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Abstract

The spatiotemporal variability of precipitation is of vital importance to Medi-
terranean ecology and economy, but pre-instrumental changes are not well
understood. Here, we present a millennial-length June-July precipitation
reconstruction derived from a network of 22 Pinus heldreichii high-elevation
sites in the Pindus Mountains of northwestern Greece. Tree-ring width chro-
nologies from these sites cohere exceptionally well over the past several hun-
dred years (r1467-2015 = 0.64) revealing coherence at inter-annual to centennial
timescales across the network. The network mean calibrates significantly
against instrumental June-July precipitation over the past 40 years (rig7¢
2015 = 0.71), even though no high-elevation observational record is available
representing the moist conditions at the treeline above 1,900 m a.s.l. For the
final reconstruction, the instrumental target data are adjusted to provide realis-
tic estimates of high-elevation summer rainfall back to 729 CE. The recon-
struction contains substantially more low-frequency variability than other
high-resolution hydroclimate records from the eastern Mediterranean includ-
ing extended dry periods from 1,350 to 1,379 CE (39 + 4.5 mm) and 913 to
942 (40 + 8.4 mm), and moist periods from 862 to 891 (86 + 11 mm) and 1,522
to 1,551 (80 + 3.5 mm), relative to the long-term mean of 61 mm. The most
recent 30-year period from 1986 to 2015 is characterized by above average
June-July precipitation (73 + 2 mm). Low-frequency changes in summer pre-
cipitation are likely related to variations in the position and persistence of
storm tracks steering local depressions and causing extensive rainfall (or lack
thereof) in high-elevation environments of the Pindus Mountains.
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1 | INTRODUCTION challenging plant metabolism and foster an even greater

need to irrigate Mediterranean crops (Zhang and
The Pindus Mountains in northwestern Greece are an  Oweis, 1999). Several high-resolution hydroclimate
important source of irrigation water supplying lowland reconstructions extending over the past 500+ years have
agricultural systems during the dry Mediterranean sum-  been developed in the eastern Mediterranean to place
mer periods. The mountain range is located in a rela- these impending dynamics into historical perspective.
tively moist belt in northern Greece extending from the These include a 900-year reconstruction of May-June
Albanian border in the west to the Thracian Sea in the precipitation from oak tree-ring widths (TRW) in north-
east, where (low elevation) meteorological stations record ern Greece and northeastern Turkey (Griggs et al., 2007)
between 30 and 40 mm precipitation from June to July = and a 600-year May-August precipitation reconstruction
(Figure 1). These values are, however, not representative from trees in Turkey, Syria, Lebanon, Cyprus, and Greece
of the high-elevation environments of the Pindus Moun- (Touchan et al., 2005). Both these records have been con-
tains, including the Valia Calda in the Pindus National structed in a manner that emphasizes high-frequency,
Park (PNP) and the second highest peak in Greece, the inter-annual precipitation variability over the past centu-
Mt. Smolikas massif at 2,637 m a.s.l. (insert diagrams in  ries and are therefore of limited value to assess lower-
Figure 1), where rain-laden thunderstorms frequently = frequency hydroclimatic changes at longer timescales.
occur during summertime and annual precipitation is  Similarly, a June-July standardized precipitation index
estimated to exceed 1,600 mm (Fotiadi et al., 1999). Sev- (SPI) reconstruction extending back to eighth century CE
eral high-elevation PNP areas >1,900 m a.s.l. are covered  has been produced using Mt. Smolikas Pinus heldreichii
by steppe-like forests including giant Bosnian pines TRW data (Klippel et al., 2018) but due to the challenges
(Pinus heldreichii) reaching ages >1,000 years (Konter of accurately modelling decadal to multi-decadal variabil-
et al., 2017). These trees provide a unique opportunity to ity in TRW data that contain persistent ontogenetic
reconstruct regional hydroclimatic variability over the trends (Esper et al., 2015b), this record is also constrained
past millennium and place the recent, anthropogenically  to represent just the high-frequency variance in precipita-

changed dynamics in a long-term context. tion. TRW data from several sites in the eastern Mediter-
Associated with a strengthening of circum-global sub-  ranean have also been integrated in a European drought
tropical high-pressure belts, climate models unequivo- atlas, providing spatially resolved reconstructions of the

cally predict a decrease of Mediterranean precipitation, June-August Palmer Drought Severity Index (PDSI) over
accompanied by an increase of (dry and moist) extreme the past millennium (Cook et al., 2015). Compared to the
events in the upcoming decades (Li et al., 2012). Long- precipitation and SPI reconstructions (Touchan
term desiccation will amplify evaporative demand et al., 2005; Griggs et al., 2007; Klippel et al., 2018), the

21° 26°
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FIGURE 1 Map showing the south-to-north precipitation gradient in Greece, the Pindus National Park (PNP) in northwestern Greece
(bottom left), and the Mt. Smolikas region (top left). Black dots mark the high-elevation Pinus heldreichii network (HEPI) including the
Vall-7 and Smol-15 tree-ring sampling sites. Black crosses indicate the location of major cities Larissa (Lar) and Thessaloniki (The) hosting
long instrumental precipitation stations reaching back to 1951 and 1931, respectively. Contour colours and values refer to average June-July
precipitation in mm per year from 1976 to 2015
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reconstructed PDSI from those grid points centred over
the PNP region in northwestern Greece contain more
low-frequency variance. This is likely due to the fact that
both precipitation and temperature variability are incor-
porated in this drought index (van der Schrier
et al., 2013). An unprecedented trend towards lower PDSI
values since the late 20th century (Cook et al., 2015) is
likely driven by rising temperatures since instrumental
precipitation data display no recent decline
(Hatzianastassiou et al., 2008; Harris et al., 2014).

Here, we place the recent hydroclimate dynamics into
a long-term context and explore the feasibility of
reconstructing low-frequency, inter-decadal to centennial
precipitation variability by employing a network of
22 high-elevation Pinus heldreichii (HEPI) site chronolo-
gies from northwestern Greece. A variety of detrending
methods are applied to this network to remove ontoge-
netic trends from TRW data and assess the covariance
among HEPI site chronologies over the past several cen-
turies. We produce a network mean integrating all HEPI
TRW data, calibrate this timeseries against instrumental
precipitation data, and reconstruct high-to-low frequency
June-July precipitation variability back to 729 CE.
Finally, the HEPI reconstruction is compared with exis-
ting records to assess and discuss long-term hydro-
climatic changes in the eastern Mediterranean and their
potential underlying forcings.

2 | DATA AND METHODS
2.1 | High-elevation Pinus heldreichii
network

Between 2015 and 2019, we conducted five field campaigns
to establish the HEPI network. The network includes TRW
chronologies from 22 PNP Pinus heldreichii sites above
1,900 m a.s.l., 15 of which are located within ~2 km on the
Mt. Smolikas massif (Smo1-15 hereafter) and seven are dis-
tributed over Valia Calda (Vall-7; Figure 1 and Figure S1,
Table S1). All sampling sites are located near the upper
treeline, characterized by a steppe-like vegetation including
large solitary Bosnian pines (Klippel et al., 2017, 2019;
Konter et al., 2017). Ground surfaces are characterized by a
heterogenous mosaic of shallow-to-deep cambic fluvisols
and partially mobile rock fields over serpentinite bedrock,
in which Pinus heldreichii is the only dominant tree species
accompanied by a shallow-to-inexistent understory of vari-
ous true and obligate serpentinophyte shrubs and grasses.
Fairly unique to Mediterranean forests, several HEPI sites
are littered with dead stem sections, sun-bleached relic por-
tions of trees that once lived, and have remained for centu-
ries on crumbling rock fields overlying the soils. The

combination of TRW data from these relict samples with
measurements from living trees enabled us to develop sev-
eral composite chronologies extending back into the first
millennium of the Common Era (Figure 2).

The HEPI network includes 1,136 TRW series rep-
resenting 591 individual trees. Among the 22 sites replica-
tion varies significantly, from 12 to 158 radii. This skewed
distribution is a consequence of investing more sampling
effort in the very old sites (Table 1). The pines are on aver-
age quite old (316 years) and produce relatively narrow
rings (0.86 mm). The average interseries correlation (Rbar;
Cook and Kairiukstis, 1990; Fritts, 2012) across the whole
network is 0.28, and ranges from 0.24 in Smo13 to 0.42 in
Smo4 and 15, all of which are towards the lower end of
coherency values reported from other millennial-length
tree-ring compilations worldwide (Esper et al., 2016;
Ljungqvist et al., 2020). The Rbar values appear to be inde-
pendent of site exposure and elevation (Table S1).

2.2 | Detrending, calibration and
reconstruction methods

The 1,136 TRW series were detrended by calculating resid-
uals from 50-, 100-, 300- and 500-year splines to emphasize
different frequencies in the resulting chronologies (Cook
and Peters, 1981). Prior to detrending, the series were
power transformed to minimize curve fitting end-effects
that can arise with stiff (300- and 500-year) splines applied
to slow growing trees (Cook and Peters, 1997). The
detrended series were averaged using a bi-weight robust
mean to produce 22 site chronologies as well as a HEPI
mean chronology integrating >350,000 tree rings from all
591 trees. To account for effects of changing replication
and covariance through time (Osborn et al., 1997; Frank
et al., 2007), the mean timeseries were variance-stabilized
by calculating ratios from 300-year splines fitted to the
absolute values of annual departures from the chronology
means using the latest Arstan software (49vla opt. 13;
Meko et al., 1993; Cook et al., 2017). The individual site
chronologies were truncated to the year when their respec-
tive minimum replication falls below five TRW series
(radii), and the HEPI chronology was truncated in 729 CE
when replication falls below 20 TRW series.

Network covariance was assessed by calculating cor-
relations among the 500-year spline detrended sites chro-
nologies (from 1467 to 2015), as well as between the
regional mean chronologies integrating the 15 Smo sites
and 7 Val sites (from 1227 to 2015). Site and HEPI mean
chronologies were calibrated against regional precipita-
tion and temperature data extracted from grid points
between 39°-40°N and 21-24°E in the CRU TS 4.04
dataset (Harris et al., 2014). This was done over different
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FIGURE 2 Bar plot showing the sample replication
of sites Vall-7 (top) and Smo1-15 of the high-elevation
Pinus heldreichii network since 600 CE. Each horizontal
bar represents one measured TRW radius

periods, 1901-2015, 1951-2015, 1961-2015

1976-2015, in recognition of the declining numbers of
instrumental stations back in time (Klippel et al., 2018).

of Climatology
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TABLE 1 Characteristics of the high-elevation Pinus heldreichii
network including 22 sites between 1,900 and 2,210 m a.s.l. in the
Pindus Mountains

Per site Network

Number of trees 8-81 591
Number of radii 12-158 1,136
Mean segment length (yrs) 167-428 316
Average growth rate (mm) 0.61-1.24 0.86
Interseries correlation (Rbar) 0.24-0.42 0.28
Inter-site correlation® 0.64 -
June-July precip. corr.? 0.26-0.76 0.71

*From 1476 to —2015. Period not fully covered by all sites.
"From 1976 to 2015 against CRU TS 4.04.

climate explorer (Trouet and Van Oldenborgh, 2013). As
the CRU TS 4.04 average precipitation during June and
July (23 mm) does not represent the moist conditions at
the PNP treeline environments, the monthly data were
adjusted by adding another 50 mm before producing final
reconstructions. This was done to rescale the CRU TS
4.04 interpolated grid point values with the much wetter
summer and annual estimates reported from regional
studies (Fotiadi et al., 1999) and avoid calculating mean-
ingless negative reconstructed precipitation values over
the past millennium.

The HEPI mean chronology was regressed (Esper
et al., 2005) against adjusted June-July precipitation data
from 1976 to 2015 to produce a formal reconstruction of
PNP high-elevation rainfall over the past 1,278 years.
Reconstruction uncertainty was estimated by calculating
95% bootstrap confidence intervals derived from re-
sampling and averaging the detrended TRW data with
replacement 1,000 times (Briffa et al., 1992). Moving
interseries correlations (Rbar; Fritts, 1976) and expressed
population signal timeseries (EPS; Wigley et al., 1984)
were computed over 50-year intervals, shifted in 25-year
steps, to evaluate temporal changes in data coherency
back to 729 CE. Potential shifts in signal strength were
analysed by splitting the instrumental data into two
equally long calibration and verification sequences
(1976-1995, 1996-2015) and calculating the reduction of
error (RE) and coefficient of efficiency (CE) statistics to
estimate the skill of modelled precipitation compared to
the instrumental means of the calibration and verifica-
tion periods (Cook et al., 1994). The Durbin-Watson sta-
tistic (DW) was calculated to quantify autocorrelation in
the residuals between the modelled and measured precip-
itation data (Durbin and Watson, 1951). Whereas positive
RE and CE values indicate some statistical skill of the
reconstruction, DW values above 1 point to minor drifts
between the predictand and predictor.

3 | RESULTS AND DISCUSSION

3.1 | TRW coherency and climate signals
Growth coherence is exceptionally high across the HEPI
network as indicated by an inter-site correlation of
r = 0.64 from 1476 to 2015 (Table 1). This coherency is
reflected in both high-frequency extremes and lower-
frequency trends that are closely aligned among the Smo
and Val site chronologies (Figure 3). The Smo and
Val mean timeseries (shown in red in Figure 3) correlate
at r =0.77 over the past eight centuries suggesting
that some climatic forcing synchronized TRW variabil-
ity across the PNP. This correlation declines from
r = 0.83 since 1,501 CE to r = 0.65 from 1,226 to 1,500
as a function of reduced site and sample replication
(Figure S2). The decay in network coherence back in
time, due to changing numbers of trees, is characteris-
tic for millennial-length climate reconstructions (Esper
et al., 2016; Ljungqvist et al., 2020) and here estimated
by adding bootstrap confidence limits, derived from
resampling the TRW data, to the final reconstruction
(see below).

The 500-year spline detrended PNP site chronologies
correlate reasonably well against regional June-July pre-
cipitation data over the past 40 years ranging from
r =0.26 in Val2 to r =0.76 in Smo4 (Figure 4). The
exceptionally low value in Val2 is likely related to the
reduced sample replication at this site integrating TRW
data from only 10 trees, though other low-replicated sites
from the Mt. Smolikas massif correlate better (Smo9,
10 and 12 at r = 0.50-0.68; Table S1). The overall weaker
precipitation signal in the Val pine sites is also reflected
in the mean chronologies (v, = 0.60 and rgy, = 0.74
from 1976 to 2015), but this difference is statistically
insignificant. Besides these regional differences, systemat-
ically lower correlations are found when extending the
calibration period stepwise back over the 20th century
(bottom panel of Figure 4). The correlation decline is
seen in all site chronologies and likely reflects a deterio-
ration of the CRU TS 4.04 gridded precipitation data as
fewer (and more remote) instrumental station records are
included in the calibration target back in time (Klippel
et al., 2018). An additionally contributing temperature
influence is not retained in the HEPI TRW data as the
monthly and seasonal correlations reveal no significant
results over various periods since 1901 (Figure S3).

The TRW mean, combining all PNP site chronologies,
correlates at ri976_2015 = 0.71 (p < .001) with June-July
precipitation indicating that about half of the instrumen-
tal data variance can be explained by the proxy network.
Considering no instrumental station data representative
of the moist conditions found at the PNP treeline sites
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were available, this measure of signal strength is at best a
conservative estimate. The precipitation signal also
weakens when more flexible splines are used for
detrending, that is, less low-frequency variance is
retained in the resulting TRW chronologies, from
r = 0.71 in the 500-year spline detrended HEPI chronol-
08y, t0 T3p0sp1 = 0.69 and rygospr = 0.66 (but rsog, = 0.68)
in the more rigorously detrended chronologies. This con-
clusion is supported by additional tests using first-
differenced proxy and instrumental data revealing a cor-
relation decline from rsgospr = 0.71 tO Fpirsipisr = 0.64 over
the 1976-2015 period.

Reviewing the calibration results commensurate with
the various detrending options, suggests some of the low-
frequency TRW variance retained over the relatively

short calibration period of only 40 years contains hydro-
climatic information. However, the correlations of the
first-differenced instrumental and proxy data are slightly
higher over the extended 1961-2015 (rgigpige = 0.62 com-
pared to rspospr = 0.51), 1951-2015 (Ygirsepier = 0.57,
I'sgospt = 0.41), and 1901-2015 periods (Tgirsipier = 0.31,
Ispospi = 0.24). These values indicate that the low-
frequency variance in the instrumental data during the
mid and early 20th century is not well reflected in the
500-year spline detrended HEPI chronology, suggesting
that such variability in the millennial-length reconstruc-
tion should cautiously be interpreted. On the other hand,
as no instrumental station record is available rep-
resenting the moist high-elevation PNP conditions, and
since even fewer and more remote station records are
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combined during the mid and early 20th century, this
lack of reliable observations signifies that small correla-
tion changes against early CRU TS data should not be
overinterpreted. In contrast, the highly synchronous
500-year spline detrended TRW site chronologies, across
the PNP and over centuries (Figure 3), demonstrate that
a formal precipitation reconstruction retaining high-to-
low frequency variance can be developed using the HEPI
network. This conclusion is supported by the lack of cor-
relation between the HEPI TRW chronology and a
millennial-length temperature reconstruction based on
maximum latewood densities from Mt. Smolikas Bosnian
pines (Esper et al., 2020). The density-based reconstruc-
tion correlates at 0.73 against instrumental temperatures
and shows dissimilar high-to-low frequency variance over
the past 12 centuries compared to the new precipitation
record (Figure S4).

3.2 | June-July precipitation
reconstruction and benchmarking

The regressed 500-year spline detrended HEPI chronol-
ogy from northwestern Greece shows ample high-to-low
frequency June-July precipitation variance over the past
1,278 years (Figure 5). The reconstruction is character-
ized by increasing uncertainties back in time, expressed
by the expanding bootstrap confidence range (the red
curves in Figure 5(a)), which is largely a function of the
reduced sample replication and changing interseries cor-

EPS metric exceeds the widely considered 0.85 threshold
back to 755 CE indicating that the samples integrated in
the reconstruction represent to some degree the infinite
population (Wigley et al., 1984). Split-period correlation
(Fl976.1995 = 0.69, 19060015 = 0.74), RE (0.47-0.81), CE
(0.47-0.53) and DW statistics (1.83) demonstrate a rea-
sonable and temporally stable fit with instrumental
June-July precipitation data, reinforcing the skill of the
TRW-based reconstruction. Caution is needed, however,
as much of the reconstructed inter-annual to centennial
scale variance occurs outside the range of variance cap-
tured by the relatively short instrumental station data
(the blue curve in Figure 5(a); von Storch et al., 2004).
This is particularly the case during the exceptionally dry
periods and extremes reconstructed over the past 13 cen-
turies displaying values well below the mean of the
adjusted instrumental data (73 mm from 1976 to 2015).
This basic uncertainty applies to many climate recon-
structions (Biintgen et al., 2011; Klesse et al. 2015) partic-
ularly those that place the current warm conditions in a
long-term context (Esper et al., 2002, 2014, 2018; D'Arrigo
et al., 2006; Juckes et al., 2007; Ljungqvist, 2010; Pages
2 K Consortium, 2013; Schneider et al., 2015; Luterbacher
et al., 2016; Wilson et al., 2016; Anchukaitis et al., 2017).
The new reconstruction shows substantial decadal-to-
centennial scale precipitation variability including a
long-term increase from dry conditions in the mid-19th
century (1,846-1,875 42 + 2.3 mm) towards recent
pluvial conditions (1986-2015 = 73 + 2 mm; Table S2).
The driest reconstructed 30-year periods occurred

relation over the past 13 centuries (Figure 5(c-d)). The from 1,350-1,379 CE (39 +4.5mm) and 913-942
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FIGURE 5 Precipitation reconstruction and characteristics. (a) June-July precipitation reconstruction (black curve) derived from
regressing the 500-year spline detrended HEPI chronology against adjusted instrumental data (blue curve). Red curves are 30-year smoothed
95% bootstrap confidence intervals from re-sampling and averaging the detrended series with replacement 1,000 times. (b) The expressed
population signal, (c) Rbar, and (d) sample replication curves of the HEPI chronology back to 729 CE
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(40 + 8.4 mm), although the estimated uncertainties
increase back in time as a function of reduced TRW sam-
ple replication. The most pluvial periods are 862-891 CE
(86 +£ 11 mm) and 1,539-1,568 (80 + 3.4 mm) during
which the precipitation estimates exceeded the dry period
values by >40 mm. These long-term changes are accom-
panied by numerous extreme events including the excep-
tionally dry early summers in 1,362, 1,660, 1,880 and
1,862 CE when precipitation was <10 mm, and the
exceptionally moist early summers in 877, 1,044, 1,541
and 1,556 CE when precipitation was >100 mm. The
overall variability of reconstructed June-July precipita-
tion over the past 13 centuries thereby exceeds 90 mm at
the inter-annual timescale, and could even be >100 mm
if the bootstrap-derived reconstruction confidence inter-
val is considered (Table S2).

The character of the reconstruction presented here
depends on the detrending method used to produce the
HEPI mean chronology and the technique applied to
transform this chronology into estimates of June-July
precipitation. The reconstructed variability is a function
of the unexplained variance of the regression between
TRW and instrumental data. The transfer method
(e.g., regression or scaling), and to some degree the
period of overlap with instrumental data (here 40 years
from 1976-2015), are operator choices, and changing
these alters the reconstruction variance (Esper
et al., 2005). Additional uncertainty arises from the
choice of detrending method, as the 500-year spline
detrended chronology used here for reconstruction pre-
serves systematically more low-frequency variance, and
thus more precipitation variability over the past 13 centu-
ries, compared to the 300-, 100- and 50-year chronologies
(Figure S5). Finally, the adjustment applied to the instru-
mental precipitation data affects the range of
reconstructed values. If the 500-year spline detrended
HEPI chronology is regressed against unadjusted CRU
precipitation data, negative reconstructed values (down
to —40 mm) appear throughout the past 1,278 years (bot-
tom panel in Figure S5(a)). This problem applies to all
chronologies including those that are limited in preserv-
ing low-frequency variance (top panels in Figure S5(a)),
demonstrating that any reconstruction effort is affected if
the scale of instrumental data is not sufficiently represen-
tative of the climate conditions where trees grow.

Our new reconstruction presented here contains sub-
stantially more low-frequency variance compared to the
June-July SPI reconstruction from northwestern Greece
(Klippel et al., 2018), the May-June precipitation recon-
struction extending into northeastern Turkey (Griggs
et al., 2007), and the May-August precipitation recon-
struction based on multiple tree sites in Turkey, Syria,
Lebanon, Cyprus and Greece (Touchan et al., 2005;

of Climatology

Figure 6). This spectral difference (Figure S7) is likely
unrelated to differences in season or spatial coverage but
traces back to the different detrending methods applied
to the reconstructions including more flexible high-pass
filtering techniques used in the previous attempts. While
we do not contest this approach and have ourselves used
cubic smoothing splines and pre-whitening techniques in
the study by Klippel et al. (2018) to avoid introducing any
lower-frequency variance that is not related to hydro-
climate, the current network analysis and coherence
among 22 Pinus heldreichii sites enabled us to overcome
this constraint and preserve more low-frequency variance
in the final reconstruction. As a consequence, the periods
of multi-decadal dry and moist summers highlighted in
yellow and blue in Figure 6 are not captured by the three
other SPI and precipitation reconstructions from the east-
ern Mediterranean.

The situation is different with the PDSI reconstruc-
tion derived from regional grid points of the Old World
drought atlas (bottom panel in Figure 6; Cook
et al., 2015). This record contains substantially more low-
frequency variance than the SPI and precipitation
records, albeit not as much as the HEPI-based recon-
struction presented here (Figure S7). There is little
coherence between the June-August PDSI and the new
June-July precipitation reconstructions over the past mil-
lennium, and the discrepancies are perhaps greatest dur-
ing the most recent decades when the PDSI record
indicates a sharp trend towards drier conditions, whereas
the new precipitation record indicates moist conditions.
These contradictions are likely related to the varying
hydroclimatic targets (PDSI vs. precipitation) and the
methods used to combine data in the drought atlas. The
tree-ring chronologies used to produce the drought atlas
were detrended to retain centennial to multi-centennial
variance (using RCS and Signal Free; Esper et al., 2003;
Melvin and Briffa, 2008), but their combination can
include a reversal of chronology values if regional
drought is controlled by longer-term temperature
increases rather than precipitation shortages, as is the
case in most Mediterranean regions since the mid-20th
century. Consequently, we argue that late 20th century
downward trend in reconstructed PDSI reflects an
increase in drought severity driven by rising tempera-
tures. It is therefore understandable why an equivalent
negative trend is not seen in the high-elevation precipita-
tion reconstruction presented here.

Beyond low-frequency variance, there is minor to
almost no coherence among the extreme events recorded
in the high-resolution hydroclimate reconstructions from
the northwestern Mediterranean (the black dots in
Figure 6). Whereas the precipitation reconstructions cor-
relate between r =0.17 and r =0.32 from 1,400 tO
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2,000 CE (Table S3), only 2 of the 10 driest and wettest
summers retained in the HEPI network concur with the
Griggs et al. (2007) record (Table S2; 1,660 = 8 + 2.5 mm,
1,687 = 11 +24mm), and none with Touchan
et al. (2005). This lack of high-frequency coherency is
consistent with the nature of regional summer rainfall
that is typically driven by local depressions and spatially
constrained convection and thunderstorms. These rain-
laden events are not expected to align between records
integrating data from different countries in the eastern
Mediterranean and even less likely to agree with remote
records from Turkey (Akkemik and Aras, 2005; Touchan
et al., 2007, Kose et al, 2013), France (Szymczak
et al., 2014), Spain (Esper et al., 2015a; Tejedor
et al., 2016, 2017, 2019), Morocco (Esper et al., 2007), or
Tunisia (Touchan et al., 2008).

4 | CONCLUSIONS

A June-July precipitation reconstruction extending back
to 729 CE is presented for northwestern Greece. The
record is derived from a network of 22 high-elevation

pine sites revealing highly coherent growth variations
over the past centuries across the Pindus Mountains. Par-
ticular emphasis is placed on retaining low-frequency,
multi-decadal precipitation variability retained in this
network in order to illustrate how conditions since the
late 20th century are comparatively moist relative to the
range of likely precipitation fluctuations over the past
millennium. This conclusion refers to precipitation vari-
ability only, that is, does not consider the warming trend
recorded since the late 20th century (Rohde et al., 2013)
nor the temperature changes during pre-instrumental
times (Esper et al., 2020). A distinct differentiation
between precipitation and temperature reconstructions is
feasible in northwestern Greece as the TRW and maxi-
mum latewood density data from the same high-elevation
pines do not correlate so that independent assessments of
natural hydroclimate and temperature variability could
be developed (Klippel et al., 2018; Esper et al., 2020).

The comparison with other statistically calibrated
hydroclimate reconstructions from the eastern Mediterra-
nean revealed little coherence over the past
600-1,000 years (Touchan et al., 2005; Griggs et al., 2007).
This conclusion is likely driven by the (a) spatially



ESPER ET AL.

International Journal 2837

heterogenous precipitation patterns, particularly during
the summer months when local thunderstorms feed the
aquifers in  high-elevation  environments, and
(b) different detrending methods applied to the varying
reconstructions limiting their ability to retain low-
frequency hydroclimate variations over the past centu-
ries. Whereas the lack of coherence with existing records
does not necessarily support the conclusions presented
here, it appears hard to imagine that other factors,
beyond precipitation, affected tree growth and synchro-
nized TRW chronologies over centuries among multiple
sites in the Pindus Mountains. An alternative driver
could be CO,, although the muted pre-industrial atmo-
spheric variations, <10 ppm at inter-decadal timescales
(Frank et al., 2010), cannot explain the highly synchro-
nous pre-Anthropocene (Foley et al., 2013) growth varia-
tions reported here. The development of further high-
resolution reconstructions emphasizing low-frequency
hydroclimate variability over the past centuries to
millennia would be key to place the current dynamics
into a long-term context. An improved understanding of
pre-instrumental, natural hydroclimate variability is par-
ticularly needed for the Mediterranean region that is
threatened by substantial drying over the upcoming
decades.
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