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Abstract. Recent Mediterranean droughts have highlighted concerns that

climate change may be contributing to observed drying trends, but natural

climate variability in the region is still poorly understood. We analyze 900

years (1100–2012) of Mediterranean drought variability in the Old World Drought

Atlas (OWDA), a spatiotemporal tree-ring reconstruction of the June-July-

August self calibrating Palmer Drought Severity Index. In the Mediterranean,

the OWDA is highly correlated with spring precipitation (April–June), the

North Atlantic Oscillation (January–April), the Scandinavian Pattern (January–

March), and the East Atlantic Pattern (April–June). Drought variability dis-

plays significant east-west coherence across the basin on multi-decadal to cen-

tennial time scales and north-south anti-phasing in the eastern Mediterranean,

with a tendency for wet anomalies in the Black Sea region (e.g., Greece, Ana-
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tolia, the Balkans, etc) when coastal Libya, the southern Levant, and the Mid-

dle East are dry, possibly related to the North Atlantic Oscillation. Recent

droughts are centered in the Western Mediterranean, Greece, and the Lev-

ant. Events of similar magnitude in the Western Mediterranean and Greece

occur in the OWDA, but the recent 15-year drought in the Levant (1998–

2012) is the driest in the record. Estimating uncertainties using a resampling

approach, we conclude there is an 89% likelihood this drought is drier than

any comparable period of the last 900 years and a 98% likelihood it is drier

than the last 500 years. These results confirm the exceptional nature of this

drought relative to natural variability in recent centuries, consistent with stud-

ies that have found evidence for anthropogenically forced drying in the re-

gion.
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1. Introduction

Climate change impacts on water resources are a significant concern in the regions sur-

rounding the Mediterranean Sea [Iglesias et al., 2007; Garćıa-Ruiz et al., 2011], an area

including southern Europe, northern Africa, and the Levant region of the Middle East

(Cyprus, Israel, Jordan, Lebanon, Palestine, Syria, Turkey). Projections from climate

models almost uniformly point towards drying in the Mediterranean from increased green-

house gas forcing in the coming decades [Giorgi and Lionello, 2008; Collins et al., 2013;

Seager et al., 2014], part of an overall trend towards desiccation and poleward expansion

of subtropical dry zones [Held and Soden, 2006; Seager et al., 2010]. Indeed, analyses

of recent climate trends in the region suggest that this process may have already begun

[Garćıa-Ruiz et al., 2011; Gleick , 2014; Hoerling et al., 2012; Kelley et al., 2012, 2015].

However, a more complete understanding of natural Mediterranean drought variability

and anthropogenically forced moisture trends requires comparisons with long-term vari-

ability that is not available from relatively short instrumental records. To this end, the

paleoclimate community has been active throughout this region, developing estimates of

Common Era drought variability from a variety of proxies, including tree-rings [Brewer

et al., 2007; Chbouki et al., 1995; Glueck and Stockton, 2001; Touchan et al., 2003; Akkemik

and Aras , 2005; Touchan et al., 2005; Esper et al., 2007; Andreu et al., 2007; Nicault et al.,

2008; Touchan et al., 2008a; Büntgen et al., 2010; Touchan et al., 2011; Köse et al., 2011;

Touchan et al., 2014a], sediment cores [e.g., Jones et al., 2006; Roberts et al., 2012; Moreno

et al., 2012], speleothems [e.g., Jex et al., 2011; Wassenburg et al., 2013], and networks

using multiple proxies [Carro-Calvo et al., 2013; Luterbacher et al., 2012; Pauling et al.,
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2006]. To date, however, there is little consensus across these different records regard-

ing the character and dominant drivers of drought variability across the basin over the

last millennium. In particular, there are extant uncertainties regarding how widespread

droughts are in the Mediterranean [Roberts et al., 2012], the magnitude and timing of

long-term trends and centennial-scale variability [Esper et al., 2007; Touchan et al., 2011;

Wassenburg et al., 2013], and how seasonal signals and large-scale climate modes are

reflected in proxy reconstructions [Touchan et al., 2014a, b; Seim et al., 2014].

Given these uncertainties, the development and analysis of new large-scale reconstruc-

tions is imperative for improving our understanding of climate dynamics in the Mediter-

ranean. Here, we use a spatially resolved tree-ring based field reconstruction of European

and Mediterranean hydroclimate to investigate the dominant spatiotemporal patterns of

drought variability across the basin over nearly the entirety of the last millennium. Specif-

ically, our analysis addresses three primary research questions: 1) What are the dominant

modes of hydroclimate variability in the Mediterranean? 2) How spatially coherent are

drought events across the Mediterranean basin? and 3) How do recent droughts compare

to long-term hydroclimate variability over the last 900 years?

2. Materials and Methods

2.1. The Old World Drought Atlas

The Old World Drought Atlas [OWDA; Cook et al., 2015] is a new, tree-ring based re-

construction of summer season (June-July-August, JJA) self calibrating Palmer Drought

Severity Index (scPDSI) [van der Schrier et al., 2013]. The OWDA uses 106 tree-ring

chronologies to reconstruct scPDSI at 5,414 half degree grid points for the entire Com-

mon Era over the European-Mediterranean domain (27oN–71oN, 12oW–45oE). The recon-
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struction uses the point-by-point method [Cook et al., 1999, 2013] with a proxy search

radius of 1000 kilometers around each target grid point. Grid cell scPDSI is reconstructed

from the proxy predictor series within the search radius, but the tree-ring proxies are

effectively weighted by the principal components regression such that those that covary

most strongly with observations have the greatest influence on the reconstructions. Proxy

site locations in the Mediterranean portion of the OWDA (30oN–47oN, 10oW–45oE) are

shown in Figure 1, along with the approximate start dates of the various records.

The longest available chronologies (start year before 1100 or 1200 CE) are well dis-

tributed across the Mediterranean region, with greatest densities in Anatolia, the West-

ern Mediterranean, and Northern Italy. For regions where these longer chronologies are

not available locally (e.g., the Levant and Middle East) the 1000 kilometer search radius

(roughly equivalent to the correlation decay e-folding distance of the PDSI being recon-

structed; see the Supplemental Materials in Cook et al. [2015]) allows for reconstructions

further back in time than the shorter local chronologies would allow. For example, the

longest pre-1100 CE chronologies from Anatolia are within 1000 km of the Levant and

Middle East region and used in the OWDA to reconstruct scPDSI in these regions prior

to the start date of the local chronologies, which mostly begin in the 1300s and 1400s.

In such cases, the grid point reconstruction is still required to pass minimum calibration

and validation thresholds to be included in the drought atlas. Up through 1978, scPDSI

values in the OWDA are from the tree-ring reconstruction, which are merged with the

instrumental data from 1979–2012. Complete details on the OWDA calibration and val-

idation can be found in the Supplemental Materials of Cook et al. [2015]. Given these
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caveats, we therefore have confidence that the temporal coverage (1100–2012 CE) and

spatial domain of our analyses is well supported.

The scPDSI itself is a modification of the original PDSI formulation of Palmer [1965],

a locally normalized drought index incorporating changes in supply (precipitation), de-

mand (evapotranspiration), and storage (soil moisture). PDSI has an inherent memory

timescale of 12–18 months [Guttman, 1998; Vicente-Serrano et al., 2010], allowing the

JJA target of the OWDA to incorporate climate information from the previous winter

and spring, the main seasons of moisture supply to the Mediterranean [Touchan et al.,

2011]. The scPDSI used as the target for the OWDA reconstruction [van der Schrier et al.,

2013] is calculated from version TS3.21 of the high-resolution CRU climate grids [Harris

et al., 2014], incorporates a snow module, and uses the Penman-Monteith formulation for

calculating potential evapotranspiration [Xu and Singh, 2002].

2.2. Climate Data

Monthly precipitation data are from the high-resolution CRU gridded climate data

[TS3.21, Harris et al., 2014]. We also use monthly average climate indices from the

Climate Prediction Center for modes that have been previously shown to have an in-

fluence on Mediterranean climate [Sousa et al., 2011]. The North Atlantic Oscillation

[NAO; Hurrell , 1995] consists of a north-south dipole in atmospheric pressure between

Greenland and the subtropical North Atlantic, with positive phases typically associated

with below-average precipitation in the Mediterranean and southern Europe. The Scan-

dinavian Pattern [SCA; Bueh and Nakamura, 2007] is centered over Scandinavia, with

positive height anomalies in this region causing above-average precipitation across central

and southern Europe. The East Atlantic Pattern [EA; Barnston and Livezey , 1987] is
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similar to the NAO, consisting of a north-south anomaly dipole in the Atlantic. Unlike

the NAO, however, the EA has stronger connections to the subtropical ridge. Positive

phases of the EA are linked to below average precipitation across southern Europe. For

the CRU precipitation data and the climate indices, we restrict our analysis for the most

recent period when data quality and availability is highest (1950–2012).

2.3. Analyses

To account for the loss of grid cells with declining proxy availability (and regression model

degradation) in the past, we use a frozen grid. Any missing grid cells in year 1100 CE (the

first year of our analysis) were treated as missing in all subsequent years. This ensures

stationarity in the number of observations available in all years of our analysis.

We use Spearman’s rank correlations to assess the statistical relationship between re-

constructions, observations, and indices. Spearman’s is a non-parametric alternative to

the Pearson product-moment correlation that is less sensitive to outliers. In all correlation

plots, regions with insignificant correlations (p > 0.05) are masked by grey asterisks. For

regional time series, uncertainties are estimated as the 95th percentile bias corrected and

accelerated [BCa; Efron, 1987] bootstrap confidence intervals. On the relevant figures,

these confidence intervals are shown by the grey-blue shading around the time series. In

some figures, the time series were smoothed using a 10-year loess fit [Cleveland and De-

vlin, 1988] to emphasize low frequency variability, although all statistical analyses were

conducted on the original (unsmoothed) data.

Spectral and spectral coherency analyses are conducted in two ways. The first is a

multi-taper approach [Thomson, 1982; Chave et al., 1987; Mann and Lees , 1996; Czaja and

Marshall , 2001; Huybers , 2004] with significance levels estimated using a non-parametric
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Monte Carlo procedure with red noise (AR1) conditioned on the original data. We also use

wavelet coherency analyses [Maraun and Kurths , 2004; Maraun et al., 2007] to investigate

time-varying coherency and phasing between various drought series. Following the best

practices recommendations in Grinsted et al. [2004], we confirmed normality of the time

series used in the wavelet coherency analyses (using Lilliefors test).

3. Results and Discussion

3.1. Climate Signals in the OWDA

Correlations between winter (January–March; JFM) and spring (April–June) precipita-

tion and the tree-ring reconstructed JJA scPDSI are uniformly positive across the basin

(Figure 2). The strongest correlations with JFM precipitation are localized in Spain and

Morocco in the western Mediterranean and the Levant region in the eastern basin. AMJ

precipitation correlations are more uniform and strongly positive across nearly the en-

tire Mediterranean, suggesting that the summer (JJA) season soil moisture variability,

reflected in the OWDA and the underlying tree growth, is driven primarily by spring

precipitation [c.f. Touchan et al., 2011, 2014a].

Climate mode correlations with the CRU precipitation data or the OWDA scPDSI (Fig-

ure 3) are consistent in sign, but generally stronger in the precipitation data. The weaker

OWDA scPDSI correlations are expected for at least two reasons. First, these climate

modes reflect shifts in atmospheric circulation that have a direct impact on precipitation

by modulating, for example, storm track positions and moisture convergence. Circulation

impacts on the scPDSI will be by definition more indirect, as the scPDSI is computed

based on the anomalies of a variety of variables that influence soil moisture. And, as

mentioned previously, through year 1978 the scPDSI is reconstructed as a scaled linear
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function of the underlying tree-ring proxies, which imparts additional uncertainties on the

estimates of scPDSI.

The influence of the NAO is strongest in winter and early spring (January–April;

JFMA). Positive phases of the NAO cause drying across the northern reaches of the

Mediterranean basin, from Spain and Morocco across to the Balkans and western Turkey,

while favoring wetter conditions in coastal regions of Libya, Egypt, and the Levant. Con-

sistent with both the instrumental observations [e.g. Lamb et al., 1997; Knippertz et al.,

2003] and the underlying controls on tree growth [Touchan et al., 2008a, b, 2011; Panay-

otov et al., 2010], the influence of the NAO in the OWDA is strongest in the far western

part of the domain and the Balkans. The largest influence of the SCA pattern is dur-

ing the winter (JFM), with positive phases increasing moisture across most of the basin.

The SCA correlation with the OWDA is substantially weaker, consistent with previous

analyses (Figure 2) demonstrating the much stronger connection between the OWDA and

spring, rather than winter, precipitation. Unlike the previous two modes, the influence of

the EA is highest during the spring (AMJ), causing widespread drying across the basin

with, notably, similar magnitude correlations with both precipitation and scPDSI.

The results from our teleconnection analyses are similar to previous studies quantifying

connections between these climate modes and drought variability in the region. For exam-

ple, Sousa et al. [2011] found comparable patterns of significant correlation between PDSI

and the NAO. Their correlations with the SCA and EA are similar in sign, though with

larger magnitudes and greater significance than in our analyses, possibly because they

focused on different seasonal composites. Other comparisons between the NAO and pre-

cipitation over the Mediterranean are also similar [Cullen and deMenocal , 2000; Roberts
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et al., 2012; Xoplaki et al., 2004], showing a broad pattern of significant negative cor-

relations across Southern Europe and out of phase anomalies over coastal Africa in the

eastern part of the basin.

3.2. Drought Variability in the OWDA

Figure 4 shows OWDA scPDSI averaged over the Mediterranean domain and the fraction

of the land area in drought conditions (scPDSI≤ −1) each year from 1100–2012. Inter-

annual variability (standard deviation) in the scPDSI is 0.54 standardized PDSI units and,

on average, 29% of the basin experiences drought conditions in any given year. Several

periods of persistent, pan-Mediterranean drought are apparent in the record, including in

the 1100s, 1200s, and 1300s. There is also a particularly strong pluvial event in the early

1100s. Noticeably absent, however, are any extended multi-decadal (30-year or longer)

‘megadroughts’, a characteristic feature of North American drought variability during the

Medieval Climate Anomaly (approximately before 1300 CE) [e.g., Cook et al., 2010a] and

previously inferred from Moroccan tree-rings [Esper et al., 2007].

The spatial patterns of five periods of widespread drought (and one pluvial) are shown

in Figure 5. A nearly two-decade long pluvial occurred from 1125–1142 CE, with sustained

wet conditions in modern day Spain, Morocco, Algeria, Tunisia, Italy, the Balkans, and

Turkey. This event occurred at the same time as an extended period (1118-1179 CE) of low

flows in the Upper Colorado River Basin (UCRB) in North America [the most persistent

dry period in that region over the last millennium; Meko et al., 2007], severe drought

in the Sacramento River Basin [Meko et al., 2012], and widespread drought across most

of North America [Cook et al., 2014a]. This synchrony is suggestive of a possible large-

scale persistent anomaly in atmospheric circulation across the Atlantic, possibly related to
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shifts in Atlantic sea surface temperatures [Hu and Feng , 2012]. For the moment, however,

such a relationship is speculative, requiring additional data to determine whether this co-

occurrence is random or reflective of some real underlying dynamics. With Common Era

drought atlases now available across all three continents of the Northern Hemisphere [Cook

et al., 2010b, a, 2015], there may be new opportunities to investigate such a question in

more detail.

Among the five highlighted persistent drought events (Figure 5), there is a tendency

for simultaneous drought in the extreme western (Spain, Morocco, Algeria, Tunisia) and

eastern (Balkans, Greece, Turkey) ends of the basin. This suggests a degree of spatial

coherency and synchrony during major drought events in the basin. This is further con-

firmed by compositing the most widespread drought years in the Mediterranean, years

when scPDSI values ≤ −1.0 cover at least 40% or 50% of the basin (Figure 6). Severe

droughts occur synchronously at the opposite ends of the basin. Additionally, Figures 5

and 6 also show evidence for anti-phasing behavior in the eastern end of the basin, where

there is a tendency for Libya, Egypt and the southern Levant to be wet or near normal

when Greece and Anatolia are in drought. This meridional dipole structure bears some

resemblance to the NAO correlation patterns with precipitation and scPDSI discussed

previously (Figure 3).

These spatial patterns of variability have been documented in other studies of Mediter-

ranean drought variability. For example, Xoplaki et al. [2004] previously noted north-south

anti-phasing in hydroclimate variability over the eastern Mediterranean and a tendency

for zonally widespread drought events across the basin. These observations of spatial

coherence are however contrary to previous analyses of other proxy records in the region,
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which have suggested instead a tendency for an anti-phased dipole in hydroclimate vari-

ability between these two regions [Roberts et al., 2012]. Whether these differences are due

to intrinsic qualities of the proxies themselves or differing interpretations of the underlying

data is still unclear.

Independent reconstructions of Mediterranean climate over the Common Era are avail-

able from a variety of proxies, including lake sediments, speleothems, and historical records

[Luterbacher et al., 2012]. Comparisons between these records and the OWDA, however,

are difficult for several reasons, including temporal resolution and time uncertainty, spatial

coverage, frequency biases, the reconstruction methodologies used, and the variables tar-

geted for reconstruction (e.g., lake levels, precipitation, raw isotope time series, etc). The

review by Luterbacher et al. [2012] highlights several centennial-scale periods of enhanced

aridity or wetness in the Mediterranean during the Common Era from various different

proxy reconstructions. Some of these records are at least qualitatively comparable to the

OWDA. For example, the carbon isotope record from Uzuntarla Cave [Fleitmann et al.,

2009], in northwestern Turkey, identifies a wet period in the 1100s followed by a drought

in the 1200s, consistent with the variability identified in the OWDA (Figure 5).

Cook et al. [2015] provides several comparisons with previous records relevant for the

Mediterranean region. The OWDA scPDSI is positively correlated with the historical pre-

cipitation reconstruction of Pauling et al. [2006] over the western Mediterranean (southern

Spain, Morocco, Algeria, Tunisia), Greece and the Balkans, and Anatolia [Supplemental

Figure 12; Cook et al., 2015]. The OWDA also identifies eight major historically doc-

umented droughts [White, 2006] that occurred during the Ottoman Empire in the late

1500s and early 1600s [Supplemental Figure 17; Cook et al., 2015].
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3.3. Spatial Synchrony

To further investigate the tendency for zonally synchronous hydroclimate variability across

the basin, and meridional anti-phasing in the eastern basin, we averaged scPDSI from the

OWDA over three regions: the western Mediterranean (WestMED; 32oN–42oN, 10oW–

0oE), the eastern Mediterranean (EastMED; 36oN–41oN, 20oE–37oE), and an area encom-

passing coastal Egypt, the southern Levant, and other areas of the Middle East (MidEast;

30oN–34oN, 33oE–47oE). The first two areas (WestMED and EastMED) correspond to ap-

proximately the same regions used in the analysis of Roberts et al. [2012]. Our MidEast

box corresponds generally to the area of out-of-phase anomalies in Figures 5 and 6.

Point-by-point correlations (Figure 7) between these three indices and the OWDA are

strongly positive at the local level, as expected, decaying in magnitude outside of the

averaging regions. For WestMED the correlations remain mostly positive, or near zero,

across the entire basin. EastMED, however, shows strong negative correlations over Libya,

Egypt, and the Levant while MidEast is negatively correlated with a large region sur-

rounding the Black Sea. As with the drought composites (previous section), these results

again suggest a strong tendency for meridional anti-phasing in hydroclimate in the eastern

Mediterranean Basin, with a pattern similar to what would be expected due to precipi-

tation responses to variations in the NAO. Results are similar when the correlations are

calculated on single-century subsets (1101–1200 CE, 1201–1300 CE, etc) of the full data

range (not shown), suggesting that the correlations across regions have been relatively

stationary over time.

We further investigate the nature and strength of drought variability across these regions

through various spectral coherency analyses. The MTM spectra of the WestMED and
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EastMED time series show significant power at inter-annual and decadal to multi-decadal

frequencies (Figure 8). Both regions have significant peaks at about 3–4 years, with

EastMED additionally peaking at decadal frequencies and WestMED significant across

a broader range of multi-decadal bands. The two regions also overlap in their power at

around 70 years, though EastMED is only marginally significant at the 90th percentile. A

coherency spectra analysis between the two regional indices demonstrates highly signif-

icant coherence between the two regions on inter-annual and decadal timescales (Figure

9). Notably, there is also a broad band of coherence between the two regions at multi-

decadal and centennial timescales (30 to 130 years), despite no significant spectral peaks

at wavelengths longer than ∼75 years in either WestMED or EastMED. This may be

due to overlaps in shared frequencies: both series have peaks at around 70-75 years, ap-

proximately the first harmonic of the 130 year coherence in the coherency spectra. An

analysis of the relative phasing for these spectral bands (not shown) indicates that the

null hypothesis (i.e., WestMED and EastMED are in phase) cannot be rejected at the

p ≤ 0.05 significance level.

These results are further confirmed through a cross-wavelet coherency analysis (Figure

10), which shows that EastMED and WestMED share significant (p ≤ 0.05) in phase

variance (i.e., black arrows point to the right) in decadal to centennial frequency bands

across the record. Further, EastMED and MidEast have significant coherence at inter-

annual to multidecadal frequencies, but are largely 180 degrees out of phase (i.e., blacks

arrows are primarily pointing to 90 degrees to the left). These results indicate that over

most of the last millennium there is a reasonably strong tendency for in-phase drought in

the zonal direction across the Mediterranean and out of phase variability in the eastern

c©2016 American Geophysical Union. All Rights Reserved.



Mediterranean. Interestingly, given the association between the North Atlantic and west-

ern Mediterranean drought variability (Figure 3), there is no suggestion from the OWDA

(Figure 9) that the NAO was in a persistent positive phase during the Medieval era. This

is in contrast with conclusions from Esper et al. [2007] and Trouet et al. [2009], but is

consistent with other regional climate reconstructions [Touchan et al., 2008a, 2011] and

in agreement with a recent multi-proxy reconstruction of the NAO by Ortega et al. [2015].

3.4. Recent Droughts

Recent decades have witnessed persistent, multi-year droughts in the Mediterranean that

have spurred speculation that warming induced drying trends may have begun to emerge.

In the OWDA, these droughts are not coherent across the Mediterranean basin but

are instead highly localized in the WestMED region, Greece (36oN–43oN, 19oE–26o),

and the Levant (30oN–37oN, 33oE–40oE) (Figure 11). Both WestMED [Touchan et al.,

2008a, 2011] and Greece experienced significant droughts in the 1980s and 1990s that have

since ended. The driest period in the Levant began in 1998 and persists through the end

of the dataset. Here, we attempt to place these most recent drought events within the

context of OWDA drought variability for the last 900 years (Figure 12).

Over the last 30 years (1980–2012), we identify major periods of persistent drought in

all three of these regions: 1980–2009 (WestMED), 1984–2002 (Greece), and 1998–2012

(Levant) (Figure 13, black dots). We then calculated mean scPDSI for moving windows

of the same length in each regional time series. The interquartile range (IQR) of these

moving window mean scPDSI values is shown in the grey bars in Figure 13 and the

values for the driest windows prior to the most recent drought are shown by the grey

dots (Figure 13). For the most recent droughts and the driest previous window, we
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estimate uncertainties using a resampling procedure where we randomly draw years from

each window with replacement, recalculating the mean scPDSI for these intervals 10,000

times. The whiskers in Figure 13 represent the 25th and 75th percentiles of these 10,000

resampled means.

In general agreement with Touchan et al. [2008a], the recent persistent droughts in

WestMED and Greece qualify as the most severe on the record back to 1100. In both

regions, however, there is substantial overlap in the estimated uncertainties, and the recent

droughts are not significantly drier (Student’s t-test, p > 0.10) than the previous driest

windows. From this, we conclude that, while severe, recent droughts in the WestMED

region and Greece do not significantly deviate from the range of natural drought variability

over the last 900 years.

The magnitude of the recent Levant drought exceeds the magnitude of the driest

previous interval in the region. In the Levant, mean scPDSI for 1998–2012 is −1.52,

compared to −1.1 for 1205–1219, with non-overlapping confidence limits between the

two events. Despite this separation, 1998–2012 is not significantly drier than the pre-

vious driest period (One-Sided Student’s t-test, p = 0.13). This is likely due to the

leveraging of the mean scPDSI for 1998–2012 by several extremely dry years: 1999

(scPDSI= −3.25), 2000 (scPDSI= −4.49, the driest single year in this region back to

1100), 2008 (scPDSI= −2.80), and 2012 (scPDSI= −2.72). In 89% of our simulations,

however, the resampled mean scPDSI for 1998–2012 was drier than the resampled mean

for the previous driest interval, 1205–1219.

Because of concerns regarding proxy availability in the early part of our record, we

repeat our analysis comparing recent droughts to variability from 1500–2012 CE (Figure
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13, bottom row), when proxy availability is much better, especially in the Levant region

(Figure 1). In the case of WestMED, the driest previous window of the last 900 years

occurs after 1500 (1779–1808), and so this analysis is not repeated. For Greece, the most

recent drought is still not significantly drier than the driest comparable period after 1500

(1606–1624). For the Levant, however, the most recent drought is significantly drier (One-

Sided Student’s t-test, p = 0.04) than the driest interval of the last 500 years (1807-1821).

This is confirmed by the resampling, where 1998–2012 is drier than 1807–1821 in 98% of

our simulations. From these results, we conclude that 1998–2012 in the Levant was likely

the driest 15-year period of the last 900 years, and very likely the driest of the last 500.

4. Conclusions

Paleoclimate reconstructions provide better sampling of the full range and spectrum of

natural variability in the climate system, information that is often not adequately cap-

tured in the relatively short instrumental record. This knowledge is especially critical

for improving our understanding of low frequency variability (decadal to multi-decadal),

a necessary step for evaluating the extent to which anthropogenic forcing may be influ-

encing recent climate events. The OWDA is the latest such reconstruction, providing an

annually resolved spatiotemporal view of droughts and pluvials across Europe and the

Mediterranean Basin.

We find significant decadal to multi-decadal variability in hydroclimate across the

Mediterranean in the OWDA, with significant coherence between the western and eastern

basin centers on multi-decadal to centennial time scales and meridional anti-phasing in

the eastern Mediterranean Basin. The dynamics driving these patterns are still uncer-

tain, but the NAO or processes linked to the North Atlantic are likely to be a major
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contributors [Hurrell and Loon, 1997; Eshel and Farrell , 2000]. The NAO mode is nega-

tively correlated with precipitation and scPDSI across most of the basin (Figure 2) and

at the decadal scale is associated with same-sign wet season (boreal winter) precipitation

anomalies from Morocco and the Iberian Peninsula through western and central Anatolia,

with opposing anomalies in the Levant [Mariotti et al., 2002; Xoplaki et al., 2004]. And

while there is a zonal dipole in the Mediterranean tree-ring response to precipitation,

with a stronger winter response to the west and an increasing spring-summer signal in

the east [Touchan et al., 2014a, b], at decadal timescales at least the summer scPDSI

does appear to reflect the broad-scale forcing of precipitation anomalies associated with

the NAO. This creates a basin-wide coherence between northwestern Africa, the Balkans,

and western Anatolia (Figure 9) and opposite sign anomalies in the Levant during major

Mediterranean drought and pluvial events (Figure 5–7). However, work is needed to bet-

ter reconcile our results with other reconstructions that offer alternative interpretations

of hydroclimate variability across the basin, such as the east-west seesaw in the study of

Roberts et al. [2012].

Interestingly, this coherent decadal pattern is somewhat different than that observed

for recent scPDSI trends (Figure 11–13), with the western Mediterranean and the Levant

experiencing more substantial drying trends and with mixed signs over Anatolia. This

suggests that North Atlantic ocean-atmosphere variability alone is unlikely to account for

recent drought trends, and supports interpretations that greenhouse gas forcing has an

important influence [Kelley et al., 2012; Seager et al., 2014; Kelley et al., 2015]. Although

some climate model simulations suggest recent NAO trends are outside the range of natural

variability [Osborn, 2004; Kuzmina et al., 2005], long control simulations can demonstrate

c©2016 American Geophysical Union. All Rights Reserved.



unforced NAO variability similar to that seen in recent decades [Semenov et al., 2008].

Drying in the Levant is also likely influenced by recent trends toward a more positive EA

pattern [Krichak et al., 2002; Krichak and Alpert , 2005; Lim, 2014].

Our findings indicate that recent droughts in the western Mediterranean and Greece

are not yet outside the range of the last 900 years of natural variability, despite the

influence of greenhouse gas forcing. For the Levant, however, we estimate that 1998–2012

in the OWDA is likely (89% likelihood) the driest 15-year period in the region since the

12th century, with even greater confidence (98% likelihood) that it is the driest back to

1500 CE. Our analysis does not directly inform our understanding of the magnitude of

anthropogenic influence on recent droughts in the region. We can also only analyze such an

event in the OWDA from the perspective of a singular drought metric (scPDSI) that may

have different sensitivities compared to other variables (e.g., precipitation, streamflow,

etc.). The results from our Levant analysis do, however, suggest that recent dry extremes

are exceptional relative to natural variability during the last millennium. This offers some

independent support for recent studies concluding that anthropogenic climate change has

had a significant influence [e.g., Kelley et al., 2015].

Drought conditions in this region are likely to be further exacerbated in the future

with climate change [e.g., Cook et al., 2014b; Dubrovský et al., 2014], amplifying the

potential for sociopolitical and economic disruption [e.g. Gleick , 2014; Kelley et al., 2015].

Dealing with the consequences of aridification for societies and ecosystems in the region

will require a multidisciplinary research, management, and policy approach [Sohl and

van Ginkel , 2014]. To that end, paleoclimate field reconstructions, like the OWDA, can
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provide valuable information on longer term natural climate variability and aid in the

interpretation of recent events and possible climate change contributions.
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Büntgen, U., D. Frank, V. Trouet, and J. Esper (2010), Diverse climate sensitivity

of Mediterranean tree-ring width and density, Trees, 24 (2), 261–273, doi:10.1007/

s00468-009-0396-y.

Carro-Calvo, L., S. Salcedo-Sanz, and J. Luterbacher (2013), Neural computation in pale-

oclimatology: General methodology and a case study, Neurocomputing, 113, 262 – 268,

doi:http://dx.doi.org/10.1016/j.neucom.2012.12.045.

Chave, A. D., D. J. Thomson, and M. E. Ander (1987), On the robust estimation of

power spectra, coherences, and transfer functions, Journal of Geophysical Research:

Atmospheres, 92 (B1), 633, doi:10.1029/jb092ib01p00633.

Chbouki, N., C. W. Stockton, and D. Myers (1995), Spatio-temporal patterns of drought

in Morocco, International Journal of Climatology, 15, 187–205, doi:DOI:10.1002/joc.

3370150205.

Cleveland, W. S., and S. J. Devlin (1988), Locally Weighted Regression: An Approach to

Regression Analysis by Local Fitting, Journal of the American Statistical Association,

83 (403), 596, doi:10.2307/2289282.

Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein,

X. Gao, W. Gutowski, T. Johns, G. Krinner, M. Shongwe, C. Tebaldi, A. Weaver,

c©2016 American Geophysical Union. All Rights Reserved.



and M. Wehner (2013), Long-term climate change: Projections, commitments and ir-

reversibility, in Climate Change 2013: The Physical Science Basis. Contribution of

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on

Climate Change, edited by T. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. Allen,

J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. Midgley, pp. 1029–1136, Cam-

bridge University Press, Cambridge, United Kingdom and New York, NY, USA, doi:

10.1017/CBO9781107415324.024.

Cook, B. I., J. E. Smerdon, R. Seager, and E. R. Cook (2014a), Pan-Continental Droughts

in North America over the Last Millennium, Journal of Climate, 27 (1), 383–397, doi:

10.1175/JCLI-D-13-00100.1.

Cook, B. I., J. E. Smerdon, R. Seager, and S. Coats (2014b), Global Warming and 21st cen-

tury drying, Climate Dynamics, 43 (9-10), 2607–2627, doi:10.1007/s00382-014-2075-y.

Cook, E. R., D. M. Meko, D. W. Stahle, and M. K. Cleaveland (1999), Drought re-

constructions for the continental United States, Journal of Climate, 12 (4), 1145–1162,

doi:http://dx.doi.org/10.1175/1520-0442(1999)012〈1145:DRFTCU〉2.0.CO;2.

Cook, E. R., R. Seager, R. R. Heim Jr, R. S. Vose, C. Herweijer, and C. Woodhouse

(2010a), Megadroughts in North America: placing IPCC projections of hydroclimatic

change in a long-term palaeoclimate context, Journal of Quaternary Science, 25 (1),

48–61, doi:10.1002/jqs.1303.

Cook, E. R., K. J. Anchukaitis, B. M. Buckley, R. D. D’Arrigo, G. C. Jacoby, and W. E.

Wright (2010b), Asian Monsoon Failure and Megadrought During the Last Millennium,

Science, 328 (5977), 486–489, doi:10.1126/science.1185188.

c©2016 American Geophysical Union. All Rights Reserved.



Cook, E. R., P. J. Krusic, K. J. Anchukaitis, B. M. Buckley, T. Nakatsuka, and

M. Sano (2013), Tree-ring reconstructed summer temperature anomalies for tem-

perate East Asia since 800 C.E., Climate Dynamics, 41 (11-12), 2957–2972, doi:

10.1007/s00382-012-1611-x.

Cook, E. R., R. Seager, Y. Kushnir, K. R. Briffa, U. Büntgen, D. Frank, P. J. Krusic,
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Figure 1. Locations of tree-ring chronologies in the Mediterranean region of the Old World

Drought Atlas. Colors and marker shapes indicate the approximate start dates of the various

chronologies.
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Figure 2. Point-by-point Spearman’s rank correlation coefficients between CRU 3.21 pre-

cipitation totals (JFM and AMJ) and OWDA summer season (JJA) scPDSI. Correlations are

calculated over the period 1950–2012 CE. Regions of insignificant correlation (p> 0.05) are

masked by grey asterisks.
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Figure 3. Spearman’s rank correlation coefficients between the teleconnection indices (NAO,

SCA, EA) and simultaneous season CRU 3.21 precipitation totals (left column) and OWDA

summer season scPDSI (right column). Correlations are calculated over the period 1950–2012

CE. Regions of insignificant correlation (p> 0.05) are masked by grey asterisks.
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Figure 4. Area average scPDSI for the entire Mediterranean domain in the OWDA (30oN–

47oN, 10oW–45oE) (top) and percent land area in drought (scPDSI≤ −1) (bottom) from 1100–

2012 CE. Red curves are smoothed versions of the time series using a 10-year loess smooth. In

the top panel, regional average scPDSI calculated from the instrumental target dataset for the

OWDA reconstruction is overlain in orange. The horizontal line in the lower panel is the long-

term average fractional area in drought from 1100–2012 CE (29%). Grey-blue shading indicates

the 95th confidence intervals, estimated using a BCa bootstrap.
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Figure 5. Multi-year average scPDSI for different pan-basin drought and pluvial events in the

OWDA.
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Figure 6. Composite average scPDSI for years in the OWDA with drought area (DA;

scPDSI≤ −1) exceeding 40% (n =168 years) and 50% (n =45 years) of the total land area

in the Mediterranean domain.
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Figure 7. Point-by-point Spearman’s rank correlations (1100–2012) between OWDA scPDSI

and the western Mediterranean (WestMED; 32oN–42oN, 10oW–0o), eastern Mediterranean

(EastMED; 36oN–41oN, 20oE–37oE), and Middle East (MidEast; 30oN–34oN, 33oE–47oE) re-

gional average scPDSI time series. Regions of insignificant correlation (p> 0.05) are masked by

grey asterisks.
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Figure 8. Power spectral density (Multi-taper Method, 3 tapers) for the WestMED and

EastMED regional average scPDSI series. Red and black dashed lines are the 95th and 90th

percentile confidence limits, respectively, estimated from 10,000 AR(1) series generated from the

original time series.
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Figure 9. Smoothed versions (10-year loess smooth) of the WestMED and EastMED time series

(top) and the coherency spectra between unsmoothed versions of the two time series (bottom).

Numbers in the bottom panel highlight regions of significant coherency.
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Figure 10. Squared wavelet coherence for EastMED versus WestMED (top) and EastMED

versus MidEast (bottom). Black arrows indicate where the two time series have significant

(p ≤ 0.05) shared variance. Relative phasing is indicated by the direction of the arrows; right

pointing arrows indicates series are in phase, left pointing are 180 degrees out of phase.
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Figure 11. Multi-year average scPDSI for 1980–2012 (top) with regions of recent and persistent

drought outlined in dashed black lines: WestMED (32oN–42oN, 10oW–0o), Greece (36oN–43oN,

19oE–26o), and the Levant (30oN–37oN, 33oE–40oE). Also shown (bottom) are the regional av-

erage scPDSI time series from these regions for 1950–2012 (red line is a 10-year loess smoother).
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Figure 12. Re-centered (zero mean from 1100–2012 CE) time series for WestMED, Greece,

and the Levant region. Red lines represent smoothed versions using a 10-year loess smoother.

Grey-blue shading indicates the 95th confidence intervals, estimated using a BCa bootstrap. In

each panel, regional average scPDSI calculated from the instrumental target dataset for the

reconstructions is overlain in orange.
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Figure 13. In the top row: comparisons between multi-year average, re-centered scPDSI

during recent decades (black dots) and the driest previous periods of the same length in the

OWDA from 1100–2012 CE (grey dots). Grey bars are the interquartile range (IQR) of mean

PDSI values for all moving windows of the same length in each region. Whiskers are the 25th and

75th confidence limits for the dry events, estimated from 10,000 resamplings with replacement

from scPDSI values during these intervals. Bottom row: same as top, but restricting the analysis

to 1500–2012 CE, when there is increased proxy availability in regions like the Levant.
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