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spring East Atlantic/Western Russia (EA/WR) and North 
Sea Caspian patterns are likely key drivers of May–June 
precipitation in the Caucasus and Anatolia. NAO appeared 
to negatively affect rainfall low-frequency variability while 
effects of EA/WR were more apparent at the interannual 
timescales. We also show a potential positive effect of 
Black Sea surface temperatures on May–June precipita-
tion. In the Caucasus, May–June represents the period of 
major water supply in semi-arid areas and the period with 
the highest potential of water scarcity in mesic areas. It is 
also a period of potential catastrophic flood events. Thus, 
changes to the precipitation regime during this season will 
be critical to both human and natural systems of the Cauca-
sus region.

Keywords  Anatolia · Black Sea · Dendrochronology · 
Drought · EA/WR · NCP · NAO · Precipitation

1  Introduction

Climate change is expected to have significant impacts in 
mid-latitude Europe and the Mediterranean basin through 
a decrease in summer precipitation (Giorgi and Lionello 
2008). Over recent decades, however, the Caucasus region 
and the southeastern coast of the Black Sea have experi-
enced different trends in precipitation than the eastern 
Mediterranean coast of Turkey (Levant) and the Fertile 
Crescent (Trigo et al. 2010). While the mountains of north-
eastern Turkey have experienced increasing cold season 
(November–April) precipitation, the eastern Mediterra-
nean has been increasingly dry (Hoerling et al. 2012). Dif-
ferences between the Mediterranean and eastern parts of 
the Anatolian peninsula and the Caucasus are expected to 
grow: in areas under stronger influence of the Black Sea 
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projections are for wetter conditions (Evans 2009), whereas 
precipitation is likely to decrease in the regions bordering 
the Mediterranean, and further inland to the Caspian Sea 
(Chenoweth et  al. 2011). To date, increased drying in the 
Fertile Crescent has had devastating socio-economical 
effects, causing widespread crop failure in a region greatly 
dependent on rain-fed agriculture (Kelley et al. 2015).

The Caucasus region is infused with complex climatic 
patterns with steep precipitation and temperature gradi-
ents due to its location on the temperate-subtropical zone 
boundary, between the Black Sea and the Caspian Sea, and 
its complex topography (from sea level to >4000  m asl). 
The Colchic lowlands experience subtropical climate while 
the surrounding mountains receive enormous amounts of 
precipitation because of lake-effect and orographic forcing. 
The mild climate of the lowlands between the Greater and 
the lesser Caucasus has allowed for vast areas of land being 
dedicated to agriculture for millennia. The area has been 
home to ancient agricultural civilizations which have had 
great impact on its natural vegetation (Connor et al. 2007). 
The warm and moist climate in the area allows for the cul-
tivation of some subtropical crops, such as Citrus sp. and 
tea (Camelia sinensis). Despite the large amounts of pre-
cipitation, the Caucasus has some of the highest variance 
in summer precipitation in northern Eurasia (Schubert et al. 
2014). The north and central Caucasus have been histori-
cally major grain-producing regions where spring and early 
summer precipitation is critical for spring-grain matura-
tion (Pavlova et  al. 2014). For example, a strong drought 
is thought to have triggered a historical famine in 1931–
1933 in the north Caucasus, although causes for the fam-
ine are still under debate (Tauger 2001). Despite the pro-
jected increase in precipitation for the wetter areas in the 
Caucasus, rising pressure on water resources is likely due 
to higher water demand to supply the growing population, 
agricultural production, and hydropower needs combined 
with reduced water availability in the surrounding semi-
arid areas (Chenoweth et  al. 2011). These pressures on 
water supply could become even greater if warming over-
whelms increasing precipitation as some models forecast 
for the region (Cook et al. 2014).

Climate over the eastern Black Sea and the Caucasus 
is subject to complex atmospheric patterns. Year-round 
westerly circulation brings moist air over the Caucasus 
(Stanev and Rachev 1999), but these dynamics are affected 
by two anticyclones, one centered in western Russia dur-
ing the winter and spring and a second one over Scandina-
via and Western Europe during the spring (Golubev et  al. 
1993). Two main atmospheric teleconnections have been 
suggested to affect the rainfall patterns in the region. Dur-
ing winter, the North Atlantic Oscillation (NAO) affects 
precipitation in the Mediterranean, the Middle East, and 
central Anatolia (Cullen and deMenocal 2000; Türkeş and 

Erlat 2003). The distance between the Caucasus and the 
two main pressure centers of the NAO index may cause 
the influence of this winter teleconnection to be stronger 
at a certain time lag, in such a way that winter NAO may 
affect the following spring (Herceg-Bulić and Kucharski 
2014). NAO also has a lagged influence (2–3.5  years) on 
Black Sea surface temperatures (Buongiorno Nardelli et al. 
2010). In addition, winter climate in eastern Turkey, the 
Caucasus and central-western Eurasia is also affected by 
the East Atlantic/Western Russia pattern (EA/WR) (Oguz 
et al. 2006; Xoplaki et al. 2004) or its more local expres-
sion known as the North Sea Caspian pattern (NCP) (Barn-
ston and Livezey 1987). The strengthening of the EA/WR 
in recent decades may have caused a reduction in winter 
precipitation in the Eastern Mediterranean although with 
little effect further east (Krichak and Alpert 2005). In late 
spring and early summer, the Indian Summer Monsoon 
(ISM) may also play an indirect role on precipitation in 
the southern Caucasus (Djamali et  al. 2010; Rodwell and 
Hoskins 1996). In May, the interaction between the weak-
ening low-pressure cells over the Black Sea and the west-
ward displacement of ISM-related depressions over the Ira-
nian plateau may determine which areas receive substantial 
May–June precipitation in this region (Djamali et al. 2010). 
The displacement of the Intertropical Convergence Zone 
(ITCZ) could have important implications for the precipita-
tion regime in the region (Djamali et al. 2010).

Interactions of these superimposed atmospheric influ-
ences create complex climate patterns at different tempo-
ral scales. Because of the spatial and temporal complexity 
of climate, it is unlikely that instrumental meteorological 
records capture the full range of precipitation variability 
and the atmospheric dynamics that drive it. This issue is 
particularly acute across the Turkish Caucasus where these 
records are generally scarce or limited in time (Türkeş and 
Erlat 2003; Türkeş 1996). In other parts of the region, such 
as Georgia, Armenia or the lower elevations of the Greater 
Caucasus, these records are more abundant and some 
extend back to the 1890s. However, few records precede 
1920 and many end around the 1990s (Menne et al. 2012; 
Vose et al. 1992). In this context, centennial-length records 
of precipitation are needed to determine past climatic vari-
ability, to place recent hydroclimatic conditions in a longer 
context, and resolve potential forcing factors. Tree-ring 
proxy data can help extend climate records past the instru-
mental period and broaden our knowledge on past precipi-
tation variability.

There have been numerous climatic reconstructions in 
the eastern Mediterranean and central Turkey (Heinrich 
et  al. 2013; Köse et  al. 2011, 2013; Akkemik and Aras 
2005; Akkemik et  al. 2005, 2008; Touchan et  al. 2003, 
2005a, b, 2007; Griggs et al. 2007; Solomina et al. 2005). 
Most of these dendroclimatic reconstructions focused on 
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spring-summer precipitation, with May and June being the 
most common period and most of them used conifer spe-
cies (e.g., Cedrus libanii, Juniperus excelsa, Pinus nigra). 
Until now the eastern most tree-ring based reconstruction 
in Turkey was developed for the central Anatolian high-
lands by D’Arrigo and Cullen (2001). A great limitation for 
dendroclimatic reconstructions in the Caucasus is a gen-
eral lack of tree-ring chronologies from this region (but see 
Hughes et al. 2001; Touchan et al. 2014; Köse and Güner 
2012).

Here, we use drought-sensitive tree-ring width chro-
nologies from several species in Georgia and northeastern 
Turkey to estimate spring-summer rainfall in the Caucasus 
over the last two and a half centuries. Despite the high pre-
cipitation in the area, the presence of drought-sensitive old 
trees allowed us to recover a drought signal from tree-ring 
proxies. To overcome a potential dampening of the climate 
signal in tree rings, we use a multi-species approach as 
it has been shown to improve tree-ring based reconstruc-
tions of climate in temperate wet regions (Maxwell et  al. 
2011; Pederson et al. 2013; Cook and Pederson 2010). We 
used our reconstruction to characterize rainfall variability 
at interannual to multidecadal timescales and examine its 
associations with large-scale patterns of atmospheric cir-
culation. Because no previous rainfall reconstructions exist 
for the Caucasus, we compared our reconstruction with 
independently derived precipitation reconstructions avail-
able for western Turkey.

2 � Materials and methods

Our focus area for precipitation reconstruction was located 
in the western Caucasus. The region is dominated by 
steep-slope mountains with elevations ranging from 0  m 
asl on the Black Sea to over 5000 m asl in the Great Cau-
casus to the north. Because of the very high precipitation 
in the region, drought sensitive tree species are commonly 
restricted to sites such as the warm lower elevations in 
the Colchic floodplains and the south facing slopes of the 
mountains (Fritts 1976). We focused our sampling on this 
last type of locations where old trees were found. At five 
sites in the Lesser Caucasus of northeast Turkey (Fig. 1), 
we collected increment cores (1 or 2 cores per tree) from 
trees with external characteristics of old trees such as 
small crowns, twisted branches, and sinuous stems (Peder-
son 2010), of three conifers species and one broadleaf spe-
cies (Table  1). Abies nordmanniana and Picea orientalis 
were sampled in two conifer-dominated forests at mid to 
high elevations (1600–1900 m asl) in inner valleys located 
leeward from the westerly prevailing winds. Pinus pinea 
trees growing in an area of relict Mediterranean vegeta-
tion within one of these valleys were cored at an elevation 

of 300–400  m asl. This is the easternmost P. pinea for-
est in the world and its origin, either relict or planted, is 
debated (Fallour et  al. 1997). Regardless of origin, these 
trees dated back to at least 1773 CE. Quercus petraea were 
sampled in two sites on south-facing slopes between 600 
and 900 m asl. Cores were air dried, mounted in grooved 
boards and sanded with progressive sand paper until the 
annual rings were clearly visible. The cores were later 
visually crossdated following standard dendrochronologi-
cal procedure (Stokes and Smiley 1968). Tree-ring widths 
were measured with a 0.001  mm precision and crossdat-
ing was verified using the computer program COFECHA 
(Holmes 1983). In areas where chronologies were locally 
clustered and where we found a high degree of common 
agreement, collections were combined into one chronol-
ogy. The Quercus petraea MUR chronology was created 
by pooling series from two sites located within 3  km of 
each other while the HAH and PAP chronology consisted 
of trees from two species of conifers, A. nordmanniana 
and P. orientalis. 

In addition to these newly developed tree-ring width 
chronologies, we also used five chronologies developed 
from Pinus sylvestris trees from the area that were available 
at the International Tree-Ring Data Bank (ITRDB, avail-
able at: http://www.ncdc.noaa.gov/data-access/paleocli-
matology-data/datasets/tree-ring). In this case, we selected 
chronologies with 20 or more ring width series and dating 
back to at least 1850.

Because there was evidence of exogenous disturbance in 
much of our collections, individual ring-width series were 
detrended using a spline function with a 50 % variance cut-
off equal to two-thirds of the series length, using ARSTAN 
(Cook 1985). Prior to detrending the variance in individual 
series was stabilized using an adaptive power transforma-
tion (Cook and Peters 1997). We used the ARSTAN chro-
nology, which retains the population-level autocorrelation 
and growth anomalies considered to be related to climate 
variability (Cook 1985). At the site level, individual ring-
width series for each species were combined into annual 
chronologies using a biweight robust estimation of the 
mean. The quality of all the chronologies for dendrocli-
matic reconstruction was checked using the expressed pop-
ulation signal (EPS) statistic. For reconstruction purposes, 
the cutoff for each record was the first year of EPS >0.85, 
which is a threshold commonly used in dendroclimatology 
(Wigley et al. 1984).

We used gridded monthly precipitation data from the 
GPCC.v5 (Schneider et  al. 2014) for the region between 
38°–45°N and 38°–48°E. The GPCC data is well suited 
to represent precipitation patterns in areas with orographi-
cally induced precipitation surrounded by drier inland 
regions such as our focus region or the southern coast of 
the Caspian Sea (Schneider et al. 2014). For this area, we 

http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
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calculated the mean precipitation for periods of 1–6 months 
between previous June and current October. Climate sensi-
tivity of all chronologies available from the area was evalu-
ated against these seasonal regional precipitation means. 
Matching previous work (Touchan et  al. 2014), our tree-
ring network showed the strongest and most consistent 
significant correlations with precipitation during May and 
June. Because most of the precipitation records available 
for the area start around 1930, we restricted our calibra-
tion and verification periods to 1930–2001. Chronologies 
derived from the ITRDB limited the end of the calibration 
and verification period to 2001.

Because each chronology had different lengths, we 
used a nested reconstruction approach (Meko 1997) with 
principal component regression (PCR) (Cook et  al. 1994) 
and split sample calibration and verification. With this 
nested approach, we were able to extend the length of the 
reconstruction beyond the common period of 1813–2001. 
Through this approach, we started with all selected chro-
nologies during the common period and developed a PCR 

reconstruction. Then the shorter chronologies were dropped 
and a new PCR reconstruction was created. This way three 
‘backward nests’ were created. Because the last year of the 
most recent chronology was 2013, just 12 years longer than 
the last year of the common period, we did not create any 
‘forward nests’ (sensu Pederson et al. 2013).

In each nesting step, chronologies that correlated sig-
nificantly (at p  <  0.1) with May–June precipitation were 
considered. Principal component analysis (PCA) was per-
formed on the correlation matrix of each nest’s chronolo-
gies at year t and year t + 1, that is to account for the often-
observed influence of previous year climate on current year 
tree growth (Fritts 1976). These resulting PCs were used as 
uncorrelated independent variables (predictors) to create a 
suite of regression models to estimate May–June precipita-
tion. Model selection was performed by exhaustive search 
and the best-subset model was selected based on the cali-
brated Akaike’s Information Criteria (AICc) and the Bayes-
ian Information Criteria (BIC) for the complete period. No 
selection of the PC based on their explained variance was 

Fig. 1   Location of the study 
area. The thick red box repre-
sents the range of the gridded 
GPCC observed precipitation 
data used for reconstruction. 
The locations of previous 
precipitation reconstructions 
are also shown: Griggs et al. 
(2007), Köse et al. (2011, 
2013), Akkemik et al. (2005), 
Touchan et al. (2003) and 
D’Arrigo and Cullen (2001). 
Lower map shows the locations 
and species of the tree-ring 
width site chronologies used 
as predictors. Species codes: 
PIPN, Pinus pinea; PISY, Pinus 
sylsvestris; QUPE, Quercus 
petraea; sites marked as “Coni-
fers” include A. nordmanniana 
and P. orientalis
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performed previous to the PCR because components with 
small variance can also be important for the regression (Jol-
liffe 1982; Hill et al. 1977). These analyses were performed 
in R (R Development Core Team 2014) with the packages 
“vegan” (Oksanen et al. 2013) for PCA, and “leaps” (Lum-
ley 2013) for exhaustive model search.

We conducted two split-sample calibration-verification 
tests to evaluate model performance and stability for each 
nest. The complete period (1930–2001) was divided into 
two equal-length periods, 1930–1966 and 1967–2001. 
For every nest, the transfer model was calibrated for the 
early (late) period and then validated with the late (early) 
period. Finally, the model was calibrated and validated for 
the complete period (1930–2001). The final reconstruction 
was developed with the model calibrated for the complete 
period. Three statistics, namely the adjusted coefficient of 
determination (R2

adj), reduction of error (RE) and coeffi-
cient of efficiency (CE) were used to check the reconstruc-
tion skills of each nest (Cook et al. 1994). Positive values 
of RE and CE indicate predictive skill of the regression 
model, with CE generally being the most strict statistic to 
pass (Cook et al. 1994). This nesting procedure was reiter-
ated until a nest accounted for less than 30 % of the May–
June variation, or until RE or CE were negative for any test. 
If any of these criteria were matched, the model associated 
with that nest was considered insufficient for reconstruc-
tion and the nest not used. To account for potential changes 
in variance, each nest was normalized to the same mean 
and standard deviation of the most replicated nest. The final 
reconstruction was created by merging the older sections of 
each nest.

We analyzed the temporal variability of our reconstruc-
tion, in terms of oscillations and periodicity, by means 
of continuous wavelet transform (CWT) (Torrence and 
Compo 1998; Grinsted et  al. 2004). Morlet wavelet func-
tion was used and the power was normalized by the vari-
ance to avoid bias with power at low periods. One of the 
advantages of the CWT is that no assumptions of stationar-
ity are made and it can locate intermittent periodicities in a 
time frequency space. This analysis was performed in R (R 
Development Core Team 2014) with package “biwavelet” 
(Gouhier and Grinsted 2015).

The severity and duration of dry and wet periods were 
analyzed to characterize their persistence and cumulative 
deficit or surplus as deviations from the long-term mean. 
We estimated the return interval of these events as the time 
between two consecutive occurrences of events of similar 
duration. To assess how extreme these dry or wet events 
were within the entirety of the full reconstruction, we esti-
mated the probability of observing an event of the same 
duration and intensity. For this, we calculated the thresh-
olds for durations between 2 and 8 years, using 5000 ran-
domized periods of the same duration drawing from the 

distribution of precipitation values in our time series and 
established significance at 5 % in a two-tail t test.

We analyzed our reconstruction in comparison with 
independent reconstructions of precipitation in the Mid-
dle East and Turkey available from previous studies based 
on tree-ring width chronologies (Akkemik and Aras 2005; 
Akkemik et  al. 2005; D’Arrigo and Cullen 2001; Griggs 
et al. 2007; Köse et al. 2013; Touchan et al. 2003) (Fig. 1). 
Most of these studies also focused on spring-summer 
(May–June) precipitation.

The area is likely affected by different atmospheric circula-
tion patters, mainly the NAO and EA/WR (Oguz et al. 2006) 
and the NCP (Kutiel and Türkeş 2005). We assessed the influ-
ence of these three patterns in our reconstruction. Because of 
the short period available for the EA/WR and the NCP indi-
ces (available at http://www.cpc.ncep.noaa.gov/data/teledoc/
eawruss.shtml and http://www.cru.uea.ac.uk/cru/data/ncp/, 
respectively), only correlations were analyzed. The NCP is 
considered a local expression of the broader EA/WR. Thus 
we checked for intercorrelation between both indices during 
the seasons when they significantly correlated with observed 
or reconstructed precipitations. For NAO, however, we com-
puted simple correlations and wavelet coherence (Torrence 
and Compo 1998; Grinsted et al. 2004) between different sea-
sonal means of the index (Luterbacher et al. 2001, hereafter 
L01) and precipitation for the common period (1752–2001). 
In brief, the wavelet coherence (WTC) between the continu-
ous wavelet transform of two time series allows to identify 
regions with high common power and locate them in the 
time–frequency space. The WTC analysis also provides infor-
mation about the phase of that relationship, e.g., in phase, 
anti-phase or lags (see Grinsted et  al. 2004 for a descrip-
tion of the method). The statistical significance of the WTC 
against red noise at the 10 % level was estimated using 1000 
Monte Carlo randomizations. This analysis was performed in 
R (R Development Core Team 2014) and package “biwave-
let” (Gouhier and Grinsted 2015).

It is of interest to explore the anomalous large-scale 
circulation conditions associated with unusual dry or 
wet spring-summer in the region during the instrumental 
period. For this purpose, we used a series of monthly grid-
ded observational/reanalysis products, such as precipita-
tion from GPCC version 6 (Schneider et  al. 2014), winds 
and specific humidity from the twentieth century Reanaly-
sis (Compo et al. 2011), sea level pressure (SLP) from the 
HadSLP2r product (Allan and Ansell 2006) and sea surface 
temperature (SST) from HadISST (Rayner et al. 2002). We 
defined years exhibiting extreme hydroclimatic conditions 
as those in the lowest and highest deciles of the observed 
and reconstructed May–June precipitation for the period 
1930–2001. The sensitivity of the results to the number of 
extreme years selected was also assessed: while the magni-
tude of the anomalies varied somewhat, the spatial anomaly 

http://www.cpc.ncep.noaa.gov/data/teledoc/eawruss.shtml
http://www.cpc.ncep.noaa.gov/data/teledoc/eawruss.shtml
http://www.cru.uea.ac.uk/cru/data/ncp/
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patterns remained robust irrespective of the exact number 
of extreme years and thus results are only shown for deciles 
(Fig. 8). A two-tailed t test was used to determine whether 
the composite mean of the extreme years was significantly 
different from the mean of all years at each grid point.

3 � Results

3.1 � Chronology statistics

Here we present four new tree-ring width chronologies for 
the lesser Caucasus in northeastern Turkey from Q. petraea 
(MUR), P. pinea (HAT), and two that combine samples 
from A. nordmanniana and P. orientalis at two different 
sites (PAP and HAH) (Fig. 1; Table 1). The length of the 
nine tree-ring width chronologies that entered the more rep-
licated nest ranged between 510 years (1498–2007) for the 
PAP site, composed of A. nordmanniana and P. orientalis 
trees, to 194 years (1813–2006) of the GEOR010 site of P. 
sylvestris (Table 1). TUR022 ended in 2001 and set the last 
year of our reconstruction. The period for which chronolo-
gies could be considered reliable for dendroclimatic recon-
structions, EPS >0.85 (Wigley et al. 1984), started between 
1540 CE and 1850 CE (Table 1). The relatively large differ-
ence between the absolute first year of some chronologies 
and their period of reliability was caused by low sample 
replication in the earlier period (e.g., TURK022 or MUR).

3.2 � Regional climate

Because of the strong climate gradient in the western part 
of the Caucasus region, precipitation of individual gridded 

cells used in the reconstruction showed two distinct pat-
terns (Appendix S1). Areas located to the west and close to 
the Black Sea coast had higher mean annual precipitation 
(Fig S1A) with a minimum in May–June (Fig S2A), which 
represented around 10 % of the annual precipitation (Fig. 
S1B). In contrast, the more interior areas had lower annual 
precipitation (Fig S1A) and a maximum monthly precipita-
tion in May–June (Fig S2B), which accounted for over one-
third of annual precipitation (Fig S1B).

3.3 � Reconstruction

The nine tree-ring width chronologies in the full nest 
(1850–2001) accounted for 51.2  % of the variance of 
May–June precipitation for the period 1930–2001 (Fig. 2; 
Table 2). The second nest (1800–2001) included six chro-
nologies and accounted for 49.5 %. The third and last nest 
(1752–2001), with just three chronologies, explained the 
lowest variance at 40.16 %. All nests and the different cali-
bration and verification periods had positive CE and RE 
showing satisfactory predictive skills for all models and 
nests. The earliest nest (1752–2001) had the lowest values 
of CE and RE for the early calibration (1930–1966) and 
late verification (1967–2001) (Table  2). A longer recon-
struction was hindered because the EPS of the chronolo-
gies that entered the three nests used decreased below 0.85 
for earlier dates, or because nests with chronologies that 
extended back before 1752 CE had unsatisfactory R2

adj, CE 
or RE statistics.

Reconstructed and gridded May–June precipitation 
exhibited common variability patterns at the interannual 
and decadal scales (Figs.  2, 3). According to our recon-
struction, the region experienced the largest multiannual 

Table 1   Summary statistics for the chronologies used in this study

EPS, expressed population signal. An EPS >0.85 is considered the threshold for chronology reliability (Wigley et al. 1984)

n.a.: the number of different trees used for this chronology is not available

Species codes: ABNO, Abies nordmanniana; PIOR, Picea orientalis; PIPN, Pinus pinea; PISY, Pinus sylsvestris; QUPE, Quercus petraea

* ITRDB, chronologies archived at the International Tree-Ring Data Bank (available at http://www.ncdc.noaa.gov/data-access/paleoclimatology-
data/datasets/tree-ring) and developed by (a) Ü. Buentgen, A. Nievergelt, A. Verstege, and (b) P.I. Kuniholm and N. Riches. GEO identifies chro-
nologies from Georgia, TURK from Turkey

Code Species Time span First year EPS >0.85 N. cores (trees) Lat (°N) Lon (°E) Elevation (m asl) Source*

GEOR004 PISY 1776–2006 1800 47 (24) 41.47 43.29 1450 ITRDBa

GEOR005 PISY 1773–2006 1805 59 (26) 41.48 43.27 1100 ITRDBa

GEOR008 PISY 1767–2006 1790 26 (14) 41.46 43.32 1850 ITRDBa

GEOR010 PISY 1813–2006 1850 58 (29) 41.49 42.51 2010 ITRDBa

TURK022 PISY 1717–2001 1810 28 (n.a.) 40.33 41.59 2100 ITRDBb

HAT PIPN 1773–2011 1800 18 (15) 41.21 41.79 380 this study

HAH ABNO and PIOR 1667–2013 1745 33 (31) 41.10 41.70 1600–1900 this study

MUR QUPE 1651–2013 1752 71 (41) 41.33 41.61 700–950 this study

PAP ABNO and PIOR 1498–2007 1540 44 (23) 41.46 42.11 1750 this study

http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring
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changes of the twentieth century in the 1910s–1920s 
(Fig.  3a). The 1900s and mid 1910s had the driest May–
June for multiannual periods, with 1909 and 1955 showing 
the lowest reconstructed precipitation of the century (below 
2 SD; Table 3). The dry year 1909 was followed by a con-
tinuously wet period in the late 1910s and early 1920s. A 
similar, but smaller change in precipitation was again seen 
in the early 1930s (dry) and early 1940s (wet). Around 
the 1950s the region experienced a period of below aver-
age spring precipitation, although some years were close 

to normal. During this period, compared to instrumental 
precipitation, our reconstruction portrays dry years better 
than wet years. The wetter than average conditions from 
the 1960s until the late 1990s, however, were adequately 
represented by the tree-ring chronologies. The 1960–
1990 extended wet period ended with an intense drought 
in the early 1990s that eased only around the year 2000 
(Fig.  3a). A decrease in the precipitation variability from 
the beginning of the twentieth century onwards was evident 
(Fig. 3b).

Field correlations between our May–June precipitation 
reconstruction and the GPCC precipitation field for the 
period 1930–2001 revealed strong correlations across the 
entire target area (Fig.  4). These values were particularly 
strong (max r =  0.74, p  <  0.001) around the area where 
most chronologies were located. Significant correlations 
were also observed outside the targeted area westward 
along the southern Black Sea coast, Central Anatolia and 
east to the Caspian Sea. These correlations decreased south 
towards Syria and Iraq and north of the Greater Caucasus. 
In western Russia north of the Sea of Azov, correlations 
were significant but negative.

Prior to the period of instrumental records, our recon-
struction offers evidence of spring precipitation variability 
back to 1752. In our reconstruction, approximately 50 % 
of all drought events lasted just 1 year (droughts here being 
relative to the long-term mean of 166.9 mm, and 22.8 mm 
standard deviation). Droughts of 2  years accounted for 
20 % of all drought events, with 17 % lasting for 3 years, 
and 13.5 % for 4 years or more (Fig. 5). The three strong-
est spring-summer droughts were reconstructed for 1851, 
1955, and 1909 (Table  3). Periods of two consecutive 
years with precipitation below 1SD were reconstructed 
for 1764–1765, 1812–1813, 1833–1834, 1862–1863, and 
1924–1925. The short but intense drought in 1851–1852 
accumulated a deficit of 101  mm of precipitation, well 
above the 65.2  mm extreme threshold for events of that 
duration. The eight years between 1860 and 1867 was 

(A) (D)

(E)

(F)

(B)

(C)

Fig. 2   Reconstructed (black) and observed (red) May–June total 
precipitation for the period 1930–2001 used for calibration and veri-
fication. Left panels show precipitation reconstructed with each of 
the three nests used a 1850–2001, b 1800–2001, and c 1752–2001. 
Shaded area represents RMSE. Right panels show scatter plots of 
reconstructed May–June precipitation for the different nested periods 
considered d 1850–2001, e 1800–2001, and f 1752–2001. Dashed 
line represents the 1:1 relationship for reference

Table 2   Results of the 
calibration and verification 
statistics between May–June 
precipitation and tree-ring 
width indices for the three nests 
reconstructed

a  First year of the nest considered; Adj-Rc
2 adjusted coefficient of determination for the calibration period. 

RE, reduction of error; CE, coefficient of efficiency. n.a., not applicable

Nesta Calibration Verification Adj-Rc
2 RE CE Number of chronologies

1752 1930 1966 1967 2001 0.3499 0.3725 0.3661 3

1967 2001 1930 1966 0.4277 0.4343 0.4298

1930 2001 1930 2001 0.4016 0.4039 n.a.

1800 1930 1966 1967 2001 0.4421 0.4458 0.4401 6

1967 2001 1930 1966 0.5633 0.5395 0.5358

1930 2001 1930 2001 0.4949 0.4961 n.a.

1850 1930 1966 1967 2001 0.4331 0.4312 0.4254 9

1967 2001 1930 1966 0.6061 0.5756 0.5722

1930 2001 1930 2001 0.5124 0.5107 n.a.
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the longest period with below-average precipitation and 
accumulated a deficit of 169.3  mm (extreme threshold 
of 127.2  mm for 8  years). In contrast, three 6-year long 
droughts had reconstructed accumulated deficits between 
68.3 and 100.5  mm, which are below the threshold for 
their occurrence to be considered extreme (116.6 mm for 
6 years).

Considering positive precipitation anomalies, the wet-
test springs (2SD above long-term mean) of the entire 
period occurred between 1754 and 1854 (Table 3). Single 

years accounted for 50 % of all wet events; 2-year events 
were 25 % and 25 % lasted for 3 or more years. Multiyear 
wet periods (“pluvials”) had estimated wet springs above 
1SD during the nineteenth (1816–1817, 1854–1855) and 
the twentieth century (1913–1915, 1936–1937, and 1970–
1971). The extreme 7-year pluvial, from 1853 to 1859, 
accumulated a rainfall surplus of 162 mm, but fell between 
two strong droughts (1851–1852 and 1860–1867).

Very dry and very wet years in our reconstruction 
showed good agreement with those described in previous 

Fig. 3   Precipitation recon-
struction for the Caucasus. 
Reconstructed (black) and 
observed (red) May–June total 
precipitation for the Caucasus. 
Shaded area represents RMSE 
for each of the three nests used. 
b Continuous wavelet power 
spectrum. Black lines show 
contours of 10 % significance 
level against red noise. The 
hatched line designates the cone 
of influence (COI) where edge 
effects might distort the results. 
Areas outside COI should not 
be interpreted

(A)

(B)

Table 3   Summary of dry 
and wet May–June from the 
reconstruction for the period 
1752–2001

Precipitation Years

Very dry years (<2SD) 1757 1764 1777 1813 1851 1876 1909 1955

Dry years (<1SD) 1756 1765 1798 1807 1812 1833 1834 1840 1862 1863

1867 1869 1872 1890 1892 1899 1911 1924 1925 1932

1935 1941 1943 1949 1958 1961 1969 1974 1994

Wet years (>1SD) 1752 1760 1762 1767 1773 1778 1782 1788 1796 1816

1826 1831 1838 1843 1846 1855 1857 1881 1889 1895

1900 1901 1903 1913 1914 1915 1920 1936 1937 1944

1959 1970 1971 1986 1988 1991

Very wet years (>2SD) 1754 1771 1784 1817 1829 1854
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precipitation reconstructions for Turkey and the eastern 
Mediterranean (Table 4). All years with precipitation below 
2 standard deviations from the reconstructed mean were 

also found dry or very dry (below 1SD) in two or more pre-
vious studies, except year 1876.

The analysis of the periodicities through continuous 
wavelet decomposition showed a diversity of frequencies 
between 4 and 30  years, with the more common being 
between 4 and 8  years. During the nineteenth and early 
twentieth century, longer frequencies (8–30  years) domi-
nated the spectrum, whereas in the later part of twentieth 
century only shorter frequencies were significant (Fig. 3b).

Simple correlation analysis between seasonal means of 
NAO and instrumental gridded or reconstructed precipita-
tion showed non-significant coefficients (p < 0.05). In the 
low-frequency domain, however, we found important and 
opposite variability between the reconstruction and previ-
ous JFM NAO (Fig. 6a). A comparison of both smooth time 
series showed that the most important drought (wet) peri-
ods in the record coincide with some of the most positive 
(negative) phases of the winter NAO (Fig. 6a). The WTC 
analyses also showed significant (10 % level) and inverse 
coherent powers at periods of 4, 8, and 16  years located 
between 1800 and 1950 (Fig.  6b). Both analyses showed 
that the exception to this patterns occurred in the droughts 
in 1810s and 1950s.

Our observed and reconstructed precipitation variabil-
ity also showed links to two large-scale circulation pat-
terns: the East Atlantic/Western Russia pattern (EA/WR) 
and the North Sea Caspian Pattern (NCP). The April–May 

Fig. 4   Spatial correlation coefficients between reconstructed and 
observed (red) May–June precipitation for years 1930–2001. Only 
significant correlations (p < 0.10) are colored. The black box repre-
sents the range of the gridded GPCC gridded MJ precipitation data 
used for reconstruction

(A) (B)

Fig. 5   Analysis of the severity and duration of a dry and b wet peri-
ods in the reconstructed May–June precipitation 1752–2001 (e.g. 
González and Valdés 2003). Dry (wet) years are identified as those 
years with reconstructed rainfall below (above) the reconstructed 
long-term mean. Duration is calculated for each dry (wet) event as 
the number of consecutive years with values below (above) the recon-
structed long-term mean. Severity is estimated as the cumulative sum 
of the rainfall deficit (surplus) over those years. Events below (above) 

the dashed line are considered extreme (p = 0.05, two tail test) for a 
given duration and deficit (surplus). Marginal histograms indicate the 
frequency of droughts or  wet periods of a given severity and dura-
tion. Return intervals for events were estimated as the mean time (in 
years) between the end and beginning of two consecutive events (dry 
or wet) with a given duration. The range (maximum and minimum) 
time between dry (wet) periods of a given duration are shown as bars
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Table 4   Years with May–June classified as very wet or very dry (absolute departure >2SD) for the period 1752–2001, and comparison with pre-
vious work in Anatolia and the Eastern Mediterranean

References were added if the reconstruction developed in the cited work showed at least a departure of 1SD in the same direction

Year References

Very wet years (>2SD)

 1754 Touchan et al. (2003), Köse et al. (2013)

 1771 Touchan et al. (2003), Akkemik et al. (2005), Akkemik and Aras (2005), D’Arrigo and Cullen (2001)

 1784 Akkemik and Aras (2005), Köse et al. (2013)

 1817 Griggs et al. (2007)

 1829 Akkemik et al. (2005), Griggs et al. (2007), Köse et al. (2011)

 1854 Akkemik et al. (2005), Griggs et al. (2007)

Very dry years (<2SD)

 1757 Akkemik et al. (2005), Akkemik and Aras (2005), D’Arrigo and Cullen (2001), Griggs et al. (2007)

 1764 Touchan et al. (2003), Akkemik and Aras (2005), D’Arrigo and Cullen (2001), Griggs et al. (2007), Köse et al. (2011, 2013)

 1777 Akkemik et al. (2005), Köse et al. (2011, 2013)

 1813 Touchan et al. (2003), D’Arrigo and Cullen (2001)

 1851 D’Arrigo and Cullen (2001), Griggs et al. (2007), Köse et al. (2011, 2013)

 1876

 1909 Touchan et al. (2003), D’Arrigo and Cullen (2001), Köse et al. (2011, 2013)

 1955 Akkemik et al. (2005), D’Arrigo and Cullen (2001), Griggs et al. (2007), Köse et al. (2011)

(A)

(B)

Fig. 6   Decadal variability of the reconstructed May–June precipita-
tion (red) and the North Atlantic Oscillation index for January, Feb-
ruary and March (JFM NAO, inverted axis; Luterbacher et al. 1999) 
between 1752–2001. The precipitation record has been converted 
to z-score for ease of comparison. Lines are a 10-year spline of the 
each annual record. b Squared wavelet coherence between MJ pre-
cipitation and JFM NAO index. In this case, original records (i.e., not 

smoothed) were used. Black lines show contours of areas 10 % sig-
nificance level against red noise. The hatched line designates the cone 
of influence (COI); in areas outside of the COI, edge effects might 
distort the results and should not be interpreted. Arrows pointing to 
the right (left) show phase (anti-phase) behavior between the two 
time series
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EA/WR atmospheric pattern was negatively correlated with 
May–June observed (r = −0.30, p = 0.030, df = 50) and 
reconstructed (r = −0.32, p =  0.023, df =  50) precipita-
tion (Fig.  7). Positive and significant correlations were 
found between May–June NCP and observed (r  =  0.34, 
p = 0.014, df = 50) and reconstructed (r = 0.34, p = 0.013, 
df = 50) May–June precipitation (Fig. 7). The length of the 
EA/WR and NCP (1950–2014) did not allow analyzing its 
decadal variability. It is important to note that the correla-
tion between April–May EA/WR and May–June NCP was 
not significant (r = −0.04, p = 0.772, df = 50). Years with 
both a positive April–May EA/WR and a negative May–
June NCP pattern (N =  16) were characterized by below 
average observed and reconstructed May–June precipita-
tion (Fig S3).

Precipitation anomalies in the region during observed 
dry years showed that dry conditions (in excess of 
−25  mm/month) extend over much of the Caucasus 
towards the Caspian Sea and for much of Turkey and into 
Greece, while anomalous wet conditions occurred to the 
north of the Black Sea (Fig. 8a). The precipitation anom-
aly pattern is reversed for wet years (Fig.  8b). Extreme 
years based on our May–June reconstructions showed 
anomaly patterns in precipitation broadly consistent with 
those during observed years, though significant precipi-
tation anomalies are more localized for the study region 
(Fig. 8a–d).

4 � Discussion

4.1 � Chronology development

In the western Caucasus, where annual precipitation can 
exceed 2500  mm and is well distributed throughout the 
year, drought sensitive tree species are commonly restricted 
to warm sites in the low elevations, south facing slopes 
with low soil development or the drier inner valleys (Fritts 
1976). For this study, we have developed four new tree-
ring width chronologies from the lesser Caucasus in north-
eastern Turkey from a broadleaf species (Q. petraea) and 
three conifers (P. pinea, A. nordmanniana, and P. orienta-
lis). These new sites constitute the most drought sensitive 
tree-ring width chronologies for the area to date. All five 
species used (including Pinus sylvestris) were important in 
developing a precipitation reconstruction for the spring and 
early summer. Particularly, oaks proved to be a key species 
in our precipitation reconstruction, which is in line with 
previous studies (Akkemik et al. 2005; Griggs et al. 2007). 
The oldest nest back to 1752 CE ends when the EPS of 
the MUR oak chronology falls below the commonly used 
threshold of 0.85. Using only chronologies with EPS >0.85 
before that year did not allow to satisfactorily reconstruct 
precipitation.

The high precipitation in some parts of the Caucasus 
allows the development of luxurious temperate rainforest 

(A)

(B)

(C)

(D)

Fig. 7   Inter-annual variability of the reconstructed (black) and instru-
mental (red) May–June precipitation and a April–May East Atlantic/
Western Russia teleconnection index (EA/WR, inverted) and b May–
June North Sea Caspian pattern (NCP). Scatter plot of reconstructed 
(black) and instrumental (red) May–June precipitation against c EA/
WR (r = −0.30 and p =  0.0304 for the reconstruction; r = −0.30 
and p =  0.0304 for the observations) and d NCP index (r =  0.34 

and p = 0.013 for the reconstruction; r = 0.34 and p = 0.014 for the 
observations). Both EA/WR and NCP index were standardized by 
the 1981–2010 climatology. Regression lines for reconstructed and 
instrumental precipitation were virtually indistinguishable for EA/
WR and NCP. Dashed line represents the −1:1 relationship for refer-
ence
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vegetation but poses a potential challenge to reconstruct 
precipitation for the region because of the difficulty of find-
ing sites of drought sensitive and long-lived trees. Most 
of our chronologies originate from forest with a certain 
degree of closed canopy conditions, and thus may have 
been affected by forest stand dynamics, unlike more clas-
sical drought sensitive open forest sites. In closed canopies 
forests, the effects of stand dynamics could obscure the cli-
mate signal at low frequencies recorded by tree-ring width. 
The strong agreement with reconstructions from other dis-
tant sites and species supports the feasibility of using less 
classical dendrochronological samples for climate recon-
structions (Pederson et  al. 2012) which helps overcome 
common problems in drought reconstructions from humid 
temperate forests (Cook et  al. 1982). Including a diverse 
pool of species in our reconstruction likely reduces the 
probability that stand dynamics at any given site could have 
a great influence in the final reconstruction (Maxwell et al. 
2011; Pederson et  al. 2013; Cook and Pederson 2010). 
Our reconstruction will likely be improved by expanding 

the sampled area, extending chronology length from new 
drought-sensitive sites, and sampling new genera.

4.2 � Reconstruction

Here we present the first tree-ring based reconstruction of 
spring-summer (May–June) precipitation variability for 
the Caucasus. This reconstruction demonstrates interan-
nual and decadal climate variability back to 1752 CE, and 
shows that this variability was larger before the period of 
instrumental records. The positive calibration and veri-
fication performance of the three nests used in our recon-
struction supports the use of tree-ring width chronologies 
from multiple tree species as proxies for past precipitation 
variability in this wet Caucasus region. This reconstruction 
provides an essential baseline that can be used to improve 
water resource management or evaluate the climatic 
effects on past vegetation changes, and could ultimately 
aid to improve forest management to adapt to new climate 
conditions.

Fig. 8   Composite anomalies during extreme dry/wet years based on 
(left) observations and (right) reconstructed precipitation time-series 
for the study region for a–d precipitation (mm/month), e–h moisture 

transport (kg/m/s), i–l SLP (mb), and m–p SST (°C). Dashed con-
tours delimit areas with anomalies significant at the 90 % confidence 
level in a two-tailed t test
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We have reconstructed May–June precipitation which 
is the most commonly reported climate signal in dendro-
climatic reconstructions from Anatolia and the eastern 
Mediterranean (Hughes et  al. 2001; Touchan et  al. 2003, 
2014). Within our focus region, May and June are the dri-
est months for the mesic areas (mainly in the west, close 
to the Black sea) and the wettest months in the drier areas 
to the east. Thus, May–June appears to be the period when 
precipitation is more critical for tree growth because it 
either represents the major water supply (semi-arid areas) 
or the time with the highest potential of water scarcity in 
mesic areas. The high common interannnual variability of 
May–June precipitation in the Caucasus was also supported 
by the strong field correlation between our reconstruction 
and the gridded precipitation North of the Greater Cauca-
sus and west toward northern Anatolia. These correlations 
declined sharply towards the Caspian Sea and western Tur-
key (Fig. 4).

Based on our reconstruction, variability of spring pre-
cipitation was larger before the twentieth century, which 
confirms that the instrumental precipitation data is insuffi-
cient for adequately capturing the full range of rainfall vari-
ability. During the instrumental period (1930–2001), both 
the observed record and the reconstruction show two short 
periods of below-average May–June precipitation (early 
1930s and late 1990s) and a longer, but less intense, spring 
drought around 1950. Tree rings recorded stronger droughts 
and pluvials prior to 1925. The largest swings between very 
dry and very wet conditions occurred between 1850 and 
1870 (Fig. 3). Although most spring droughts lasted 3 years 
or less, longer periods of low May–June precipitation—up 
to 8 years—have occurred in the past (Fig. 5).

Previous tree-ring based reconstructions from the Mid-
dle East and Turkey show large precipitation variability 

over the last centuries. Despite the lower field correla-
tions towards western Turkey, our reconstruction shows 
many similarities with other reconstructions from Turkey 
and the eastern Mediterranean hundreds of kilometers 
away (Fig.  9). For example, although D’Arrigo and Cul-
len (2001) reconstructed February-August precipitation for 
Sivas (central Anatolian highlands, ca 700 km west of our 
most western chronology), both reconstructions recorded 
several synchronous droughts (e.g. 1750s, 1850s, 1870s, 
1910s) and pluvials (1900s, 1920s). The longest spring dry 
spell in the last 250 years in the Caucasus occurred in the 
1860s and the 1870s and was only interrupted by individual 
years of average precipitation. This drought was also appar-
ent in previous moisture reconstructions, though mainly in 
the northern half of eastern Anatolia (Akkemik and Aras 
2005; Akkemik et  al. 2005; Griggs et  al. 2007; D’Arrigo 
and Cullen 2001; Köse et al. 2013). The strong drought of 
1876 shown in our reconstruction was reported for various 
regions of Anatolia (Erinç 1949), but previous reconstruc-
tions in other parts of the Middle East and Turkey identified 
that year as wet or very wet (Köse et al. 2013; Akkemik and 
Aras 2005; Akkemik et al. 2005). Weaker, but widespread 
droughts found in most records during the pre-instrumental 
period also occurred in the 1750s, 1770s and 1850s. The 
single driest spring in our reconstruction was 1851, which 
was followed by a dry 1852. These 2 years were also two 
of the driest in studies as far west as the Aegean Sea and 
southwester Turkey (D’Arrigo and Cullen 2001; Griggs 
et al. 2007; Köse et al. 2013). Thus, we now find that the 
1851–1852 drought was likely extensive across all Anatolia 
and the eastern Mediterranean.

There were also many similarities between the differ-
ent reconstructions regarding wet periods. A short, but very 
wet period between two droughts in the early 1850s was 

Fig. 9   Low-frequency variability of precipitation records across 
the eastern Mediterranean and Turkey reconstructed from tree-ring 
widths. Each curve is a 10-year spline of the each annual record. For 
ease of comparison, z-scores are used. Data sources for previous pre-

cipitation reconstructions: Akkemik and Aras (2005), Akkemik et al. 
(2005), D’Arrigo and Cullen (2001), Griggs et al. (2007), Köse et al. 
(2011, 2013), Touchan et al. (2003)
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found in our reconstruction and previous studies (Akkemik 
and Aras 2005; Akkemik et  al. 2005; Griggs et  al. 2007; 
D’Arrigo and Cullen 2001). During the first half of the 
twentieth century, another sequence of wet and dry periods 
in our reconstruction was also observed simultaneously in 
previous reconstructions from northern Anatolia (Akkemik 
et al. 2005; D’Arrigo and Cullen 2001; Griggs et al. 2007). 
A denser tree-ring network would be desirable to resolve 
precipitation at finer spatiotemporal scales.

Interestingly, despite important similarities in precipi-
tation variability during the first half of the twentieth cen-
tury between all these reconstructions, they depict differ-
ent trends after ca 1950. For example, south central Turkey 
showed a robust decline in precipitation from 1950, that 
eased at the end of 1990s (Akkemik and Aras 2005; Köse 
et al. 2013; Touchan et al. 2003), except for the reconstruc-
tion by Akkemik and Aras (2005) which showed wet con-
ditions. In contrast, in the regions surrounding the Black 
Sea, both in northern Turkey (Akkemik et al. 2005) and in 
our reconstruction for the Caucasus, precipitation increased 
since 1950 until the mid 1990s or 1980s, respectively. 
These drying trends in the Mediterranean part of Turkey 
and positive around the Black Sea are in accordance with 
previous observations (Hoerling et  al. 2012) and are pro-
jected to continue in the future (Evans 2009).

4.3 � Climatology

Observed and reconstructed dry years over the study region 
were characterized by anomalous westerly moisture trans-
port to the north of the Black Sea, while easterly moisture 
transport anomalies and more continental influences domi-
nate over the study region, indicating a northward shift in 
the moisture transport accounting for the wet/dry dipole 
pattern to the north/south of the Black Sea (Fig. 8e). These 
changes in moisture transport are driven by negative sea 
level pressure (SLP) anomalies over central and southern 
Europe, extending eastward towards the Black Sea and into 
Russia, while positive SLP anomalies occur to the north 
over the British Isles and Scandinavia (Fig. 8i). The large-
scale circulation and regional precipitation anomalies for 
the reconstructed dry years are very similar: they indicate 
strong anomalous westerly moisture transport to the north 
of the Black Sea into western Russia driven by the low 
pressure anomalies there, while anticyclonic conditions and 
easterly moisture transport anomalies characterize the Cau-
casus region and Turkey (Fig. 8g, k).

During the wet years, the circulation and pressure anom-
alies are reversed. A strengthened meridional pressure gra-
dient and a southerly shift in the moisture transport and 
anomalous westerly flow occurs across the southern and 
eastern Mediterranean into Turkey and towards the Cauca-
sus while easterly circulation anomalies dominate north of 

the Black Sea (Fig. 8f, j). The strongly decreased westerly 
circulation over central Europe could be associated with the 
negative phases of the NAO, which are also consistent with 
increased precipitation in the Mediterranean.

Our analyses also show relative coherence between low-
frequency fluctuations in historical winter (January–Feb-
ruary–March, JFM) NAO (Luterbacher et  al. 1999) and 
spring-summer (May–June) precipitation over the Cau-
casus. Periods for which NAO and our reconstructed pre-
cipitation show greater disagreement coincide with those 
periods for which precipitation variability in the Caucasus 
differs from that of precipitation from parts of western Ana-
tolia. Decadal winter NAO variability and reconstructed 
May–June precipitation in the Caucasus were closely cou-
pled except for 1800–1830 and from 1950–1990 (Fig. 6). 
During these two periods, the variability of January–March 
NAO is larger than that of May–June precipitation and 
precipitation in the Caucasus exhibits negative deviations 
as compared to reconstructions from regions in the west 
(Fig.  9). These results suggest that the NAO is likely an 
important factor in the spatial coherence of low-frequency 
precipitation variability across Anatolia and the Caucasus, 
but also that the full range of long-term precipitation varia-
bility in our study area cannot be explained by NAO alone.

Previous studies show significant correlations between 
winter NAO and precipitation on the east Mediterranean 
mountains including the Caucasus and the mountains of 
Northeastern Turkey (López-Moreno et  al. 2011). These 
correlations, however, were of opposite sign in the greater 
Caucasus in the north (positive) and the lesser Caucasus 
in the south (negative). All our tree-ring sites are located 
in the lesser Caucasus and reflect this negative correlation 
with winter NAO, although lagged. This lagged influenced 
of previous winter NAO on spring precipitation in the Cau-
casus and the eastern Mediterranean was hypothesized to 
be linked to variability patterns in Atlantic SST (Herceg-
Bulić and Kucharski 2014). Our analyses also show that 
wet (dry) May–June conditions in the study region corre-
spond to positive (negative) SST anomalies across the east-
ern Mediterranean and the Black Sea (Fig.  8n, p). Along 
with the westerly flow across these ocean regions, the unu-
sually warm SST anomalies could contribute towards an 
enhanced moisture supply to the Caucasus. On longer time 
scales, Black Sea SST variability is associated with NAO 
forcing with a 2–3.5  year lag (Buongiorno Nardelli et  al. 
2010). Long-term SST changes may have also caused the 
observed changes in precipitation in the southern Black Sea 
coast during the Holocene (Göktürk et al. 2011; Kwiecien 
et al. 2009). A connection between rainfall in our study and 
NAO is also supported by the influence of this teleconnec-
tion pattern on tree-ring reconstructed February-August 
precipitation in central Anatolia (D’Arrigo and Cullen 
2001) and on Tigris-Euphrates streamflow (Cullen and 
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deMenocal 2000). Cullen and deMenocal (2000) argued 
that the NAO affected rainfall in central Anatolia via modu-
lating cyclogenesis in the Mediterranean and the Black Sea. 
The importance of cyclone track variability for precipita-
tion in Turkey may be another consequence of the influence 
of Atlantic SST on regional climate (Karaca et al. 2000).

The high variability of May–June precipitation in the 
Caucasus is affected by the Siberian High retreating in 
the spring through the EA/WR (Ionita 2014) and the NCP 
(Kutiel and Kay 1992) and its interactions with the ISM 
(Vose et al. 1992) to further influence the precipitation pat-
tern driven by common influence of cyclones (Karaca et al. 
2000). The EA/WR and NCP atmospheric systems showed 
significant negative and positive correlations, respectively, 
with our reconstructed and observed precipitation for the 
period 1950–2001 at the interannual level. The superposi-
tion of a positive April–May EA/WR and a negative May–
June NCP resulted in the most consistent drought patterns 
between 1950 and 2001. The positive effect of the nega-
tive phase of the EA/WR pattern on precipitation propa-
gates southeast from mid-winter in western Europe to late 
spring towards the east (Ionita 2014). The location of the 
Caucasus also subjects the region to the remote forcing of 
the monsoon circulation (Djamali et al. 2010; Rodwell and 
Hoskins 1996). The pattern of SLP and wind anomalies 
for the dry years in our reconstruction agrees with the idea 
that a northwestward displacement of the monsoon effects 
towards Iran would result in a reduction of the spring pre-
cipitation over eastern Anatolia and the Caucasus (Djamali 
et  al. 2010; Rodwell and Hoskins 1996). The effects of 
the EA/WR and NCP could be superimposed on the effect 
of the NAO to create a complex teleconnection pattern of 
climatic variability in the Caucasus, and broadly over the 
Black Sea (Krichak et  al. 2002; Oguz et  al. 2006; Ionita 
2014). The SLP anomalies associated with extreme dry 
(wet) springs (Fig. 8i–l) are similar to those corresponding 
to the occurrence of positive (negative) NAO and EA/WR 
and negative (positive) NCP indices described by Krichak 
et al. (2002) and (Kutiel and Kay 1992). A denser network 
of sites expanding into the greater Caucasus could help 
discern a clearer pattern of atmospheric teleconnections 
in a region with complex geography between landmasses, 
medium sized sea basins (Black and Caspian seas) and 
strong altitudinal gradients.

Interestingly, the SST patterns during years with wet 
May–June conditions in our study region indicate anom-
alously warm SST conditions of +0.5 °C across the east-
ern Mediterranean and Black Sea (Fig.  8n, p). Recent 
Black Sea warming has amplified precipitation extremes 
causing flooding of catastrophic consequences (Meredith 
et al. 2015). Incidentally, the extreme wet hydroclimatic 

conditions leading to extensive flooding in Tblisi and 
Sotchi in early summer 2015 also coincided with anom-
alous warm SST anomalies of 2–4  °C across the east-
ern Mediterranean and Black Sea (not shown). The 
reverse conditions, with colder SST anomalies, though 
of weaker magnitude, can be seen during the dry years 
(Fig.  8m, o). Thus, further SST warming of the south-
eastern Black Sea (Buongiorno Nardelli et  al. 2010) 
could lead to the intensification of extreme precipita-
tions in the surrounding mountainous regions (Meredith 
et al. 2015)

5 � Conclusion

We have developed the first precipitation reconstruction for 
the Caucasus using a network of ring width chronologies 
from six species. Based on our results, May–June precipita-
tion before the period of instrumental records experienced 
larger interannual and decadal variability than during the 
last 70  years. Therefore, confirming that the instrumental 
records capture only a limited range of temporal scales of 
precipitation variability. The strongest droughts and pluvi-
als for the last 250  years were recorded during the nine-
teenth century. Our results have also revealed important tel-
econnections between atmospheric circulation patterns and 
precipitation. While the NAO appears to affect precipita-
tion variability at the low-frequency scale, EA/WR effects 
would be more apparent at the interannual timescales. In 
a region largely dependent on agriculture and where the 
occurrence of multiannual droughts (up to 8  year long as 
recorded by tree rings) could have potentially devastating 
effects, a better resolution of past precipitation variability is 
crucial to better understand the effects of each pattern (e.g. 
NAO, EA/WR) across different timescales. This could also 
contribute to better projections of precipitation trends at 
finer spatial scales and contribute towards improved man-
agement of water resources or evaluate effects of climatic 
changes on vegetation dynamics.
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