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Abstract
The Mediterranean region is projected to experience severe drying trends and more extreme hydroclimate events as a con-
sequence of anthropogenic climate change over the next century. In some places this signal may have already emerged from 
natural variability, but uncertainty in long-term paleoclimate reconstructions can be a significant challenge to the detection of 
the influence of rising CO

2
 on droughts. Here we provide expanded context for recent and future hydroclimate changes with 

a new high-resolution (0.5o ) spatial reconstruction of the Palmer Drought Severity Index (PDSI) using a tree-ring network 
that spans much of the last millennium. This network provides new perspective on the existing Old World Drought Atlas 
(OWDA) and allows us to characterize differences between OWDA and our reconstruction. In light of the uncertainties we 
identify, we also reexamine previous conclusions about the severity of recent droughts in the context of earlier centuries. 
We find that, in both the western Mediterranean and the Levant, recent dry periods remain the worst in at least the last 500 
years, but our assessment of the significance and confidence in this finding is affected by differences in the tree-ring net-
works used for the reconstructions. Long millennium-length hydroclimate reconstructions in the Mediterranean do provide 
the opportunity to understand variability and trends in the hydroclimate of the region, but extant uncertainties arising from 
the existing tree-ring chronology network and methodological choices call attention to locations that require further proxy 
collection, chronology updates, and statistical scrutiny.
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1 Introduction

Ongoing and future climate change is a global phenomenon, 
but it is projected to have a disproportionate impact on cer-
tain regions of the world, in particular the Mediterranean 
(Allen and Ingram 2002; Giorgi 2006; Christensen et al. 
2007; García-Ruiz et al. 2011; Kelley et al. 2012a; Tuel and 
Eltahir 2020; Tramblay et al. 2020; Cook et al. 2020a; Dou-
ville et al. 2021; Cos et al. 2022). The region is projected to 
experience reductions in rainfall in all seasons that will be 
further exacerbated by the effects of higher temperatures on 
drought severity (García-Ruiz et al. 2011; Cook et al. 2014; 
Vicente-Serrano et al. 2014; Tramblay et al. 2020; Vicente-
Serrano et al. 2020; Cook et al. 2020a). The risk of a severe 
megadrought event also increases in the future (Cook et al. 

2020a; Stevenson et al. 2022). In some parts of the region 
the signal of anthropogenic influence on precipitation and 
drought may already be emerging from natural variability 
(Touchan et al. 2011; Kelley et al. 2012a, 2015; Cook et al. 
2016; Seager et al. 2019).

However, the importance of internal variability at interan-
nual to decadal scales, climate model limitations in simulat-
ing the complete range of precipitation processes, and the 
influence of various large-scale ocean–atmosphere dynam-
ics all affect the robust detection and attribution of trends 
in Mediterranean drought (Altava-Ortiz et al. 2011; Kelley 
et al. 2012b; Barkhordarian et al. 2013; Mariotti et al. 2015; 
Anchukaitis et al. 2019; Seager et al. 2020; Suárez-Moreno 
et al. 2022). For instance, Kelley et al. (2012a) identified 
important differences between climate model simula-
tions and the observed patterns of drying in the Mediter-
ranean over the late 20th century, particularly in winter, a 
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discrepancy that Kelley et al. (2012b) subsequently linked 
to the importance of internal climate variability. Observed 
drought patterns reflect a combination of the unforced inter-
nal variability and the forced response of the hydroclimate 
system (Cook et al. 2011; Suárez-Moreno et al. 2022). Mari-
otti et al. (2015) concluded that the signal of forced changes 
in precipitation in the region would emerge later in the cen-
tury due to the influence of large internal climate system 
variability.

Characterizing internal variability in hydroclimate is 
therefore of critical importance for detecting the signal of 
forced changes in precipitation across the Mediterranean. 
However, the instrumental record provides limited oppor-
tunities to do so, particularly at the decadal and multidec-
adal time scales relevant to attributing the recent sustained 
drought events and observed regional trends toward drier 
conditions. Even in the Mediterranean Basin where there 
is a relatively large amount of available meteorological 
data, reliable weather observations in parts of the region are 
sparse prior to the 1940 s (c.f. Touchan and Hughes 1999; 
Zhang et al. 2005). Tree-ring paleoclimate data, however, 
provide a way to effectively extend the observations of rain-
fall and soil moisture variability over the past millennium 
and to better characterize the range of internal variability 
(c.f. Cook et al. 2010b, 2018, 2022).

The Mediterranean Basin has increasingly been the focus of 
tree-ring reconstructions of past hydroclimate variability, given 
the importance of precipitation variability for human society 
in the region and the anticipated trend toward drier conditions 
(Chenoweth et al. 2011; Lelieveld et al. 2012; Holmgren et al. 
2016; Xoplaki et al. 2018; Cramer et al. 2018). A number of 
studies have focused on local and regional reconstructions 
of hydroclimate using a range of species (e.g. Touchan et al. 
1999a, 2003, 2005b, a; Griggs et al. 2007; Touchan et al. 
2007; Esper et al. 2007; Touchan et al. 2008a, b; Akkemik 
et al. 2008; Nicault et al. 2008; Köse et al. 2011; Heinrich et al. 
2013; Martin-Benito et al. 2016; Tejedor et al. 2016, 2017; 
Klippel et al. 2018; Esper et al. 2021). A growing network of 
tree-ring sites across the region has also allowed for spatial 
field reconstructions. For instance, Nicault et al. (2008) used 
an artificial neural network on a network of tree-ring sites to 
perform a non-linear reconstruction of a 2.5 × 2.5 degree grid-
ded (April to September) drought field. Touchan et al. (2011) 
reconstructed the spatial pattern of May through August 
Palmer Drought Severity Index (PDSI) over most of the last 
millennium in northwestern Africa. More recently, Cook et al. 
(2015) created the ‘Old World Drought Atlas’ (OWDA) which 
included the Mediterranean region. Rao et al. (2017) and 
Anchukaitis et al. (2019) used the OWDA to study forced and 
unforced climate variability over the region. Cook et al. (2019) 
used the tree-ring network from the OWDA to reconstruct the 
North Atlantic Oscillation over the last millennium. Finally, 
Cook et al. (2016) used the OWDA to characterize drought 

variability over much of the last millennium over the region, 
identifying robust spatiotemporal features of the reconstruc-
tion and identifying recent drought in the Levant region as 
exceptional in the context of the last 900 years.

The OWDA tree-ring network is comprised primarily of 
long tree-ring chronologies that span at least the last millen-
nium. Because of this focus, the OWDA’s proxy network con-
sists of only 42 chronologies from the Mediterranean Basin 
(30 to 46N, 10W to 46E). However, a substantial number of 
additional chronologies are also available from the region or 
have been developed since the OWDA was published. New 
chronologies from northwest Africa as well as a dense net-
work of chronologies from Anatolia and the eastern Mediter-
ranean allow us to evaluate the influence of additional tree-
ring chronologies on reconstructions of past drought in the 
region, particularly in areas where the number of chronologies 
is sparse. Because the OWDA also required that a minimum of 
20 tree-ring chronologies be available for each reconstructed 
grid point in the atlas, in many locations the OWDA uses 
chronologies from more than a 1000 km away from the target 
grid point, including tree-ring chronologies from western and 
central Europe. While Cook et al. (2015) showed that there is 
large-scale covariance of hydroclimate across Europe and the 
Mediterranean that in some cases permits such a large predic-
tor domain (see their Fig. S5), this comes with the risk that 
more localized variability may be subsumed in this continen-
tal-scale focus. Cook et al. (2015) found an average e-folding 
distance near 800 km across the entire OWDA region, but 
this was shorter in the Mediterranean. The addition of new 
tree-ring chronologies to large-scale reconstructions like the 
OWDA could therefore help improve the local and regional 
characterization of drought duration and severity and help 
refine estimates of reconstruction uncertainty.

Here we use a larger network of tree-ring chronologies 
from across the Mediterranean region to create and evaluate a 
new high-resolution spatiotemporal reconstruction of drought 
over much of the the last millennium. Specifically, we examine 
how inferences about past and current drought severity are 
sensitive to our reconstruction choices and the inclusion of a 
larger number of tree-ring predictors with varying seasonal 
sensitivity to precipitation. We also compare our new hydro-
climate reconstruction to OWDA in order to identify regions 
of agreement and disagreement. Based on our reconstruction, 
we identify regions and likely sources of uncertainty when 
using paleoclimate information for the assessment of recent 
soil moisture trends.
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2  Materials and methods

2.1  Tree‑ring chronologies

Our complete tree-ring chronology network consists of 
165 sites from across the Mediterranean region (bounded 
herein by 30 to 46N, and 10E to 46W), including Tur-
key, Syria, Lebanon, Cyprus, Greece, Morocco, Algeria, 
Tunisia, southeastern Spain, Corsica, and southern Italy 
(Fig. 1). The lengths of the chronologies range from the 
shortest at 80 years (at Tekrouna in Tunisia) to the longest 
currently at 1129 years (Col de Zad, Morocco) (Fig. 1). A 
similar spread of ages is present if the eastern Mediterra-
nean is considered alone. All chronologies were developed 
following standard dendrochronological methods (Stokes 
and Smiley 1968; Fritts 1976; Cook and Kairiūkštis 1990) 
and are more fully described in Touchan et al. (2014a) 
and Touchan et  al. (2017). A uniform standardization 
procedure was applied for chronology development, with 
each individual series of tree-ring width measurements 
at each site fit with a cubic smoothing spline with a 50% 
frequency response at 67% of the series length to remove 
non-climatic trends due primarily to age and tree geometry 
(Cook and Briffa 1990). The detrended series were mod-
eled with a low-order autoregressive model to remove per-
sistence not related to climatic variations. The individual 
tree indices were combined into a single master chronol-
ogy for each site using a bi-weight robust estimate of the 
mean (Cook 1985). For site-by-site statistical comparisons 
between tree-ring and climate data, both the chronologies 
and local precipitation or PDSI time series were first-dif-
ferenced to minimize the influence of any trends on the 

correlation. The ARSTAN chronologies were used for the 
spatial PDSI reconstruction in order to retain the portion 
of autocorrelation in the chronologies that is potentially 
related to climate (Cook 1985).

2.2  Climate data

For our regional climate target, we use the 0.5◦ self-calibrat-
ing Palmer Drought Severity Index (PDSI) from Barichivich 
et al. (2020) which is updated from van der Schrier et al. 
(2013) through 2019 using the high resolution CRU TS 4.04 
climate dataset (Harris et al. 2020). The PDSI is a dimen-
sionless metric that integrates the influence of precipita-
tion amount, evapotranspiration, and persistence in order 
to quantify local variability in soil moisture (Palmer 1965; 
van der Schrier et al. 2013; Wells et al. 2004). Locally the 
metric is centered near zero (indicating normal soil moisture 
conditions) and normalized, allowing comparisons of rela-
tive anomalies across regions with different hydroclimate 
regimes. Recent versions of the PDSI, including Barichivich 
et al. (2020), use the Penman-Monteith equation to approxi-
mate evapotranspiration. Average summer (typically June 
through August) PDSI integrates precipitation and tempera-
ture over the prior water year, including the winter Mediter-
ranean wet season, and therefore provides a uniform recon-
struction target that reflects an integrated moisture signal 
(Cook et al. 1999). However, varying seasonal precipitation 
response in trees across our network is expected to make 
some chronologies better predictors of summer PDSI than 
others (e.g. Meko et al. 1993). In order to identify differen-
tial seasonal responses to precipitation across our network, 
we also correlated each chronology against the closest grid 
point in the CRU TS4.04 gridded precipitation dataset 
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  36oN 

  39oN 

  42oN 

 = 1392 YEARS
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 = THIS STUDY
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Fig. 1  Tree-ring chronologies used in this study (red triangles), those 
used in the OWDA (black triangles, Cook et  al. (2015)), and sites 
which are present in both studies. However, while the same or simi-
lar locations might be used in both studies, the detrending and stand-
ardization differ between them. The size of the symbol corresponds 
with the length of the chronology. Black dots show the grid center 

of the target (predictand) PDSI field (Barichivich et  al. 2020). Full 
details for these chronologies are in Touchan et al. (2014a) and Tou-
chan et  al. (2017). Chronology location and species for Cook et  al. 
(2015) is present in their supplemental material. Chronologies from 
our network that do not extend back to 1900 CE were excluded from 
the reconstruction (see Materials and methods)
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(Harris et al. 2020) and assessed the association with prior 
winter, spring, and early summer rainfall. Finally, we evalu-
ated the optimal season for our PDSI reconstruction based 
on the correlation between each chronology and its local 
monthly and seasonal PDSI data.

2.3  Reconstruction method

We use the Point-by-Point Regression (PPR) method (Cook 
et al. 1999) to reconstruct past PDSI values in space and 
time across the Mediterranean (30 to 46N, and 10E to 46W). 
This region overlaps with the southern portion of the larger 
spatial domain of the OWDA. PPR has been extensively 
applied to PDSI reconstructions (Cook et al. 2004, 2010a; 
Touchan et al. 2011; Cook et al. 2015; Palmer et al. 2015; 
Williams et al. 2020; Cook et al. 2020b) as well as tem-
perature reconstructions (Cook et al. 2013; Anchukaitis 
et al. 2017) using networks of climate-sensitive tree-ring 
chronologies. PPR is a nested iterative ‘region-of-interest’ 
procedure that calibrates and validates a multivariate prin-
cipal component regression (PCR) model individually at 
each point in a gridded target observational field using the 
available tree-ring chronologies within a certain radius of 
that grid point as the possible predictors. At each point, the 
tree-ring chronologies within a given radius are first identi-
fied and screened for correlation with the PDSI series at the 
target grid point. Here, as in Cook et al. (1999), we retain 
any tree-ring chronology that correlated at p < 0.10 with 
the predictand. The principal components (PCs) of these 
predictor tree-ring chronologies are calculated from their 
normalized [0,1] time series. We retain all PCs with an 
eigenvalue greater than 1 (Kaiser 1960; Cook et al. 1999) 
as potential predictors in a stepwise multiple linear regres-
sion. The regression model is calibrated over a portion of the 
overlapping period with the available gridded observational 
data. Our domain contains 2181 grid points with instrumen-
tal PDSI data (Fig. 1, Barichivich et al. (2020)).

We require that all chronologies extend back at least until 
1900 CE and forward to at least 2000 in order to be con-
sidered predictors for PPR, which eliminates the shortest 
chronologies from our predictor network (Touchan et al. 
2014a, 2017) as well as some sites collected prior to 2000 
but not since updated (Touchan and Hughes 1999; Touchan 
et al. 2014c; Cook et al. 2015) leaving 156 chronologies 
available for the field reconstruction. We use a split sam-
ple calibration and validation procedure (Snee 1977) with 
two periods: 1940 to 1969 and 1970 to 2000. These peri-
ods reflect a trade-off between the reliability of the avail-
able observational climate data and the overlapping span of 
the chronologies (Zhang et al. 2005; Kuglitsch et al. 2009; 
Tanarhte et al. 2012; Beguería et al. 2016). We validate the 
model by performing both an early calibration and late cali-
bration and assessing the model’s accuracy and skill on the 

data from the withheld period. The final reconstruction is 
based on a calibration model utilizing all of the available 
years. We use a nested approach such that for each change 
in sample size (as shorter tree-ring chronologies become 
unavailable) we recalculate the regression model and assess 
its accuracy and skill with the reduced number of predic-
tors (Meko 1997). The possible tree-ring reconstruction 
period considered here is 1200 to 2000 CE, which we then 
extend forward (c.f. Cook et al. 2004, 2010a; Griffin and 
Anchukaitis 2014; Cook et al. 2015; Williams et al. 2020) to 
2019 using the observational gridded data (Barichivich et al. 
2020). We observe that in northwestern Africa it is possible 
to extend locally skillful reconstructions back into the first 
millennium (Touchan et al. 2008a, 2011). Nevertheless, the 
declining sample size by 1200 CE means that many regions 
are without sufficient tree-ring data prior to that point in 
time for the search radius and spatial domain of the tree-
ring network used here. Similarly, although some tree-ring 
chronologies do extend further into the 21st century, sample 
size across our study region declines very rapidly in the early 
2000s (Touchan et al. 2014a, 2017).

Following Williams et al. (2020) and Williams et al. 
(2021), we also use an ensemble of search radii between 400 
and 1000 km at 100 km intervals. There is no single defini-
tive way to select a search radius to use in PPR, although 
the choice is typically guided by the spatial decorrelation of 
the target climate field (e.g. Cook et al. 1999, 2010a, 2013, 
2015; Anchukaitis et al. 2017; Williams et al. 2020). The 
use of an ensemble of search radii here allows us to exam-
ine the impact of that choice on both the spatial skill of the 
reconstruction (Williams et al. 2020) and on the similarity 
of our reconstruction and the OWDA, which used search 
radii larger than 1500 km in some cases. In our subsequent 
analyses we consider both the individual ensemble members 
as well as the ensemble mean.

2.4  Statistical analyses

We conducted several analyses of our new spatial PDSI 
reconstruction, including comparisons with the OWDA. In 
order to evaluate the structure and robustness of large-scale 
patterns in our reconstruction in space and time, we calcu-
lated the leading principal components (PCs) of the recon-
structed field and compared these with the original target 
field and its respective leading principal components. Due to 
the decline in skillfully reconstructed grid points earlier than 
1300, we restricted the PC calculation for the reconstruction 
to the period from 1300 to 2000, although again it is possi-
ble to use longer periods in northwestern Africa where skill 
remains robust through the earlier period.

In order to evaluate how our reconstruction compares 
with the OWDA, we correlated the leading PCs of our 
reconstruction against the OWDA. We also calculated the 
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pointwise correlation between the two reconstructed fields. 
These analyses allow us to identify regions where our recon-
struction and the OWDA agree and where the differences in 
the underlying tree-ring data and methodological choices 
lead to uncertainties in past PDSI values.

Following Cook et al. (2016), we identified recent (late 
20th and early 21st century) periods of persistent severe 
drought in both the western Mediterranean (Morocco, 
Algeria, Tunisia, Spain, and Portugal: 32–42N, 10W to 0E) 
and the eastern Mediterranean (‘the Levant’: 30–37N, 33 to 
40E). We then calculated the mean PDSI for moving win-
dows of the same length in each regional time series. Cook 
et al. (2016) determined the start and end of these periods 
based on a 10 year loess smooth. With the additional years 
present in our PDSI dataset (Barichivich et al. 2020), we 
extend the end date of some of these events further forward 
in time. In order to quantify the natural range of dry and wet 
anomalies on these time scales, we calculated the interquar-
tile range (IQR) of these moving-window mean PDSI val-
ues. We also identified the driest period of the same length 
prior to the most recent drought. We applied a t-test to the 
PDSI values for both the most recent and prior events as a 
parametric test for differences between the mean of the years 
comprising the two events. We additionally estimated uncer-
tainties using a non-parametric bootstrap resampling proce-
dure where we randomly draw years from each window with 
replacement, recalculating the mean PDSI for these intervals 
10,000 times and using these to bootstrap confidence limits 
around each event mean value as well as quantifying for 
what percent of these paired iterations the recent drought 
remains drier than the prior event.

3  Results

3.1  Climate signal

Site-by-site correlations with summer (JJA) PDSI (Fig. 2A) 
show a variable association across the Mediterranean 
domain . In Morocco, Algeria, Tunisia, and parts of Turkey, 
correlations between tree-ring chronologies and local JJA 
PDSI are particularly strong ( r > 0.50 ) and significant at ( 
p << 0.05 , c.f. Esper et al. 2007; Touchan et al. 2008a, 
2011, 2017). A strong summer PDSI signal is linked to a 
strong prior winter and spring precipitation signal in these 
chronologies (Fig. 2B). However, in southeastern Spain, 
southern Italy, Greece, and the Levant the local summer 
PDSI correlations are comparatively weak ( r = 0.20 to 
r = 0.40 ). In Greece and Turkey, the association with PDSI 
is also more heterogeneous than in northwest Africa, likely 
due to the weaker connection between the dominant late 
Spring precipitation signal in these chronologies (Fig. 2C; 
Touchan et al. 2014a, c) and summer PDSI. Figure 3 shows 

that the pairwise correlations between prior winter through 
current spring (October-June) total rainfall and summer 
PDSI are substantially stronger for the majority of our 
domain compared with the local correlations between JJA 
PDSI and total May-June precipitation, which is very likely 
one of the primary factors in the varying PDSI signal across 
the tree-ring network. Over the entire study region, we found 
that differences in the strength of the climate association 
using a JJA PDSI season or a longer MJJA season are mini-
mal and appear random across the network of sites. In North 
America, Cook et al. (1999) used the JJA PDSI for drought 
reconstruction because it was able to integrate the various 
seasonal precipitation responses in the network and provided 
a uniform predictand target over the full spatial domain. We 
have previously followed a similar strategy in the region 
(Touchan et al. 2011). This practice necessarily reflects a 
trade-off between the various signals present in a diverse 
large-scale network of tree-ring proxy data and the interpre-
tive value of a single consistent climate target field.

3.2  Reconstruction skill and accuracy

Despite the spatially-varying association with hydroclimate 
described above, our ensemble mean reconstruction of JJA 
PDSI demonstrates skill across a large portion of the region 
(Fig. 4). For the best replicated reconstruction nest and using 
a late calibration period and early validation period, we 
observe high calibration and validation R2 values across all 
of northwestern Africa, southern Spain, much of Turkey and 
into the Balkans, and substantial parts of the Levant. Over-
all for this period there is similarly significant skill in the 
Reduction of Error (RE) and Coefficient of Efficiency (CE), 
with scores above zero for 96% and 77% of the domain, 
respectively. RE and CE scores are particularly high over 
northwestern Africa and southern Spain, northern and west-
ern Turkey, and parts of the Balkans, but remain greater than 
zero even in much of the Levant. Similar, although slightly 
weaker, accuracy and skill scores are observed when using 
an early calibration and late validation period.

We can also evaluate the accuracy and skill of the ensem-
ble mean reconstruction as we progress back in time using 
our nested split sample reconstruction procedure (Figs. 5 
and 6). Because the reconstruction at each grid point is cali-
brated and validated anew each time there is a change in the 
available tree-ring chronologies back in time, we can evalu-
ate the accuracy and skill for periods in the past when the 
predictor network was reduced compared to the more recent 
period. In other words, although we cannot know how well 
a reconstruction reproduces the pre-instrumental period, we 
can quantify how well the reduced network of tree-ring pre-
dictors during that period calibrates and validates against 
the modern observations. Once again, for a late calibration 
and early validation period, we observe consistently high 
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calibration and validation scores in northwestern Africa 
extending into southeastern Europe back through 1200 CE 
(Fig. 5). Indeed, in additional experiments (not shown), 
we continue to maintain skill in this region back into the 
first millennium of the Common Era (Touchan et al. 2008a, 
2011). Southern Turkey, the Aegean region, and part of the 
Balkan also maintain reasonably high calibration skill back 
into the 1200s, but validation skill declines and the earliest 
part of the reconstruction in this part of the region shows the 
reconstruction resolving 20% or less of the validation period 
variance (Fig. 5). The Levant shows similar patterns, with 
validation R2 of only 0.15 to 0.20 by the earliest part of the 
reconstruction. Using the early calibration period (1940 to 
1969) and a recent validation period (Fig. 5), largely similar 
patterns emerge.

As an additional assessment of our ensemble reconstruc-
tion, we can evaluate the interseries correlation between the 
ensemble members for the different search radii. This reveals 
the influence of the choice of the search radii on the result-
ing reconstruction. Figure 7 shows the maps of the correla-
tion at each point in the seven ensemble members over their 
common period of reconstruction. Ensemble members are 
highly similar ( r > 0.9 ) for regions with long and strongly 
drought sensitive chronologies in Morocco, Algeria, and 
southern Turkey. In Fig. 7, the areas of high correlation at 
the very margins of our reconstruction domain simply reflect 
the limited number of ensemble members with values in that 
grid point.

In order to assess the broad-scale drought signals present 
in our reconstruction, we calculated the leading principal 

Fig. 2  Site-local correlations 
between tree-ring chronolo-
gies and the (A) June through 
August mean CRU TS4.04 
PDSI (van der Schrier et al. 
2013; Barichivich et al. 2020), 
(B) October through June total 
CRU TS4.04 precipitation, and 
(C) total May and June CRU 
TS4.04 precipitation (Harris 
et al. 2020). For each tree-ring 
chronology, the Pearson cor-
relation (color shading) shown 
in the plot is over the period of 
overlap between that chronol-
ogy and the 1940–2019 data 
from the closest grid point in 
the data product, and both the 
chronology and climate data 
are first-differenced prior to 
the calculation to isolate the 
high frequency variability and 
avoid the influence of trends in 
either dataset. The calculation is 
made for the period from 1940 
onward to be consistent with the 
calibration and validation period 
used in this study, but spatial 
patterns are similar if the full 
period is used instead. Tree-ring 
sites where the correlation with 
climate is significant at p < 0.05 
are outlined in black
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components (PCs) of both our reconstruction and the target 
field (Fig. 8). The leading two PCs describe 16% and 15% 
of the variance in the reconstructed field, respectively, back 
to 1300 CE (Fig. 8A, B). PC1 of the observed PDSI cor-
relates positively with the observed field over most of the 
domain (Fig. 8A, C), with particularly strong correlations 
over northwestern Africa, Spain, Italy, and the Balkans. PC1 

of the reconstruction correlates similarly with the observed 
PDSI field, with the highest values of northwestern Africa 
(Fig. 8A, E). This PC1 pattern resembles that synchro-
nous basin-wide hydroclimate anomaly patterns identified 
by both Cook et al. (2016) and Anchukaitis et al. (2019). 
Anchukaitis et al. (2019) showed that synchronous droughts 
across the region were associated with a stronger North 

Fig. 3  Pairwise Pearson correla-
tions at each grid point in our 
study domain between (A) total 
May and June CRU TS4.04 
precipitation and CRU summer 
(JJA) PDSI, and (B) total Octo-
ber through June CRU TS4.04 
precipitation and CRU summer 
(JJA) PDSI (Barichivich et al. 
2020); Harris et al. 2020). 
Results shown are for the period 
from 1940 to 2019 to be con-
sistent with the calibration and 
validation period used in this 
study, but spatial patterns are 
similar if the full period (1901 
to 2019) is used instead
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Fig. 4  Reconstruction accuracy and skill scores for the best replicated 
nest, using 1970 to 2000 for model calibration and 1940 to 1969 
for model validation. (A) The adjusted R2 of the calibration, (B)  is 
the validation period  R2, C is the Reduction of Error (RE), validation 
period R2 is the Reduction of Error (RE), and D is the Coefficient of 

Efficiency (CE). Reported below (C) and (D) is the percent of grid 
points with scores greater than zero for that metric. Cross-hatching 
in panels (C) and (D) shows where the score for that grid point is less 
than or equal to zero
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Atlantic surface pressure gradient and upper level winds 
are shifted northward, a pattern similar to that associated 
with the positive phase of the NAO (see also Dünkeloh and 
Jacobeit 2003). The time series of the reconstructed and 
observed PC1 are highly correlated over their period of 
overlap (Fig. 8A; r = 0.80 , p < 0.001 , N = 71 ). PC2 of the 

observed field shows a dipole with negative correlations over 
Anatolia and positive correlations over northwestern Africa 
(Fig. 8D). PC2 of the reconstruction shows weaker corre-
lations overall, although a similar spatial pattern emerges 
(Fig. 8F). As a result of these differences, however, the sec-
ond PC of the reconstructed and observed PDSI field are 
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Fig. 5  Time-slice reconstruction accuracy and skill scores, using 
1970 to 2000 for model calibration and 1940 to 1969 for model vali-
dation (Late Calibration, Early Validation). The left column is the 
adjusted R2 of the calibration, the middle column is the validation 
R
2 , and the right column is the Reduction of Error (RE). Rows are 

the time slices, starting with the period from 1700 to 2000, and going 

further back in time by a century for each subsequent row. Note that 
although the last row shown here is the period 1200 to 1300 CE, in 
northwestern Africa reconstruction skill across all metrics is possible 
back to at least 1000 CE. Cross-hatching in the last column shows 
where the RE score for that grid point is less than or equal to zero
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Fig. 6  Time-slice reconstruction accuracy and skill scores, using 
1940 to 1969 for model calibration and 1970 to 2000 for model vali-
dation (Early Calibration, Late Validation). The left column is the 
adjusted R2 of the calibration, the middle column is the validation 
R
2 , and the right column is the Reduction of Error (RE). Rows are 

the time slices, starting with the period from 1700 to 2000, and going 

further back in time by a century for each subsequent row. Note that 
although the last row shown here is the period 1200 to 1300 CE, in 
northwestern Africa reconstruction skill across all metrics is possible 
back to at least 1000 CE. Cross-hatching in the last column shows 
where the RE score for that grid point is less than or equal to zero
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less strongly correlated ( r = 0.56 , p < 0.001 , N = 71 ). A 
dipole is the expected pattern here in the 2nd mode arising 
from an unrotated principal components analysis, and may 
not be simply interpretable as linked to a distinct climatic 
cause (Monahan et al. 2009); however, Seim et al. (2015) 
also identified an east–west dipole pattern in Mediterranean 
pine growth, which they hypothesizes could be influenced by 
several potential ocean–atmosphere causes. Dorado-Liñán 
et al. (2017) linked east–west growth differences to the Sum-
mer North Atlantic Oscillation (SNAO). Kutiel et al. (1996) 
and Xoplaki et al. (2004) also identified east–west dipole 
patterns in instrumental data that they linked to atmospheric 
circulation.

Our reconstruction is most accurate and shows the most 
consistent skill in the western Mediterranean region over 
most of the last millennium (Figs. 4, 5, 6, 8). Comparison 
of the time series from the reconstruction with the corre-
sponding instrumental data from the western Mediterranean 
(32–42N, 10W to 0E, following Cook et al. 2016) as well as 
an extended western Mediterranean region encompassing 
Algeria and Tunisia (32-42N, 10W to 10E) show strong cor-
relations between the target PDSI data and the reconstruc-
tion over the entire region (Fig. 9, r = 0.82 and r = 0.74 , 
respectively, N = 71 , p < 0.001).

3.3  Comparisons to the old world drought atlas

Pointwise correlations between our reconstructed PDSI field 
and the OWDA reveal regions of both similarity and differ-
ences (Figs. 10, 11), with these patterns observed despite 
the changing search radii across our ensemble. Areas of the 
greatest similarly are Morocco, southern Spain, the Bal-
kans, and Anatolia. These are also the regions most similar 
to one another across our ensemble members themselves. 

Substantially lower correlations are observed distal from the 
longest and most drought sensitive chronologies in regions 
of the Levant, coastal Libya and Egypt, and northern Spain. 
As might be expected (c.f. Knutti et al. 2010; Christiansen 
2019), our ensemble mean reconstruction shows the best 
correlation overall with the OWDA, with regions of highest 
agreement over Morocco and southern Spain, the Balkans, 
and much of Anatolia (Fig. 10). Considering just the domi-
nant patterns of our reconstruction, our leading mode of 
variability (PC1) captures similar variability as the OWDA 
in the western Mediterranean, Greece, and Turkey, while 
PC2 is similar to the OWDA only over Anatolia (Fig. 11) 
and does not reproduce the dipole patterns shown in Fig. 8D 
and 8F.

One region of notable disagreement between our recon-
struction and the OWDA is the Levant, which is important 
because this region has been previously identified as hav-
ing a drying trend that took its drought severity outside 
the range of variability for the last millennium (Cook et al. 
2016). Fig. 12 shows the comparison between the recon-
structed OWDA time series for the region (Fig. 12A, C) 
and our reconstruction (Fig. 12B, C). When the regional 
average of the reconstructed PDSI fields are correlated 
against the corresponding reconstructed fields themselves 
(Fig. 12A, B), both reveal regions of high correlation over 
the Levant, although the OWDA’s region of correlation 
extends westward through Libya and has an opposite sign 
dipole correlation over the Balkans. The high correlations 
for our ensemble mean reconstruction are confined largely 
to the Levant itself and parts of Turkey, with low and non-
significant correlation throughout the more distal parts of 
our domain. Interestingly, the Levant time series from our 
reconstruction and from the OWDA are significantly and 
highly correlated with the observations during the instru-
mental period ( r = 0.64 and r = 0.63 , respectively, N = 71 , 
p < 0.001 ), but show greater disagreement prior to that time 
( r = 0.28 , p < 0.001).

3.4  Recent droughts in a long‑term context

We repeated the analysis of recent drought severity com-
pared to the tree-ring reconstructed series from Cook et al. 
(2016). In Cook et al. (2016), the timing and duration of 
these events was determined from a 10-year loess smooth 
applied to the PDSI data through the end of the OWDA 
record in 2012, which allows for intervening individual wet 
years but emphasizes decadal-scale periods of negative mean 
values. For the Levant, we identified three recent drought 
periods – the original period used by Cook et al. (2016) from 
1998 to 2012, the most recent epoch of strong drought from 
2004 to 2018, and then the continuous period spanning 1998 
to 2018. For the western Mediterranean (Fig. 9) we use the 
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Fig. 7  Mean interseries correlation between search radius ensemble 
members (400, 500, 600, 700, 800, 900, and 1000 km) for the PDSI 
reconstruction. The plotted value is the average of the correlation 
between all ensemble members for the reconstructed PDSI values at 
each grid. Note that areas of apparently high correlation at the very 
margins of the reconstruction domain actually reflect the limited 
number of ensemble members with values in that grid point associ-
ated with smaller search radii
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original drought from Cook et al. (2016) from 1980 to 2009, 
as well as the continuation of this dry period through 2018.

In all five cases considered, these most recent droughts are 
more severe on average than any prior period of severe drought 
identified from the most reliable period of our tree-ring recon-
struction since 1300 (Fig. 13). However, in none of these cases 
is the most recent drought significantly different based on the 
simple t-test ( p > 0.05 ). Based on our non-parametric resam-
pling procedure, in the western Mediterranean the most recent 
late 20th and early 21st century droughts from 1980 to 2009 
and 1980 to 2018 are the most severe in 88% and 83% of the 
bootstrapped means, respectively, compared to prior droughts 
of the same duration. For the Levant, the 1998 to 2012 period 

is the most severe in 70% of the paired bootstrapped sam-
ples, while the 2004 to 2018 and the extended 1998 to 2018 
droughts are the most severe in 82% and 88%, respectively. 
Thus, while recent droughts in both the western Mediterranean 
and Levant have mean PDSI values that make them the most 
severe since at least 1300 CE, uncertainty in our reconstruction 
keeps these droughts from exceeding conventional significance 
levels.
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Fig. 8  Leading modes of reconstructed drought variability from 
observations and our tree-ring reconstruction. (A) The time series 
expansion of the leading mode (PC1) from the reconstruction (black) 
and gridded observational data (red). (B) The time series expan-
sion of the second mode (PC2) of spatiotemporal variability from 
the reconstruction (black) and gridded observational data (red). The 
uncertainties (gray shading) in panels (A) and (B) are estimated as 2 
times the field correlation-weighted (weights are from panels E and 
F) root mean squared error of validation at each reconstructed grid 

point through time. Panels (C) and (D) show the correlation between 
PC1 and PC2 respectively from the observation data with the obser-
vational field (effectively, a ways of visualizing the spatial loading 
of these modes). Panels (E) and (F) show the correlation between 
PC1 and PC2 respectively from our tree-ring reconstruction with the 
observational field (effectively, a ways of visualizing how well the 
reconstruction represents larger patterns of the observed PDSI vari-
ability)



5362 K. J. Anchukaitis et al.

4  Discussion

4.1  Strengths and weakness of the tree‑ring 
network

Our tree-ring chronologies (Fig. 1) reflect a broad network 
from more than a dozen species and 10 countries across 
the Mediterranean. This mix of species, elevations, and site 
characteristics comprise a range of hydroclimate responses 
(c.f. Griggs et al. 2007; Büntgen et al. 2010; Touchan et al. 
2012; Köse et al. 2012; Galván et al. 2014; Touchan et al. 
2014a; DeSoto et al. 2014; Touchan et al. 2016; Pacheco 
et al. 2016; Martin-Benito et al. 2016, 2017; Touchan et al. 
2017; Martin-Benito et al. 2018), although common fea-
tures emerge (Fig. 2). In the western Mediterranean, the 
most climate sensitive tree-ring chronologies tend to be 
Pinus halepensis and Cedrus atlantica in the High Atlas, 
Saharan Atlas, and Aurès Mountains of Morocco, Algeria, 
and Tunisia (Touchan et al. 2017). Long chronologies sen-
sitive to winter and water-year precipitation (Fig. 2B) from 
C. atlantica in particular allow the sustained skillful PDSI 
reconstructions back to at least 1200 CE seen in Figs. 4, 5, 
and 6. Coastal and lower elevation chronologies in north 
Africa have a more muted drought signal in this region, 
but in southeastern Spain our limited collection of Pinus 
halepensis and Pinus nigra show significant water-year cor-
relations (Touchan et al. 2017) that allow them to contribute 
significant information to western Mediterranean reconstruc-
tion accuracy and skill over the most recent reconstruction 

nests (Fig. 2A, B). Our Corsican Pinus nigra chronologies 
appear to have a very weak climate signal (Fig. 2); however, 
Esper et al. (2022) have recently developed a hydroclimate-
sensitive millennium length chronology from treeline Pinus 
nigra in Corsica and found a previous year growing season 
PDSI signal, but also noted the challenge in identifying a 
robust precipitation signal in their chronology due to limited 
meteorological data.

In the eastern Mediterranean, the narrow window of 
May through July precipitation sensitivity in much of the 
tree-ring network (Touchan et al. 2003; Akkemik et al. 
2008; Köse et al. 2011; Touchan et al. 2014a, c; Martin-
Benito et al. 2016) leads to an overall weaker association 
with PDSI compared with spring-summer rainfall alone 
(Fig. 2A, C, 5, 6). While these months are important for 
agriculture in the region, this sensitivity leads to lower 
calibration and validation values in the region when target-
ing JJA PDSI for the reconstruction over the entire domain 
(Fig. 3). The Levant also has relatively few tree-ring chro-
nologies, despite the importance of climate change and 
variability here for agriculture, migration, and potentially 
conflict (for differing views on the latter, see for instance 
Gleick 2014; Kelley et al. 2015; Selby et al. 2017; Ide 
2018). In addition to sites in Cyprus (Griggs et al. 2007; 
Touchan et al. 2014b; Coulthard et al. 2017), several tree-
ring chronologies are available from Lebanon, Jordan, and 
Syria (Touchan and Hughes 1999; Touchan et al. 1999b, 
2005b, 2014c) and were used in the OWDA; however, 
most of these chronologies have not been recently updated 

Fig. 9  Time series of recon-
structed and observed drought 
in the western Mediterranean. 
Reconstructed (black line) and 
observed (red line) for mean 
JJA PDSI over the (A) western 
Mediterranean region used in 
Cook et al. (2016) and (B) an 
extended western Mediterra-
nean region also encompassing 
Algeria and Tunisia to the east. 
The uncertainties (gray shad-
ing) in panels (A) and (B) are 
estimated as 2 times regional 
mean root mean squared error 
of validation. C As in Fig. 9A, 
the leading (PC1) time series of 
the reconstructed and observed 
fields are also well-correlated 
during their period of overlap 
and reflect drought variability 
primarily but not exclusively, 
over northwestern Africa 
and southern Spain (see also 
Fig. 8E)
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and do not extend even to 2000, limiting their use for cali-
bration against the most recent meteorological records. 
Updating and possibly extending tree-ring chronologies 
in the Levant should be a priority when conditions allow.

4.2  Comparisons to the old world drought atlas

Our reconstruction shows regions of substantial agreement 
with the OWDA but also areas where the two fields are 

Fig. 10  Pointwise field correla-
tion between our reconstruction 
and the OWDA. Each panel 
corresponds to a reconstruction 
ensemble member with a differ-
ent search radius for PPR and 
the bottom right panel shows 
the spatial correlation between 
the OWDA and our reconstruc-
tion ensemble mean field
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Fig. 11  Spatial correlations 
between the 1st (left panel) and 
2nd (right panel) PC of our 
reconstruction and the OWDA 
drought field over the period 
1300 to 2000
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only weakly similar (Fig. 10). Perhaps not surprisingly, the 
strongest correlations and highest similaritities are in regions 
with long and strongly PDSI-sensitive tree-ring chronolo-
gies, particularly within the search radii for grid points in 
the High Atlas of Morocco and parts of Turkey and the Bal-
kans. In these regions, long climate-sensitive chronologies 
common to both datasets dominate the reconstructed signal 
through time (Figs. 1 and 2). One region of interest is Alge-
ria and Tunisia where our tree-ring network has long drought 
sensitive chronologies but the correlation with the OWDA 
is relatively low. The OWDA does have two chronologies in 
Algeria (Cook et al. 2015), one of them stretching back into 
the first millennium of the Common Era that is also part of 
our network (Theniet Zamroune). However, our network also 
has substantially more chronologies in the Saharan Atlas 
mountains as well as chronologies from Tunisia that are not 
included in the OWDA, which is likely responsible for the 
relatively low correlation values there. Future versions of 
the OWDA or other hemisphere-scale PDSI reconstructions 
can benefit from the inclusion of our new chronologies from 
this region.

The largest discrepancies between the OWDA and our 
reconstruction come either from the periphery of our net-
work (where the OWDA can draw on a set of nearby Euro-
pean chronologies that fall outside of our domain) and the 
eastern Mediterranean and the Levant in particular. The east-
ern Mediterranean is in general a region of lower accuracy 

and skill in both our reconstruction and in the OWDA 
(Figs. 4, 56; and see also Fig. S11 in Cook et al. (2015)). 
Indeed, our reconstruction has somewhat higher skill as 
measured by RE and CE over the most recent centuries in 
the eastern Mediterranean outside of Turkey, although both 
products have low validation scores in the Levant and a rela-
tively limited number of local chronologies available. It is 
likely also that differences in how the PPR method is applied 
play a role in the low correlation between the two drought 
reconstructions. Our procedure limits the largest search 
radius in the ensemble to 1000 km, whereas to be able to 
use a minimum of 20 chronologies the OWDA has to use 
a larger search radius (1500 km or greater) for grid points 
at the periphery of the reconstructed domain in northeast-
ern Africa and the Levant. This likely explains the differing 
spatial correlation patterns seen both for PC2 in Fig. 8 and 
in Fig. 12. Our Levant time series shows a decline in spatial 
correlation between reconstruction and the target PDSI field 
moving away from the region, with low and insignificant 
values in western Turkey and north Africa. The OWDA, in 
contrast, shows significant positive correlations all the way 
to Libya and a change in sign in the Balkans to a significant 
negative correlation. One possible explanation for these dif-
fering patterns is the influence of the search radii (and the 
minimum chronology requirement), which in the OWDA 
can draw on chronologies further away in central Europe and 
on which grid points in Libya and Egypt similarly rely. In 
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Fig. 12  Levant drought reconstruction in this study and the OWDA. 
A Correlation of the mean time series of Levant drought (averaged 
over the black box, 30–37N, 33 to 40E from Cook et  al. (2016)) 
against the instrumental JJA PDSI field from Barichivich et  al. 
(2020). B As in panel (A), except the average Levant time series of 
our ensemble mean PDSI reconstruction is correlated against the 
observed JJA PDSI field. In both panels the time span over which 
the field correlation is calculated is limited to the period since 1930 
(when instrumental data are more reliable) and the last year where the 

reconstruction is reconstructed entirely from tree ring data (indicated 
by the date range above each panel). The black crosses indicate the 
grid point with the highest correlation between the box average JJA 
PDSI value and the observed PDSI field for each reconstruction. C 
Time series of the box averaged Levant PDSI values for our recon-
struction (black line), the OWDA (blue line), and the gridded obser-
vational data (red line). The uncertainties on our reconstruction (gray 
shading) in panels (C) are estimated as 2 times regional mean root 
mean squared error of validation
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particular the dipole structure of the OWDA’s Levant spatial 
correlation suggests that the reconstruction in that region 
leverages negative covariance between the eastern Mediter-
ranean and European drought (e.g. Anchukaitis et al. 2019; 
Baek et al. 2020).

The difference between our Levant reconstruction and 
that of the OWDA influences the analysis of recent drought 
severity (Fig. 13). For all three time periods considered, the 
recent drought still has a mean value in our reconstruction 
that makes it the most severe on record, similar to the find-
ings of Cook et al. (2016). However, in the case of our recon-
struction, both parametric and non-parametric significance 
tests fail to rule out at conventional confidence levels that a 
previous Levant drought of similar length could have been 
as or more severe, within uncertainty. The preponderance 
of the evidence, particularly the non-parametric bootstrap 
test of the mean, still suggests that the modern drought is 
likely to be the most severe in at least seven centuries, but 
differences in the reconstruction over time are sufficient to 
increase uncertainty enough to affect the significance tests. 
Similarly, for the two periods considered in the western 

Mediterranean, the mean PDSI values also suggest the 
recent droughts are again the most severe on record, but the 
uncertainty is large enough that again both significance tests 
fail to rule out a prior drought with similar severity. That the 
long reconstructed PDSI time series in both regions show 
recent drying trends and drought events (Fig. 9 and 12) that 
are consistent with expectations from anthropogenic warm-
ing yet not able to be completely separated from the potential 
influence of natural variability (Kelley et al. 2012b, 2015; 
Cook et al. 2020a) emphasizes the importance of paleocli-
mate reconstructions for better characterizing the range of 
internal variability in the system.

4.3  Sources of uncertainty and future directions

There are a number of sources of uncertainty that can con-
tribute to the difference here between the OWDA and our 
reconstruction. First, the composition of the proxy network 
is a major source of uncertainty (Fig. 1). The OWDA uses 
fewer but on average longer tree-ring chronologies and 
requires a minimum number of starting chronologies in the 
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Fig. 13  Following Cook et al. (2016), comparisons of multiyear aver-
age recentered PDSI during recent decadal-scale drought periods 
identified in the observational period (black dots) and the driest previ-
ous periods of the same length from 1300 to 2012 C.E. in our recon-
struction (gray dots). Shaded gray 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 selected dry events, calculated using bootstrapping of 
the estimated mean value with 10,000 draws with replacement from 

PDSI values during these intervals. Panels A through C show this 
analysis applied to recent drought period we identify in the Levant 
(30–37N, 33 to 40E), and panels D end E show this analysis applied 
to drought periods identified in the western Mediterranean (32–42N, 
10W to 0E). Differences in the absolute value of the drought severity 
between our reconstruction and those shown in Cook et al. (2016) are 
due to the effect of re-normalizing the time series over the length of 
the reconstruction used in this analysis, which differs from the length 
of the reconstruction available in the OWDA
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most recent nest, but as a consequence some distal regions 
of the domain may draw on chronologies more than 1000 km 
away from that grid point. This reflects a real and weakly 
constrained trade-off in terms of low frequency preserva-
tion, predictor sample size and sample stability, assumptions 
about the stability of the large-scale covariance, and capture 
of local vs. regional climate signals. Future iterations of the 
OWDA or similar drought atlases may wish to draw on some 
or all of the chronologies currently in our network that are 
not yet part of their collection. Similarly, new or existing 
chronologies from other research groups (e.g. Tejedor et al. 
2016, 2017; Leonelli et al. 2017; Klippel et al. 2017, 2018; 
Martin-Benito et al. 2018; Esper et al. 2022) can enhance the 
proxy network in the future and perhaps expand the spatial 
skill. When possible, updates to Levant chronologies in par-
ticular (e.g. Touchan and Hughes 1999) would also provide 
critical new proxy information.

Choices made during the statistical reconstruction pro-
cedure can also have an important influence, even when 
applied to a similar network of tree-ring proxies (Büntgen 
et al. 2021; Anchukaitis and Smerdon 2022). While the PPR 
methods used here and in the OWDA (Cook et al. 2015) are 
fundamentally similar, there are choices to be made during 
its use, including calibration and validation periods, the level 
of pre-screening of predictors, and model selection rules, 
amongst others. Smerdon et al. (2015) showed that in places 
where the tree-ring network comprises long highly climate-
sensitive tree-ring chronologies, the interpretations of past 
and present drought are robust to a range of methodological 
choices. However, in the situation where the proxy data are 
relatively sparse or the climate target of interest varies from 
the primary seasonal sensitivity of the proxies (Fig. 2), the 
methodology can influence the reconstruction more strongly. 
That our reconstruction is most robust across ensemble 
members (Fig. 7) and most similar to the OWDA in the loca-
tions where there are long and strongly PDSI-sensitive chro-
nologies (Fig. 10) suggests that the composition of the proxy 
network is the primary cause of the difference, although this 
is almost certainly mediated by methodological choices 
such as the search radius, sample depth requirements, and 
chronology weighting used in the OWDA. The OWDA also 
applies signal free (SF) detrending to the tree-ring meas-
urements to develop the chronologies (Melvin and Briffa 
2008), including both individual and regional curve detrend-
ing (Cook et al. 2015). While this might in theory explain 
some differences between the reconstruction, McPartland 
et al. (2020) found insignificant differences in a moisture-
sensitive network of tree-ring data from North America 
when signal free and conventional methods were applied. 
Furthermore, comparison of the Levant reconstruction time 
series between the reconstructions (Fig. 12) suggests that 
the OWDA actually has less medium-term variability. In the 
future, methodological comparisons, pseudoproxy studies, 

and sensitivity testing (e.g. Smerdon et al. 2015; Steiger 
et al. 2018; King et al. 2021) conducted at the same time as 
future reconstructions could help clarify the relative role of 
proxy network and methodological choices in causing dif-
ferences between reconstruction of similar fields.

Although not explicitly discussed above, we are also 
aware of differences in the available gridded target datasets. 
Here we use the high resolution self-calibrated gridded PDSI 
from van der Schrier et al. (2013) as updated by Barichivich 
et al. (2020). In preparation for our reconstruction, we also 
compared an upscaled (2.5o ) version of our target dataset 
with the PDSI data developed by Dai (2011). We found a 
broad range of pointwise correlations across the Mediterra-
nean between the two datasets for the period 1901 to 2011, 
including values at some grid points in the Levant and mar-
ginal areas of the Sahara as low as r < 0.25 (not shown). 
This suggests that the calculation of gridded PDSI can be 
sensitive to the choice or resolution of input datasets and/
or parameters (van der Schrier et al. 2013; Trenberth et al. 
2014; Vicente-Serrano et al. 2015; Dai and Zhao 2017), par-
ticularly in times and places where original station data are 
sparse or uncertain (Zhang et al. 2005; Kuglitsch et al. 2009; 
Tanarhte et al. 2012; Beguería et al. 2016). Uncertainty in 
the calculation and choice of the target dataset play an addi-
tional role in influencing both calibration and validation 
accuracy and skill as well.

5  Summary and conclusions

We reconstruct summer PDSI for the Mediterranean Basin 
over much of the last millennium using a large network 
of tree-ring chronologies from the region. The reconstruc-
tion shows especially high skill over the full period in 
the western Mediterranean, including strong coherence 
between the leading spatiotemporal mode of PDSI varia-
bility in observations, the OWDA, and our reconstruction. 
Northwestern Africa in particular has robust reconstruc-
tion metrics back through much of the last millennium. 
The skill in reconstructing summer PDSI in the eastern 
Mediterranean, including the Levant, is more limited in 
part due to the narrower window of seasonal precipitation 
response in the tree-ring chronologies in that part of the 
region. Our new reconstruction supports earlier studies in 
suggesting that the recent drought in both northwestern 
Africa and the Levant is unprecedented in severity in the 
tree-ring record. However, difference between the OWDA 
and our reconstruction, particularly in the Levant modify 
our conclusions about whether recent severe droughts are 
statistically significantly more severe than that period of 
similar length drought earlier in the reconstruction. Uncer-
tainty in the reconstructions as well as the presence of 
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internal hydroclimate variability at decadal time scales 
influences the strength of the inference about the excep-
tional nature of the most recent dry periods.

Our reconstruction highlights both the value of addi-
tional chronologies for reconstructing Mediterranean 
hydroclimate in time and space and the sensitivity of anal-
yses of internal PDSI variability to the underlying network 
and methodological choices of the reconstruction. Future 
dendroclimatology research in the region might also bene-
fit from further use of sub-annual or wood anatomical data 
to resolve seasonal signals across the domain (e.g. Meko 
and Baisan 2001; Piermattei et al. 2020). Our tree-ring 
network here and the insights our reconstruction provides 
allow for an updated and more extensive set of proxy data 
to be used for future large-scale drought reconstructions 
across the Mediterranean, Europe, and the entire Northern 
Hemisphere.
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