
ARTICLE

Anthropogenic warming has exacerbated droughts
in southern Europe since the 1850s
Wenling An1,2, Chenxi Xu 1,2✉, Slobodan B. Marković3,4, Shanlei Sun5, Yue Sun 5, Milivoj B. Gavrilov3,

Zoran Govedar6, Qingzhen Hao 1,2 & Zhengtang Guo1,2

Widespread and frequent droughts have affected most parts of Europe over recent years, but

it remains unclear when this synchronous drying trend began and how it has been influenced

by anthropogenic forcing. Here we reconstruct and explore the history of drought in southern

Europe over the past 300 years using an annual record of tree-ring oxygen isotopes from a

site in Bosnia and Herzegovina. The reconstruction suggests that the onset of the drying

trend in southern Europe occurred around the 1850s, which is consistent with previous

studies demonstrating the extensive and long-lasting drying across central and western

European areas. The evidence from CMIP6 model and reanalysis data demonstrates that

anthropogenic warming has enhanced the strength of land–atmosphere coupling and exa-

cerbated the widespread drying trend since the 1850s.
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In 2022, an unusually severe drought began in May and
expanded and worsened through the summer, affecting most
parts of Europe1. Such extensive and synchronous summer

droughts have occurred frequently over Europe since the 2000s
and have caused major socioeconomic, agricultural, and ecosys-
tem damage, and even loss of human life2–5. More than half of
Europe may have been affected by extreme drought conditions
over the past five years (2015–2019)6. Therefore, a better
understanding of drought characteristics and their potential
mechanisms at the European level is essential if we are to improve
future drought prediction and mitigation.

Across Europe, the southern region is the area most vulnerable
to droughts, especially at annual to decadal scales7–11, whereas
central Europe is the transition area between the wetting northern
and drying southern regions12,13. Nevertheless, central Europe
has also experienced evident drying in the recent century (Fig. 1),
with increasing temperatures and decreasing precipitation (Sup-
plementary Fig. 1) and many severe droughts14–16. Moreover,
climate projections indicate that Europe will become one of the
hotspots for future high-intensity droughts and prolonged heat-
waves, with southern and central Europe becoming increasingly
dry and hot17,18. However, owing to the short length of the
observational record, it remains unclear when the widespread
drying that is evident over most of Europe began, and how
warming induced by greenhouse gas effect has influenced this
trend when compared with natural variability.

Several proxy records spanning past centuries have recorded
summer hydroclimatic variability over Europe19–22. The high-
resolution tree ring-based Old World Drought Atlas (OWDA)23

highlights some multidecadal periods of drought and wetness
over large areas of Europe, but the mixing of winter hydroclimatic
signals24 makes it difficult to capture the full range of natural
hydroclimatic variability during the summer season. Therefore,
an extended network of summer or warm-season reconstructions
covering the Europe is necessary. To address this knowledge gap,
it is essential to use natural archives sensitive to the warm season
dry-wet variations, to obtain more hydroclimate reconstruction
that cover time periods before and after the start of
industrialization.

Here we present a spring–summer dry/wet-sensitive tree ring
oxygen isotope (δ18O) record from southern Europe covering the
period 1711–2019 CE. Our record documents a persistent drying

trend across southern Europe over the past 300 years, as well as
recent drought intensification. Compared with previous drought
reconstructions, we demonstrate that this widespread drying over
most parts of Europe actually began in the 1850s, which coincides
with the onset of anthropogenically generated greenhouse gas
emissions. This drying trend agrees with the higher land-
atmosphere coupling strength deduced from simulations under
greenhouse gas (GHG) forcing, compared to that under natural
(NAT) forcing. Moreover, enhanced land-atmosphere coupling,
associated with a persistent soil moisture deficit, appears to have
intensified surface warming, which has resulted in the recent
drought exacerbation.

Results
The mean δ18O values obtained from the five trees ranged from
28.8‰ to 29.4‰, which are similar to values obtained from trees
in central Europe20. The individual raw δ18O series displayed
strong coherency with each other (Supplementary Table 1). The
regional δ18O chronology has an expressed population signal
(EPS) of 0.89 and a mean correlation between series (Rbar) of
0.66 (Supplementary Fig. 2), indicating that the trees within the
chronology possessed a common signal25. To establish a com-
posite chronology, the five individual δ18O series were normal-
ized over their common period rather than simply averaging. This
avoids some artificially abrupt increases or decreases in δ18O
values resulting from differences in the average δ18O values
between different trees (Supplementary Fig. 2). The period
1711–1739 CE was also presented in the composite chronology to
evaluate the long-term trend, despite there being only one core
for this period.

Hydroclimatic sensitivity of tree ring δ18O. The δ18O values
show a broad spatial representativeness of the April–August
hydroclimatic conditions over most parts of southern Europe
(south of 45°N), including Bosnia and Herzegovina, and neigh-
boring regions in Serbia, Albania, Romania, Bulgaria, Greece and
Italy (Fig. 2a). Therefore, we tested the climatic response of tree
ring δ18O variations to the averaged regional climate (10°E–25°E,
35°N–45°N). The regional δ18O values correlate well with the
monthly temperature variations (Pearson’s r ranges from 0.31 to
0.51) from April to August, as well as with the monthly pre-
cipitation variations (Pearson’s r ranges from −0.26 to −0.40)
from June to August (Supplementary Fig. 3). There is a statisti-
cally significant correlation between the δ18O chronology and the
monthly standardized precipitation–evapotranspiration index25

(SPEI, Methods, Supplementary Fig. 3). The strongest correlation
was found between the δ18O chronology and the mean
April–August SPEI (r=−0.70, p < 0.001) during the period of
1901-2019, which increases to −0.72 and −0.71 when indepen-
dently calculated over two contiguous instrumental periods; i.e.,
the early (1901–1959) and late (1960–2019) periods, respectively.
This significant sensitivity of tree ring δ18O is higher than that of
southern European tree ring δ18O from the ISONET project
(r= 0.2-0.6, 1901-1998)26. When using the first differences of the
time series, the correlation coefficients between the regional δ18O
and mean April–August temperature (r= 0.45, p < 0.001) and
precipitation (r=−0.57, p < 0.001), as well as SPEI (r= –0.59,
p < 0.001), remained high. These results indicate that the δ18O
chronology is sensitive to regional high- and low-frequency
hydroclimatic variations.

Tree ring δ18O values are influenced mainly by the stable isotope
composition of precipitation (source water) and the evaporative
enrichment of leaf water δ18O27. The precipitation δ18O is controlled
primarily by local precipitation–evapotranspiration processes28;
consequently, tree ring δ18O records the local drought history.

Fig. 1 Map showing the location of the sampling site (red star) and the
European drought pattern. The color contours represent standardized
precipitation–evaporation index (SPEI) trends for April–August (linear trend
per year, from 1901 to 2019 CE). The gray crosses indicate trends
significant at the 95% confidence level. The arrows indicate the average of
the vertically integrated water vapor flux (kgm−1 s−1) and its transport
direction from April to August during 1948–2019 CE.
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Further isotopic fractionation that occurs in leaves is drivenmainly by
the difference between internal and external water vapor pressures29,
and thus by relative humidity. Dry conditions during growing season
thus result in higher δ18O values in leaf sugars, and consequently in
wood cellulose. Therefore, a negative correlation between tree ring
δ18O and the SPEI index is expected. This is consistent with previous
findings from other European regions20, 30,31.

It is worth mentioning that our δ18O values record the spring
and summer drought signal, whereas some previous tree ring
δ18O values reflected mainly summer drought variations. This
difference may be because, in this study, we used the whole wood
cellulose from black pine (Pinus nigra) trees, which would
contain the climate signal recorded during the early growing
season, whereas other studies used latewood cellulose from oak
trees (Quercus robur)20,30. A negative relationship between our
pine δ18O and spring–summer precipitation has been found in
the adjacent regions of Montenegro, Bosnia, and Herzegovina32.

Southern European warm season SPEI reconstruction from
tree ring δ18O. Based on the strong correlation between tree ring
δ18O and the April–August SPEI, we used the δ18O chronology to
reconstruct the regional April–August SPEI over the past 300
years. Using a split period calibration and verification technique
(see Methods), our reconstruction captures the full range of the
instrumental April–August SPEI between 1901 and 2019

(Supplementary Table 2). All of the calibration and verification
statistics confirm the temporal stability of the highly significant
agreement between the reconstructed and measured
April–August SPEI (Fig. 2b). The reconstructed SPEI variations
identified two wet (1711–1778 and 1813–1849 CE) and two dry
(1779–1812 and 1850–2019 CE) intervals. In general, the recon-
struction is characterized by a gradually drying trend since the
1850s, and this drying tend persists to the present (Fig. 2c).
Moreover, the recent drought intensification observed in the
instrumental data9 was evident in our reconstruction, and the
long-term reconstruction further indicated that recent decades
have experienced the most severe drought in southern Europe
over the past 300 years, and with no wet years since 1976 (Sup-
plementary Fig. 4).

Our reconstruction showed a significant but weak correlation
with the July-August SPEI reconstruction for the southern
Europe26 (r= 0.27, p < 0.001, 1711–2018) using ISONET project
isotope data (gridded ISONET reconstruction)33–35. The ISONET
reconstruction only captured the drying trend in recent decades
(Fig. S5). The correlation between our reconstruction and ISONET
reconstruction was relatively low during the period of before 1900s
(r= 0.16, p > 0.05). This indicated that the coherence between the
two SPEI reconstructions was not strong before recent century. The
different signal window (i.e., April–August vs July-August) and
site-specific reconstruction may cause this discrepancy.

Fig. 2 Reconstructed southern European SPEI. Spatial correlations between tree ring δ18O and observed April–August SPEI over Europe (a), and the red
and orange rectangle indicates the boundaries of the southern and central European regions defined in this study, respectively (see Methods). Temporal
variations between reconstructed and observed April–August SPEI (b) over the period 1901–2019. The reconstructed southern European SPEI variability
(April–August) based on tree ring δ18O over the past 309 years (c), the black solid line is the regime shifts (window length= 10 year, confident at 95%),
and the blue and orange horizontal dashed lines represent the mean ±1σ (standard deviation) for this period.
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Dipole-like drought structure over Europe. We compared our
reconstruction with previously published summer dry-wet
reconstructions over Europe19,20,31,36. Overall, most European
region showed a drying trend since about the 1850s (Supple-
mentary Fig. 6)31, despite some detailed offsets in trends caused
by the seasonal differences between these reconstructions. How-
ever, the southern and northern Europe dry-wet variation shows
almost opposite multidecadal trend since the 1850s (Supple-
mentary Fig. 6), with a wetting trend recorded in the north
European reconstruction since the 1900s (Supplementary Fig. 6e).
We further made spatial correlation between our reconstruction
and gridded ISONET reconstruction (July-August SPEI) for the
Europe. The spatial correlation shows that our reconstruction is
significantly and positively correlation with southern European
SPEI (Fig. 3a, b), while negative correlations with northern Eur-
opean SPEI over the past 300 years (Fig. 3a, b).

This dipole-like drought structure could be caused by the
changes in the North Atlantic Oscillation (NAO), which is the
main atmospheric circulation pattern modulating the European
climate37–40 and has changed to patterns with more positive
phases since around the 1850s (Supplementary Fig. 6f). During
the positive phase of the NAO, the central and southern parts of
Europe are dominated by a high-pressure center associated with
stronger anticyclonic circulation, while cyclonic conditions are
prevailed in the northern Europe. This favors the advection of dry
and warm air from the northern part of Africa toward the
southeastern part of Europe, which results in extreme dry and hot
summers38. The dipole-like pattern was also found between the
spatial correlation fields of NAO and ISONET SPEI reconstruc-
tion. The NAO index showed negative correlation with the

southern European SPEI during the past 300 years (Fig. 3c). In
contrast, the stronger cyclonic circulation in the north would lead
to positive precipitation anomalies and thus lead to wet northern
Europe38, and thus positive correlation between NAO and
northern European SPEI was observed (Fig. 3c, d).

Extensive European drought and enhanced land-atmosphere
coupling under anthropogenic warming. Despite the wetting of
northern Europe, other regions over Europe have moved toward a
drying environment since the 1850s (Supplementary Fig. 6),
especially the southern and central Europe (Fig. 3a, b). Compared
with other regions, both southern and central Europe show sig-
nificant drought intensification in recent decades (Supplementary
Fig. 6b, c). It indicates that the southern and central European
droughts could have shared similar driving factors.

Extensive drought and aridity events can be caused by both
large-scale atmospheric dynamics and local land-atmosphere
feedbacks41. In Europe, the position of the North Atlantic Jet
(NAJ) and duration of high-pressure cells over northern and
central Europe may affect the spatiotemporal scale of the
widespread European summer droughts42, 43. We found sig-
nificant and stable relationships between southern European
drought reconstruction and reconstructed NAJ variations (Sup-
plementary Fig. 7). However, no relationship was detected
between central European droughts and NAJ (Supplementary
Fig. 7). It indicates that as the climate transition area, the
influence of atmospheric circulation on central European drought
could be complicated and unstable.

The local land-atmosphere feedbacks mainly contain soil
moisture-temperature feedback and soil moisture-precipitation

Fig. 3 Dipole-like dry-wet pattern over Europe. Spatial correlation for the SPEI reconstruction between southern Europe (this study) and the gridded
ISONET reconstruction26 during the period 1711–2018 (a) and 1850–2018 b. Spatial correlation between the gridded ISONET reconstruction26 and winter
NAO index63 during the period 1711–2018 (c) and 1850–2018 (d). The black star in a, b indicates the sampling site in this study. The gray dots represent
trends significant at the 95% confidence level.
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feedback. It has been found that recent increasing drought
severity in southern Europe is mainly related with temperature
rise9, and the enhanced coupling of soil moisture-temperature
effects could have caused recent hotter-drier summers in some
European region19. The significant increasing temperature trend
was also detected in most Europe, while the precipitation decrease
is only significant in the central Europe (Supplementary Fig. 1).
Therefore, for the Europe, the soil moisture-temperature feed-
backs could be the dominant mechanism of the land-atmosphere
coupling, especially for the relatively arid area44.

The rising surface temperature and related land-atmosphere
coupling has been reported to increase evaporation and to reduce
soil moisture, and thus promote greater drought. The reduced soil
moisture would further favor increase of near-surface air
temperature and therefore cause severe droughts41,44,45. Low soil
moisture levels reduce evapotranspiration and increase the
sensible heat flux. The reduction of evapotranspiration decreases
moisture recycling and further increases the sensible heat flux,
which may then increase atmospheric stability and inhibit cloud
and precipitation formation46. This would result in a negative
coupling between soil moisture and sensible heat: a reduction in
soil moisture induces an increase in the sensible heat flux, which
causes an increase in near-surface air temperature, and conse-
quently leads to severe aridity.

Our results reveal the strong relationships between dry-wet
variations of southern and central Europe and observational
temperature (Supplementary Fig. 8), as well as soil moisture
variations from GHG forcing models at annual to decadal scales.
To investigate the influence of anthropogenic warming on the
strength of the land-atmosphere coupling, we compared the
strength of the regional land-atmosphere coupling (ISM-T,
Methods) from southern and central Europe using the Coupled
Model Intercomparison Project Phase 6 (CMIP6) modeled
atmospheric and land surface data (Supplementary Table 3).
This metric quantifies the relationship between near-surface
temperature anomalies and soil moisture deficits in the land
surface energy balance. The regional range for southern and
central Europe was determined from the spatial representative-
ness of the respective hydroclimatic reconstructions (see
Methods). The CMIP6 multi-model (Supplementary Table 3)
ensembles include experiments driven by natural-only forcing
(NAT), GHG forcing, and historical forcing (ALL forcing). The
results revealed that the land-atmosphere coupling strength in the
GHG and ALL forcing experiments was significantly stronger
than that generated by the NAT forcing. The difference in the
coupling strength between the NAT and GHG forcing was
between 58% and 59.1% for the southern and central Europe,
respectively (Fig. 4a). Similarly, the correlation coefficients
between the sensible heat flux and atmospheric temperature are
much greater under the GHG and ALL forcing than under the
NAT forcing (Fig. 4b). The soil moisture variations under the
GHG forcing also show an evident decreasing trend in southern
and central Europe, which is consistent with the drying trend
seen in the reconstructions (Supplementary Fig. 8). Therefore, it
can be inferred that anthropogenic GHG forcing has led to
strengthened land-atmosphere coupling in central and southern
Europe, which might be responsible for the persistent drying
trend over both regions since the 1850s via land surface and
atmospheric feedbacks.

The influence of land-atmosphere coupling on European
drought intensification over recent decades was further quantified
using another observationally based (π diagnostic) coupling
between soil moisture and temperature47 (see Methods). During
the past six decades, the temporal variation of the coupling
strength has followed a well-defined increasing trend over most of
Europe, including the southern, central, and part of the northern

regions (Fig. 5a). We note that the land-atmosphere coupling
strength in southern Europe is generally greater than that in
central Europe (Fig. 5b), where it is usually arid and
evapotranspiration is mainly controlled by soil moisture, which
implies stronger soil moisture-temperature feedback45. Moreover,
both regions have shown an increasingly enhanced trend since
the 2000s (Fig. 5b), which corresponds to recent drought
intensification over the past two decades. In addition, compared
with those years when only southern Europe suffered droughts
(Fig. 5c), the coupling strengths are generally stronger when both
regions experienced droughts simultaneously (Fig. 5d).

We did not perform a future projection, but it can be inferred
that the human-induced widespread drying trend evident over
most parts of Europe will persist under global warming. It is
noted that with increasingly warming in recent century
(Supplementary Fig. 1a, b), many parts of northern Europe also
show a tendency towards dry conditions (Fig. 1). These findings
imply that more frequent and severe droughts may occur
simultaneously over most of European, which will present a
significant challenge for the inhabitants of the affected regions.
Further efforts are needed to provide a more detailed estimation
of the SPEI magnitude and its influence on regional ecosystem in
combination with other tree ring index and observations.

Methods
Sampling and local climate. Our sampling sites in the Dinaric Alps
(44.15°–44.46°N, 16.47°–17.28°E) were located in the Lom rainforest (on Kleko-
vača) and the Janj rainforest/reservation (on Stolovaš) at altitudes from 1115 m
a.m.s.l. (above mean sea level) to 1250 m a.m.s.l., in the Republic of Bosnia and
Herzegovina (Fig. 1). In October 2019, a single increment core was extracted at
breast height from each of 24 European black pines (Pinus nigra). European black
pine is widespread across southern Europe and can grow on steep, rocky slopes
where the conditions are too extreme for other tree species. According to recent
studies using the pinning method and manual band dendrometers, its growing
season covers the whole of spring and summer, with wood formation starting in
early to mid-March and xylem growth finishing from the middle of August to
September48. P. nigra is not shade tolerant and can resist extreme climatic con-
ditions such as summer heat and a lack of precipitation49. Climate data show that
only 36% of the annual precipitation of 817 ± 94 mm falls during the growing
season from April to August in the study area (Supplementary Fig. 9), and the
moisture is derived mainly from the North Atlantic (Fig. 1). Therefore, tree ring
cellulose δ18O is expected to record a dry-wet signal during the growth season.
Based on the regional representativeness of the SPEI reconstructions in this study,
and also that from Büntgen, et al.20 (Supplementary Fig. 10), we defined the
southern and central European areas as falling within 10°–25°E, 35°–45°N and
10°–25°E, 46°–55°N, respectively, to facilitate the comparisons between the two
regions.

Stable oxygen isotope chronology development. The sample cores were air-
dried and polished using sand paper until the ring structure was clearly visible. The
ring widths of all samples were measured using a LINTAB 6 measuring table
(Rinntech, Heidelberg, Germany; with a precision of 0.01 mm), after which cross-
dating was checked using the COFECHA software50. Based on accurate cross-
dating, five cores from five different trees with wider rings and without evident
growth disturbance were selected for isotope analysis. We used the modified plate
method to extract α-cellulose51 and followed the chemical treatment procedure of
the Jayme–Wise method52,53. The whole wood alpha-cellulose of each tree ring was
carefully split from the wood plate using a razor blade and a binocular microscope.
The alpha-cellulose samples, weighing between 0.09 and 0.25 mg, were placed in
silver foil. The δ18O values were measured in a pyrolysis-type high-temperature
conversion elemental analyzer (TC/EA, Thermo Scientific) linked to an isotope
ratio mass spectrometer (Delta V Advantage, Thermo Scientific) at the Key
Laboratory of Cenozoic Geology and Environment, Chinese Academy of Sciences,
Beijing, China. The isotopic results for oxygen are presented in δ notation as per
mil (‰) relative to the Vienna standard mean ocean water: δ18O= (Rsample/
Rstandard− 1) × 1000, where Rsample and Rstandard are the 18O/16O ratios of the
sample and standard, respectively. We measured 1582 cellulose samples, and the
analytical uncertainties for repeated measurements of Merck cellulose were ~
±0.15‰ (n= 185).

Climate reconstruction. The most reliable and representative period of the
chronology was evaluated using the expressed population signal (EPS) and mean
correlation between series (Rbar)54. In general, the EPS reflects how well a
chronology represents a theoretically infinite population based on a finite sample
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size, and Rbar provides an indication of the strength of the tree ring chronology
signal. The commonly accepted threshold is EPS > 0.8525. The most reliable period
is 1740–2019 CE, for which the threshold of 0.85 was reached at a sample depth in
two cores (Supplementary Fig. 2). However, the period 1711–1739 was also pre-
sented in the reconstruction to evaluate the long-term trend, although there is only
one core that covers this period. We calculated Pearson’s correlation coefficient (r)
between the tree ring δ18O series and climate variables from the previous
November to the current August. A linear model was developed to reconstruct the
SPEI from April to August using the tree ring δ18O values. The validity of the
regression model was evaluated using statistics related to the calibration and ver-
ification periods. Evaluative verification was conducted using the correlation
coefficient (r), coefficient of determination (R2), reduction of error test (RE),
coefficient of efficiency (CE), Sign test, and Durbin–Watson test (DW)54. R2 and
RE are both measures of shared variance between the climate and tree rings, and a
positive RE is evidence of a valid regression model55. The DW statistic tests are for
autocorrelation in the residuals between a model and the target hydrological data56.
The sign test counts the number of agreements and disagreements between the
reconstructed and instrumental climate data. In addition, one standard deviation
from the mean was used as a threshold to detect extreme dry and wet events.

Climate and model data. We used monthly gridded (2.5° × 2.5°) pressure, wind,
and specific humidity data from the NCEP/NCAR reanalysis data set57 to analyze
the direction and distribution of the total water vapor flux over Europe. We used
monthly gridded temperature, precipitation Palmer Drought Index58 (PDSI) from
the Climatic Research Unit (CRU) gridded data set (TS4.05) with a grid size
0.5° × 0.5°59,60 to assess climatic trends over Europe and then to explore the cli-
matic sensitivity in the tree ring δ18O series. Moreover, we obtained the monthly
soil moisture (between depths of 0 and 10 cm) reanalysis data from the Global
Land Data Assimilation System (GLDAS, https://ldas.gsfc.nasa.gov/gldas) to allow
comparison with the reconstructed regional SPEI. The standardized
precipitation–evaporation index (SPEI) is a multi-scalar drought index that esti-
mates drought using water balance, calculated as precipitation minus
evapotranspiration60. The calculation of SPEI takes temperature effects into
account by introducing potential evapotranspiration. We found significant positive
correlations between regional SPEI and PDSI (r= 0.59, p < 0.001) and soil moisture
(r= 0.67, p < 0.001) (Supplementary Fig. 11). It has been suggested that in the
Mediterranean, temperature effects via evapotranspiration need to be considered to
produce meaningful indices representative of water deficit61. In the present study,
we adopted the 0.5° gridded monthly SPEI data set for the study region. Moreover,
the gridded ISONET reconstruction data set (July-August SPEI-02) for Europe was
used to make comparisons26. This gridded data set is reconstructed from the
ISONET project supported by the European Union (EVK2-CT-2002-00147’ISO-
NET’). In addition, we made comparisons between the averaged April–August
SPEI and August SPEI-05 values, and they showed very high consistencies
(r= 0.95, p < 0.001) (Supplementary Fig. 12). This demonstrated that the results
won’t be influenced by using either the five-month SPEI values or the averages of
the one-month SPEI values over April through August.

The soil moisture levels between depths of 0 and 10 cm, upward sensible heat
flux, and near-surface temperature (2 m) from nine available CMIP6 experiments
(https://esgf-data.dkrz.de/search/cmip6-dkrz/) over the period 1850–2020 were
used to evaluate the regional land-atmosphere coupling strength since the 1850s. It

has been reported that soil moisture from the CMIP6 is relatively accurate in trend
evaluation, despite some differences among individual models62. In this study, we
used a set of model simulations including the experiments driven by the natural-
only forcing (NAT) and greenhouse gas (GHG) forcing, and historical forcing
(ALL, natural + anthropogenic forcing) (Supplementary Table 3). The
reconstructed winter (NAO)63 was used to investigate the possible influence of the
NAO on regional dry-wet variations.

The ERA5-Land Reanalysis data was also used to calculate the land-atmosphere
coupling strength for Europe from 1959 to 2018. The ERA5-Land Reanalysis data
is a global reanalysis data set of atmospheric, land, oceanic variables with high
spatial- and temporal- resolutions, developed by the European Center for Medium-
range Forecasting (ECMWF)64. ERA5-Land hourly data set (0.1° latitude × 0.1°
longitude) over Europe are collected in this study and the near-surface air
temperature, surface net radiation, actual latent heat flux, and potential evaporation
are used in this study.

Statistical analysis. Pearson correlation analysis was used to explore the rela-
tionship between δ18O and observed SPEI, temperature, and precipitation, as well
as to compare our reconstruction with previous dry-wet reconstructions. We
performed regime shift detection analysis65 based on mean changes in the
reconstruction. For this analysis, the cutoff regime length was set to 10, and we
used the 95% confidence level. The dry (humid) years were defined as those years
with a spring–summer SPEI of less (greater) than the mean of the whole period
minus (plus) 1σ. To assess the spatial representativeness of the reconstruction, we
calculated spatial correlations between the reconstruction and SPEI using the
KNMI Climate Explorer (http://climexp.knmi.nl). ANOVA analysis was explored
to test the significance of the differences in land-atmosphere coupling strength
between NAT forcing and GHG/ALL forcing. The locally estimated scatterplot
smoothing (LOESS) regression was used to derive the smoothed trend lines of the
land-atmosphere coupling strength, and this method is suitable for data with
outliers when a robust fitting method is necessary66. We also calculated the stan-
dardized values of land-atmosphere coupling strength (Z scores of π), to facilitate
the comparisons.

Land-atmosphere coupling strength. In this study, we used two methods to
evaluate the strength of the land-atmosphere coupling. The first metric was the
two-legged index (ISM-T), which uses the correlations between two variables (soil
moisture and sensible heat flux) but adds the standard deviation of temperature
(Eq. 1). This accounts for the possibility of a high correlation between two variables
being coincident with low variability67.

ISM�T ¼ ρðSM; SHÞρðSH;TÞσðTÞ ð1Þ

We used the monthly soil moisture (SM), sensible heat flux (SH), and near-
surface air temperature (T), which we obtained from the CMIP6 models to
calculate this two-legged index.

The second metric uses the π diagnostic of the land-atmosphere coupling
strength to quantify the strength of the coupling between soil moisture and
temperature. It is calculated as the product of the anomalies in the near-surface air
temperature (T) and the anomalies in the effect of the soil moisture deficits in the

Fig. 4 Land-atmosphere coupling strength (ISM-T) in CMIP6 model. The land-atmosphere coupling strength (a) calculated from ensemble means of 9
CMIP6 models between 1850–2019 CE, driven by natural-only forcing (NAT), greenhouse gas (GHG) forcing, and historical (ALL) forcing, and correlation
coefficients between modeled sensible heat flux and atmospheric temperature (b). The ISM-T is the land-atmosphere coupling strength based on the
correlations between soil moisture and sensible heat flux, and the standard deviation of temperature (see Methods). The asterisk in a indicates that the
land-atmosphere coupling strength differences between NAT forcing and GHG/ALL forcing are significant at 95% confidence level based on ANOVA
analysis. The asterisk in b indicates the correlation coefficients exceed the 99% confidence level.
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land surface energy balance (e)47, as follows:

π ¼ e0 ´T 0 ¼ ½ðRn� λEÞ0 � ðRn� λEpÞ0�T 0 ð2Þ
where Rn represents the surface net radiation, λ refers to the latent heat of
vaporization (which can be calculated as a function of T), λE is the actual latent
heat flux, and λEp denotes the latent heat flux based on potential evaporation. T′
and H′ are daily anomalies of T and H, respectively. Data regarding T, Rn, E, and
Ep were derived from the ERA5-Land hourly data set64. This method has been used
to quantify summer soil moisture and temperature coupling strength in
Europe44,47 and other regions68.

Data availability
The tree ring δ18O-based warm season SPEI reconstruction data in this study can be
accessed from https://www.ncei.noaa.gov/access/paleo-search/study/38233, and https://
doi.org/10.6084/m9.figshare.23544327. The CRU TS4.05 data set was from https://www.
uea.ac.uk/groups-and-centres/climatic-research-unit. The NCEP/NCAR reanalysis
monthly gridded data was from thttps://psl.noaa.gov/data/gridded/data.ncep.reanalysis.
The GLDAS monthly soil moisture reanalysis data was from https://ldas.gsfc.nasa.gov/
gldas. The gridded ISONET reconstruction data set was from https://doi.org/10.26188/
21988628.v1. The ERA5-Land Reanalysis data was from https://cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-era5-land. The CMIP6 model data was from https://esgf-
data.dkrz.de/search/cmip6-dkrz/.
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