reported that 90% of actual flood events were observed in
the streamflow reconstruction.

Tree-ring variables other than ring width have also proved use-
ful in the EM, although the number of applications is still small.
Heinrich et al. (2013) developed the first winter-spring tempera-
ture reconstruction in the EM from a centuries-long Juniperus
excelsa chronology of stable isotopic ratios of carbon. This re-
construction, from Turkey, demonstrated that variability of §"*C
in tree rings of J. excelsa is dependent on January-May tempera-

tures. Low-frequency trends that were associated with the Medie-
val Climate Anomaly and the Little Ice Age were identified in this
temperature reconstruction. However, the 20th century warming
trend seen in other parts of the world could not be identified in
their reconstruction. The lack of this feature is not surprising, as it
also was absent from the regional meteorological data used in their
study. Mutlu ef al. (2012) conducted oxygen and carbon isotopic
analyses on tree rings collected at two different elevations from
three different regions in western Anatolia, Turkey. They reported
that 8'*C ratios have mostly positive responses to temperature and
precipitation variations, whereas 3'*0 and summer temperature/
precipitation are negatively correlated. Tree-ring widths and 5O
values display similar responses to temperature and sensitivity to
the climatic impact of historic volcanic eruptions.

REGIONAL DENDROCLIMATIC RECONSTRUCTIONS

Touchan et al. (2005b) developed the first regional May-
August precipitation reconstruction for the EM (Turkey, Syria,
Lebanon, Cyprus, and Greece) and investigated the relationship
of the reconstruction to large-scale atmospheric circulation. Six
separate May-August precipitation reconstructions ranging in
length from 115 to 600 years were reported in this work. Al-
though general circulation models do predict imminent drying in
the Mediterranean caused by anthropogenic greenhouse gas emis-
sions (Christensen et al. 2007), no long-term trends were seen
over the last several centuries in either drought amplitude or fre-
quency. Large-scale atmospheric circulation influences on region-
al May-August precipitation were identified over the EM region.
For example, precipitation in this season is driven by anomalous
below (above) normal pressure at all atmospheric levels and by
convection (subsidence) and small pressure gradients at sea level.

Griggs et al. (2007) developed a regional May-June precipita-
tion reconstruction from oak tree rings from a number of locations
in Greece and Turkey for the period AD 1089-1989. They inves-
tigated various methods of manipulating tree-ring data for their re-
gional climatic reconstruction and concluded that removing all but
the high-frequency variability plus normalizing the oak data sets
before combining them into a master chronology were optimal
techniques for a reasonable precipitation reconstruction of the en-
tire area over the instrumental period. They discovered that these
methods not only removed the low-frequency signal but also di-
minished some evidence of local extremes in their reconstruction.

Kose et al. (2011) developed the first spatial May-June precip-
itation reconstruction using 17 Pinus nigra chronologies from
western Anatolia and examined past dry and wet events. They
observed that the long-term local May-June precipitation recon-
structions contain mostly l-year and, less commonly, 2-year
drought events.

The first author has continued his systematic dendroclimatic
sampling in the EM region and updated and added 48 chronolo-
gies from the region, making a total of 79 chronologies (Figure 1).
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Touchan ef al. (2014) described and analyzed this network in the
EM (33-42°N, 21-43°E) to identify the seasonal climatic signal
in indices of annual ring width. Correlation analysis and cluster
analysis were applied to tree-ring data and gridded climate data
to assess the climate signal embedded in the network in prepa-
ration for climate field reconstructions and formal proxy/model
intercomparison experiments. Monthly correlations and partial
correlations revealed a pervasive positive association of tree
growth with May, June, and sometimes July precipitation, posi-
tive correlations with winter and spring (December through April)
temperatures, and negative relationships with May through July
temperature. Cluster analysis suggested distinct groups of sites
based on the association of tree-ring chronologies with climate.
The analysis showed that chronologies for the EM have coher-
ent seasonal precipitation and temperature signals across a fairly
broad geographical domain, and that the predominant signal is a
positive growth response to May-June precipitation. Some eleva-
tional dependence was also noted in the clusters of tree-ring sites
identified according to similarity of seasonal climate response.
The Touchan et al. (2014) results are also consistent with the
findings of Griggs et al. (2014) on the importance of elevation of
tree-ring sites to dendroclimatic interpretation in Cypress.

DENDROCLIMATOLOGY AND ATMOSPHERIC
CIRCULATION

The climate of the EM domain is influenced by a variety of
local and remote features of atmosphere-ocean circulation. Eshel
and Farrell (2000) showed that winter precipitation anomalies in
the Mediterranean were linked to the large-scale North Atlantic
circulation through opposite sign pressure anomalies over Green-
land and the Adriatic. Low pressure over Greenland is linked to
higher pressure over Europe and the Mediterranean, anomalous
northeasterly winds and enhanced subsidence over the EM, and
reduced winter precipitation. Alternatively, high pressure over
the North Atlantic and low pressure over the Mediterranean and
southern Europe lead to southwesterly wind anomalies, a warm-
ing of the EM, and enhanced rainfall. These spatial patterns are
similar to, although distinguishable from, those typically associat-
ed with the winter NAO (Eshel and Farrell 2000). At the regional
scale over the EM, observed winter rainfall in Turkey is negative-
ly correlated with the concurrent winter NAO index, while south
of ca. 33°N the sign of the winter precipitation—-NAO correlation
is positive through Israel, Jordan, and Egypt. The El Nifio South-
ern Oscillation (ENSO) may also leave an imprint in the climate
of the region, although the sign of the influence changes from sea-
son to season, across the spatial domain, and may be temporally
unstable (Mariotti et al. 2002).

Application of EM tree-ring chronologies to reconstruction of
the NAO or ENSO is, however, complicated by the dominant
May-June precipitation signal seen across the regional proxy net-
work (Touchan ef al. 2014). Figure 2 shows the correlation be-
tween May-June mean precipitation and the concurrent NINO3.4
and NAO indices. The patterns revealed are weak, largely insig-

nificant correlations without a discernable coherent spatial pat-
tern. This lack of a clear and stable association between these
large-scale circulation features and the primary local control on
regional tree growth makes it difficult to develop robust infer-
ences about these modes from these chronologies alone. Touchan
et al. (2003) likewise observed that correlations between spring
NAO and instrumental May-June precipitation in Turkey were
largely weak and nonsignificant, and they were cautious in in-
terrupting similarly low, lagged correlations between instrumen-
tal and reconstructed precipitation and the winter NAO. Griggs
et al. (2007) developed a reconstruction of the May NAO, but
also discussed the relatively weak (r = —0.27 to 0.22), margin-
ally significant, and unstable associations between their North
Aegean oak tree-ring chronology and the April and May NAO
index. However, Griggs ef al. (2014) also reported that multiyear
drought periods in their September through August Cyprus pre-
cipitation reconstruction were related to the combined impact of
the NAO and East Atlantic/West Russia Pattern (EAWR). They
suggested that a positive NAO and a positive EAWR combined to
cause drought. Variability in the association between large-scale
modes like ENSO and NAO and EM climate, as well as the inter-
actions between remote and local climate modes, in the spring and
summer presents a significant challenge for developing tree-ring
reconstructions of remote teleconnections from the region.

While the association with remote large-scale modes of climate
variability may be equivocal, tree-ring growth anomalies, reflect-
ing precipitation and hydroclimate variability in the region, are
indeed linked to circulation anomalies. Touchan ef al. (2005b)
showed that anomalous May-August precipitation and tree
growth in the EM was linked to anomalous surface pressure and
geopotential height patterns across the southern North Atlantic,
Mediterranean, and Asia. Reduced spring-summer precipitation is
related to regional subsidence and greater vertical stability, with
the driest tree-ring reconstructed years associated with positive
sea-level pressure anomalies over the Mediterranean. Touchan et
al. (2005b) concluded that their reconstructed climatic conditions
reflected regional as well as local and topographical influences on
precipitation.

Tree-ring chronologies in the EM certainly reflect the influ-
ence of regional and local circulation anomalies; however, the
spring-summer climatic response in these chronologies indicates
that the relationship between large-scale modes of climate vari-
ability and tree growth is very likely unstable through time and
it would be difficult to confidently separate combined or compet-
ing remote influences, particularly prior to the instrumental era.
Climate field reconstructions may, however, provide the spatio-
temporal information necessary to identify “fingerprints” of the
myriad climate influences on this region.

Touchan et al. (2005b) demonstrated the utility of comparing
tree-ring-derived data and independent reconstructions of large-
scale sea-level pressure (SLP) and surface air temperature based
on primarily documentary evidence including specific informa-
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Figure 2. Correlation between Eastern Mediterranean instrumental May-June precipitation records from the Global Historical Climate Network (GHCN, Peterson and Vose
1997) with at least 50 years of available data and the concurrent NINO3.4 (left) and NAO (right) indices. Significant values (p < 0.05) are indicated by dark outline circles.

tion on weather elements (e.g. number of rainy days, direction
of cloud movement, wind direction, warm and cold spells, freez-
ing of water bodies, droughts, floods, information on vegetation).
They showed that large-scale climatic patterns associated with
precipitation and tree-ring growth in this region have been sub-
stantially stable for the last 237 years (Touchan et al. 2005b). This
helps to validate both sources of information on past climate, and
also suggests that the reconstructions are physical valid.

Heinrich ef al. (2013) reported a north-south contrast in recent
temperature trends from analysis of their 3*C-based winter-spring
temperature reconstruction. Comparison of the reconstruction
with other Northern Hemisphere temperature proxy showed sim-
ilar low-frequency variations until the beginning of the 20th cen-
tury, but divergence afterward. The more recent part of the record
indicates warming north of the EM but not in Turkey. Heinrich et
al. (2013) also discovered from correlation analyses of their re-
construction with several climate indices that various atmospheric
oscillation patterns may influence the temperature variations in
southwestern Turkey.

Investigations often link dendroclimatic reconstructions to oth-
er proxy records of past climate, as well as historical documents
(D’Arrigo and Cullen 2001; Akkemik et al. 2005, 2008; Touchan
et al. 2005a, 2005b, 2007; Griggs et al. 2007; Kose et al. 2011).
For example, all these studies identify the year AD 1660 as a dry
summer—a finding consistent with Purgstall’s (1983) reporting
of catastrophic fires and famine in Anatolia in the same year. A

70-year moving average of an AD 1097-2000 reconstruction of
May-June precipitation by Touchan et al. (2007) for southwestern
Anatolia in Turkey revealed AD 1518-1587 is the most humid
multidecadal period. Pfister et al. (1999) reported that the 16th
century marks a significant shift in the climate in Europe to a pe-
riod of generally cooler conditions that had profound effects on
environment and society. Touchan et al. (2007) also indicated that
the period AD 1591-1660 represents the second driest interval
in their reconstruction, corresponding with the findings of Kuni-
holm (1990) and Griswold (1977, 1983, 1989). These last authors
reported that the late 16th and early 17th centuries in Anatolia
were characterized by political, social, and climatic instability,
which caused a large-scale change in land use and large sudden
fluctuations in urban populations. White (2011) has also linked
various Little Ice Age sociopolitical crises in the Ottoman Empire
to tree-ring-reconstructed drought.

NETWORK EXPANSION AND RESEARCH DIRECTIONS

Dendroclimatology in the EM has already been shown to be
capable of contributing to the understanding of drivers of climatic
variation on regional to hemispherical spatial scales (e.g. Touchan
et al. 2008). The large-scale climatic signal in tree rings is sup-
ported by the synchrony in occurrence of narrow rings or wide
rings over large distances. This synchrony essentially represents
the cross-datability of tree-ring chronologies over large regions,
and reflects the climatic imprint on ring widths. The instrumental
record of climatic data can be exploited to associate particular
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spatial patterns of atmospheric circulation anomaly with signature
years in which trees over large regions have common ring-width
anomalies. The longer-term tree-ring record can then be exam-
ined for earlier instances of such anomalies, and the annual reso-
lution of tree-ring data can be exploited to estimate frequency of
occurrence of atmospheric anomaly patterns over past centuries.

A minimum requirement for such application is a widely dis-
tributed network of climate-sensitive tree-ring chronologies over-
lapping the period of instrumental data. The network mapped in
Figure 1 is only a start toward this objective. For optimum value,
these chronologies, or some subset of them, should have a com-
mon climatic signal for some season of climatological interest.
For example, chronologies with a signal for cool-season precipi-
tation in the EM could be evaluated for evidence of major north-
south shifts in storm track and the influence of the NAO. Such an
application is all the more possible if networks of chronologies
with a similar seasonal climatic sensitivity are also available from
neighboring regions (e.g. central and southern Europe). These
data can be examined probabilistically for the likelihood of fu-
ture or past parallel shifts in atmospheric anomaly. The data can
also be applied in conjunction with output of general circulation
models (GCMs) to assess the ability of these models to represent
climatic variability on long timescales (e.g. Touchan et al. 2011).

Extension of tree-ring reconstructions from the time range of
a few centuries to many centuries and millennia in the EM is an
intriguing challenge to dendroclimatology. The distant past (e.g.
the Medieval period) is of great interest climatologically both for
the evidence of great climatic fluctuations in other regions, and for
the estimated large-amplitude variation in some forcing factors,
particularly climatically effective volcanic eruptions. The limited
age span of EM trees compared with that of trees in some other
parts of the world means that temporal extension of reconstruction
to many hundreds of years or to thousands of years requires the
use of preserved remnant wood (stumps, logs, snags) and archaco-
logical wood. Because of human pressures, remnant wood is rap-
idly disappearing from the EM landscape. Archaeological wood
presents some climatological hurdles, as the provenance and the
local hydrological setting of the samples may be unknown, and the
sample depth and spatial coverage of the ancient tree-ring network
is unlikely to approach that of the network of living-tree chronolo-
gies from the most recent centuries. But if ecological conditions of
tree growth of the ancient material can be reasonably assumed to
resemble those of the living trees, it may be possible to glean use-
ful information on interannual to multidecadal variability in the
distant past as was demonstrated by Griggs et al. (2007).

Ideally, remnant-wood samples overlap living-tree samples,
such that an exact calendar year can be assigned to each year of
the remnant-wood samples. Some useful climatic inferences may
be possible, however, even if the remnant-wood tree-ring records
are “floating” (cf. Kuniholm et al. 1996), or not anchored to a
known calendar year, as long as they are strongly dated against

one another. For example, it might be possible to examine a net-
work of floating chronologies for evidence of a general change
in spectrum, or relative importance of high- to low-frequency
variation between some distant time and the present. For exam-
ple, Bannister (1970) collected and analyzed tree-ring specimens
from an 8th century BC tomb in Gordion, Turkey, and carried out
preliminary examination of wood samples from Egyptian coffins
and pyramids and collected and crossdated samples of Cedar of
Lebanon (Cedrus libani) in Lebanon. Bannister laid out the nec-
essary conditions for the successful application of the methods
of archaeological dendrochronology in this region. Several oth-
er studies followed the lead of Bannister in the region, such as
Kuniholm and Striker (1987), Kuniholm (1990, 1994, 2000), and
Pearson et al. (2012).

The past climate matters of course for more than just an abstract
appreciation of the temporal instability of climate statistics or the
identification of strengths and weaknesses of GCMs. Human be-
havior is guided by knowledge and perceptions of past climate.
For example, the perception that it has never rained in June or July
is likely to steer people away from dryland farming of summer
crops. On timescales of many centuries, it is possible to identify
periods, long in comparison with human generations, when cli-
mate has differed markedly from that we experience today. The
long-term climate record from tree rings can accordingly con-
tribute to archaeology by giving insight into climate conditions
associated with changes in past societies, and to modern society
in pointing out vulnerability of water supplies and agriculture to
episodic changes in regional climate.

Dendroclimatological research efforts in the region have made
and will continue to make significant contributions on the national
and international scale. Nationally, findings can be important in
providing a decadal to multicentury perspective on climate vari-
ability to local managers of land and water resources. Given the
significance and strategic importance of water in the EM, this per-
spective could have considerable impact on water resource poli-
cy and management by countries in the region, and on political
agreements between countries. The Mediterranean is a region of
water deficit with a history of conflict over land and natural re-
sources. The information in tree-ring reconstructions will aid in
anticipating, and, it is hoped, in lessening the likelihood of con-
flict over scarce water resources, as well as contributing to the
physically sound interpretation of evidence of climate variability
and its social consequences in past times.
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