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The vapor pressure deficit reflects the difference between how much
moisture the atmosphere could and actually does hold, a factor that
fundamentally affects evapotranspiration, ecosystem functioning, and

vegetation carbon uptake. Its spatial variability and long-term trends
under natural versus human-influenced climate are poorly known despite
being essential for predicting future effects on natural ecosystems and
human societies such as crop yield, wildfires, and health. Here we combine
regionally distinct reconstructions of pre-industrial summer vapor
pressure deficit variability from Europe’s largest oxygen-isotope network
of tree-ring cellulose with observational records and Earth system model
simulations with and without human forcing included. We demonstrate
that anintensification of atmospheric drying during the recent decades
across different European target regions is unprecedented in a pre-industrial
context and thatitis attributed to human influence with more than 98%
probability. The magnitude of this trend is largest in Western and Central
Europe, the Alps and Pyrenees region, and the smallest in southern
Fennoscandia. In view of the extreme drought and compound events of
therecentyears, further atmospheric drying poses an enhanced risk to
vegetation, specifically in the densely populated areas of the European
temperate lowlands.

Vapor pressure deficit, VPD, represents the difference between the
amount of moisture that the air can hold at saturation (saturation vapor
pressure, &) and its actual moisture content (actual vapor pressure, e,)".
In awarming atmosphere e increases, whereas changesin e, are less
uniform: The vapor content of the atmosphere is driven by complex
ocean-land-atmosphere water exchange mechanisms and recycling
processes, thatis, therate at which vaporis supplied to the atmosphere
viaboth ocean evaporation and land surface evapotranspiration, and
the strength of this ocean-land-atmosphere coupling®. High VPD can
causeincreased rates of water loss from soils and subsequent heating of
theterrestrial surfaces viasoil moisture-temperature feedback mecha-
nisms>*. VPD as a climate variableis therefore of fundamental ecological

and socio-economicimportance due toits effects on evapotranspira-
tionand surface heat fluxes and, coupled with heatwaves, amplification
of drought events with severe consequences on for example, vegetation
functioning’, crop yield® and subsequently human health’.

Ageneralincreasein VPD over the past decades has already been
reported at a global scale®, accelerating soil drought®°, plant water
stress”, vegetation mortality'>" and forest fires'. Its spatial evolution,
long-term natural background variability and potential attribution
to human influence are, however, still unclear. Hence, uncertainties
in predictions of future VPD variability and its effects on the coupled
carbon-water cycle and surface climate feedbacks by Earth system
models (ESMs) are also high.
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Here we combine empirical proxy data covering 400 years
of pre-industrial and recent summer VPD variability with meteorologi-
cal observations and ESM simulations to investigate spatio-temporal
VPD patterns across Europe and understand their natural versus
human-induced variability. This knowledge will contribute to reducing
uncertainties in simulating future climate scenarios and help estimat-
ing the potential threat of high VPD levels to ecosystems, economies,
and societies.

Empirical proxy data are represented by a European network of
oxygen isotope ratios (6'*0) in tree-ring cellulose from 45 sites span-
ning a latitudinal gradient from northern Fennoscandia to the Medi-
terranean (Fig. 1). This network is unprecedented in terms of spatial
coverage, number of sites, and composition of annually resolved
multi-century long §®0 chronologies. Sites range from temperate
lowland over boreal and alpine to Mediterranean climates and con-
tain seven tree genera, with oaks and pines most represented (Fig. 1,
Extended Data Table 1). While coniferous sites are distributed across
the whole network, broadleaf'sites concentrate in the mid latitudes of
western and eastern central Europe.

We explicitly utilize pure tree-ring 80 records instead of combin-
ing them with §"C records which was previously done for hydroclimatic
reconstruction®. While combining both may be appealing due to their
potentially strong inter-correlation in the high-frequency domain’®,
long-termtrends in §C records can be biased by non-climatic effectsin
theindustrial period (20"/21* century) due toaresponse of stomatal con-
ductancetotheincreaseinatmospheric CO,concentration'”’®, Further,
tree-ring 8°Crecords are sensitive to tree size and stand dynamics, while
8"0recordsareless sensitive to these factors”. Therefore, non-climatic
trends are minimal to absent in pure tree-ring §®0 records** %, and
long-term climatic variationis preserved with high certainty.

Tree-ring §'°0 records have proven to be a particular robust
climate proxy in temperate environments where traditional tree-ring
parameters such as tree-ring width or maximum latewood density
often underperform in recording hydroclimatic information*. They
reflect the §'®0 variations of precipitation and soil water taken up
by the roots, modified by a combination of climatic and physiologi-
cal processes® . Along these processes, evaporative enrichment of
the heavy 0 isotope along the atmosphere-soil-tree continuum is
a key effect in generating a VPD-sensitive tree-ring §'°0 signature?.
While the potential of tree-ring §®0 to record VPD variations has been
demonstrated® ', no robust reconstruction attempt has been made
withthe aimof placing recent VPD variability in a pre-industrial context.

Our spatially and temporally robust reconstructions of summer
VPD variability for differentindependent European target regions com-
bined with meteorological records and ESM simulations allow explor-
ingthe following questions:1) Isthe VPD increase observed across large
partsof Europeinrecent decades unprecedented inthe pre-industrial
context,andifso, 2) isit likely attributable to human-induced climate
change? For that we compared the range and variability of i) recon-
structed VPD values for the preindustrial period and ESM simulations
without humaninduced forcing with ii) recent observations of VPD and
ESM results including human forcing and implementing systematic
attribution assessment™®,

Networkresponse to climate

The distribution of mean §'0 values across the network represents
the geographiclocation of the sites along latitudinal, longitudinal, and
altitudinal gradients, with the effect of geographical location exceeding
any effect of species (Extended Data Fig. 1). Climate signals recorded in
theindividualsite chronologies are consistent across the geographical
range of the network, with highest correlations observed with VPD.
Summer climate conditions (June to August, JJA) during the year of
ring formation are the key driver of tree-ring §'®0 variability for both
deciduous species and conifers, and climatic conditions of the previous
year are of minor relevance (Extended Data Fig.2). The strength of the
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Fig.1|Distribution of 45 tree-ring cellulose "0 chronologies across Europe,
spatial clustering and changes in observed European summer VPD. Dot sizes
indicate the contribution (membership in %) of the individual site chronologies
to the common variance of agiven cluster based on fuzzy cluster analysis
(Extended Data Fig. 5). The chronologies are separated into five independent
target regions, thatis, northern Fennoscandia (NF), southern Fennoscandia (SF),
western Europe (WE), eastern central Europe (ECE) and Alps & Pyrenees (AP).
Greenshadings represent differences in mean observational VPD between the
period 1920-1990 and 19912020 calculated for each grid point based on the CRU
TS 4.05 dataset. Map source: R package ggplot2 (https://ggplot2.tidyverse.org),
R-version4.1.2.

relationship is neither affected by the geographiclocation (Extended
DataFig. 3) nor the general climatic conditions represented by the
long-term means of various climate variables (Extended Data Fig. 4),
except at the southern and north-western edge of the network. Sum-
mer VPD was selected as the target variable for climate reconstruc-
tion due to its i) strongest spatial and temporal robustness (Fig. 2a,
Extended Data Fig. 2, Supplementary Table 2), and ii) its climatic and
eco-physiological importance.

Spatio-temporal robustness of the VPD signal
across Europe

Fuzzy cluster analysis revealed grouping of the site §'*0 chronologies
in five distinctly different geographic regions (Fig. 1, Extended Data
Fig.5):northern Fennoscandia (NF), southern Fennoscandia (SF), west-
ernEurope (WE), eastern central Europe (ECE), and the Alps & Pyrenees
(AP). For subsequent nested principal component (PC) analysis, only
chronologies that contributed >75% to the corresponding cluster
were retained to ensure independence between the regional recon-
structions. The common variance explained by PC1 (common period
1920-1994) varied between 61% for WE, 64% for ECE, 61% for AP, 62%
for SF, and 45% for NF.

Spatial correlation fields calculated between nested PC1 of each
regional cluster and gridded summer VPD data confirmed the spatial
coherence of the VPD signal in tree-ring 80 on a continental scale
(Fig. 2). All five geographic regions corresponded spatially to the
areas with the highest correlations (Fig. 2b-f). For NF, however, the
strength and spatial extent of the correlation with summer VPD was
less pronounced compared to the other regions. Dipole-like correlation
patterns emerged between eastern central Europe and Fennoscandia
(Fig.2d, e) and between southwestern and eastern Europe (Fig. 2¢).

The strength and temporal robustness of the summer VPD signal
in our tree-ring 6'%0 proxies further increased when calculated for
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Fig.2|Spatial extend of the summer VPD signal in five European target
regions. a) Correlation between individual site 5'®0 chronologies and the closest
summer VPD gridpoint. b—f) Spatial correlation fields calculated between the
PClnestsrepresenting each of the five geographical regions derived from cluster
analysis and gridded summer VPD (June-August). Large black dots indicate sites
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contributing to the corresponding PC1 nests of each regional cluster duetoa
membership exponent >75%, small black dots display grid points with significant
correlations at P< 0.001. Map source: R package ggplot2 (https://ggplot2.
tidyverse.org), R-version 4.1.2.

the regional PC1 records. Particularly the WE record displayed excep-
tionally high correlations (P < 0.01) for the full calibration period
1920-2000 (rg,, = 0.79), as well as for the early (1920-1960) and late
(1961-2000) periods separately (r.,q, = 0.78 and r,,.. = 0.82). The ECE
record also showed highly significant (P < 0.01) and temporally stable
correlations (rp,=0.65; rey, = 0.67, 1, = 0.63), followed by the SF record
(rq,y=0.64), withanincrease of the correlations from the early to the late
period (re,,=0.52, 1y, = 0.72) (P< 0.01). Also, for the AP record, correla-
tions were highly significant (P < 0.01) (rg, = 0.61) and robust over time
(Fearty=0.65, 11, = 0.60). The NF record showed lowest, though still highly
significant correlations, but with differences between the full versus
split period values (rg,; = 0.42; P< 0.05; reypy: 0.59, Iy 0.52; P< 0.01).

The temporal robustness of the summer VPD signal as evalu-
ated by calibration-verification statistics allowed the development of
regional reconstructions (Fig. 3). This was done by scaling the spliced
regional PC1 nests to their VPD target over the full 19202000 calibra-
tion period. Particularly the WE record yielded excellent reconstruc-
tion skills (Supplementary Table 2, Supplementary Fig. 1) and the
signal was also robust in ECE, SF and AP. While for NF R*-values were
also still significant, other calibration-verification statistics failed,
indicating inconsistencies in the long-term trends (Supplementary
Table 2, Supplementary Fig.1). This prevented the creation of arobust
reconstruction for NF. While our reconstructions end in the 2000s,
the strong calibration-verifications statistics and scaling of the proxy to
the variance and mean of the observations justified a direct combina-
tion with observational VPD in the period 1991-2020.

400 years of European summer VPD and human
attribution

Historical periods of reconstructed high and low summer VPD expect-
edly varied between the four regions and only few common patterns
appeared (Fig.3): Atransition from high tolow VPD in the early 1600s
until the 1640s occurred in all target regions; relatively low VPD
occurred during the 1670s to 1720s in all regions except SF, and from
the 1730s to 1750 in WE and ECE, with comparably high VPD in SF and
AP. Another short dry period occurred at the end of the 19*" century
in all regions though less distinct in AP. In the early 20" century, a
period with relatively high VPD appeared in all four regions in the late
1940s/early 1950s, albeit less distinct in SF, followed by low VPD in the
1970s/early 1980s except SF. The most outstanding single extreme in
400yearswas 1709 (Fig.3) as the year with lowest VPD in SF and WE, and
alsodistinctly low values in ECE. Comparisons between observational
as well as reconstructed summer VPD and North Atlantic Oscillation
(NAO) indices revealed significant relationships (P < 0.01) in all four
investigated regions (Supplementary Table 3).

During the recent decades of the 21* century VPD increased to
unusually high levels in three of four reconstructions and the syn-
chronicity of thisincrease was unprecedented inthe 400-year context
(Fig. 3). It has continued until 2020 to a level not reached in the pre-
vious 400 years across WE, ECE and most strongly AP, whereas less
pronounced in SF. Within this recent period, highest VPD levels have
been reached during the drought years of 2003, 2015 and 2018, that
affected all four regions.
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Fig.3|Reconstructed and observed summer (June-August) VPD for

four European target regions. Horizontal blue lines indicate the mean of
observed VPD for the period 1991-2020. Smoothed curves are 30-year splines
with afrequency cut-off at 50%. Means and standard deviations (SD) are

giveninhPa. Grey areasindicate the root mean square error spliced together
from the individual PC1 nests per region. Details on the robustness of the
§0-VPD relationships in the calibration/verification period are provided in
Supplementary Table 2 and Supplementary Fig. 1.

Comparison of our reconstructions plus observations with
summer VPD simulations from twelve available Earth system models®
(ESM) enabled independent confirmation of the unprecedented VPD
increase of the recent 30-year period (1991-2020) and its attribution
to human influence. Three main simulation types were considered: i)
simulations forced with pre-industrial conditions, ii) simulations
including both natural and anthropogenic historical forcing until 2014,
andiii) simulationsincluding a scenario of medium future greenhouse
gas forcings.

Reconstructions and simulations agreed well in their distribution
of normalized 30-year mean VPD values of the pre-industrial period
(Fig.4).Moreover, the multi-model meansindicated withmore than 98%
probability in all regions that VPD levels of the current 30-year period
(1991-2020) could only be reached when attributing them to human
influence. Multi-model means simulated with historical natural forcing

excluding human influence were still well within the estimated ranges
of pre-industrial variability (Supplementary Table 4). Although some
individual ESMs simulated recent VPD values as high as the observations
and others even lower than the pre-industrial average (Fig. 4; Supple-
mentary Table 5), results from multi-model means were consistent.
Observed normalized summer VPD means of the recent 1991-2020
period strongly exceeded pre-industrial values and were substantially
higher than the multi-model means in all four regions (Extended Data
Table 2). In comparison recent non-normalized VPD levels from the
multi-model means generally agreed well with the observational levels
(Supplementary Fig. 3). Sensitivity tests confirmed the robustness
of our findings i) when analysing 10-year instead of 30-year means
(Supplementary Fig.4),ii) when estimating the baseline climate variabil-
ity of pre-industrial VPD from consecutive non-overlapping periodsinthe
simulations, instead of randomly sampled years (Supplementary Fig. 5),
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Fig. 4| Unprecedented summer VPD increase in the context of pre-industrial
natural variability and its attribution to human influence. Bars indicate pre-
industrial natural variability from tree-ring §'*0-based VPD reconstructions for
the period 1600-1850 (green), and from 500-year simulations of 12 ESMs with no
human-induced forcingincluded, piControl (blue). Grey shadows represent the
98% distribution range of natural variability. Solid lines indicate VPD during the
most recent period 19912020 CE based oni) direct VPD observations (red), ii)
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multi-model means of combined historical and ssp245 scenarios with human-
induced forcing included (blue), and iii) multi-model means of the historical
scenario with human-induced forcing excluded (green). Dashed lines are the
individual model means for 1991-2020 based on combined historical and
ssp245 scenarios with human-induced forcing included. VPD values are
normalized for comparability. Source of model outputs: https://esgf-node.lInl.
gov/search/cmipé6/.

andiii) whenusing model simulations that exclude the influence of past
land use/land cover (LULC) on recent VPD (Supplementary Table 6).

Recent summer VPD increase is unprecedented
and human-induced

Summer drying of the atmosphere intensified in the recent decades
and significantly exceeded pre-industrial conditions of the past
400yearsacrossall European target regions, as indicated by acombi-
nation of tree-ring §'®0-based reconstructions, gridded meteorologi-
cal observations, and ESM simulations. The magnitude of the recent
increase and the absolute VPD levels reached vary, however,amongthe
four regions. Strongest atmospheric drying trends are seenin the south-
ern, continental mountain regions of the Alps & Pyrenees, followed by
the temperate lowlands of western and eastern Central Europe, whereas
insouthern Fennoscandia, this trend s less pronounced. Model simula-
tions further demonstrate that the observed summer VPD level of the
last 30 years would have been extremely unlikely to occur without
ongoing human-induced climate change.

Potential atmosphericdrivers Of summer VPD
patterns

Some synchronized periods of historical low and high VPD across
Europe in our reconstructions, together with dipole-like spatial
correlation fields and significant relationships to NAO indices indicate

alink between VPD and large-scale climate dynamics. The latitudinal
position of the North Atlantic Jet during summer and the correspond-
ing occurrence and duration of near-stationary atmospheric pressure
fields (‘atmospheric blocking’) have been reported as major drivers of
historical and recent dry and moist weather regimes over the North
Atlantic-European domain®*®and even as drivers of European forest
productivity**. Also, the increasing number of mid-latitude weather
extremesinthe recent decades have been associated with anenhanced
latitudinal variability of the North AtlanticJet®. Such large-scale atmos-
pheric modes could also serve as an explanation for the year 1709 with
extremely low reconstructed VPD values. An exceptionally strong
negative NAO phase has been reported for this year®, with the most
severe frost conditions of the past 500 years continuing even into early
summer and extending widely across the European continent®**, Late
soil thawing and ®0-depleted ‘cold’ precipitation together with low
atmospheric demand farinto the growing season have allowed propa-
gating this extreme event specifically into tree-ring 60 (but not into
European-scale growth-based and combined §C-6'®0 chronologies
respectively, Supplementary Fig. 2).

Regional differences in the magnitude of the most recent VPD
increase are interpreted here towards the nonstationary evolution of
the actual vapor pressurein the air and anintensification of the water
cycleunder recent warming due to land-ocean-atmosphere feedback
processes>**, In Fennoscandia, an increase in atmospheric moisture

Nature Geoscience


http://www.nature.com/naturegeoscience
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/

Article

https://doi.org/10.1038/s41561-023-01335-8

hasbeenreported over the past 30 years and can be specifically linked
to changesin the dynamic processes of moisture supply from the oce-
anicsourceregions, such as increasing ocean evaporation’ explaining
the moderate increase in VPD observed there. In western and east-
ern central Europe and even more towards southern and continen-
tal regions such as the Alps & Pyrenees, a recent decrease in relative
air humidity has been reported that is to a certain degree related to
stronger differences between faster increasing air temperatures over
land masses and slower increasing sea surface temperatures in the
oceanic moisture region®*®, Therefore, humidity of the air advected
from oceans to land surfaces would not increase enough to main-
tain a constant e, in these continental regions®. The combination of
increasing temperatures and constant or even decreasing e, intensifies
atmospheric drying beyond the effect of warming alone.

Ecological and socio-economic implications
Ourreported VPD increase to the unprecedented levels of the recent
years has major implications for land-atmosphere interactions, veg-
etation dynamics and carbon budgets, depending on the climatic
region. In continental and Mediterranean areas VPD-driven declines
in stomatal conductance lead to decreased evapotranspiration and
thusto afurther enhancement of air drying* and can already represent
asignificant constraint on plant carbon uptake*°. Considering that
forest canopy leaves are typically warmer than air and have limited
ability to regulate temperature®, a leaf specific VPD increase may
even exceed the increase in atmospheric VPD, with amplification of
reduced carbon assimilation capacity and eventually heat damage. In
otherregionssuch aswesternand eastern central Europe anincrease
of tree-ring 86'0 sensitivity to summer VPD over the recent decades
indicates continued high stomatal conductance and an amplification
of evapotranspiration*”~**in correspondence with a large-scale inten-
sification of the atmospheric moisture demand***, and consequently,
the hydrological cycle’.

Recentstudies already report aresponse shift of vegetation growth
towardsincreased VPD sensitivity in the last few decades***, including
reductionsingross primary productivity*, increased tree mortality'>*,
forest decline and yield reductions®. A further VPD increase will cause
enhanced wildfire risk, modify wildfire regimes, and may transform
regions that are currently fire-free into fire prone ecosystems’ such
asthe Pyrenees® as one of our study regions.

Our findings may be viewed within the context of the recent wild-
fires and extreme drought-related events across many parts of Europe.
If the atmosphere continues to dry, impacts on natural ecosystem
services, the forestry and agricultural sector and human health are
anticipated. Increased evaporation and associated changes in the
amount and distribution of precipitation will disrupt water manage-
ment infrastructure, affecting the availability, distribution, and qual-
ity of water, as well as the reliability of the resource for hydropower
generation, irrigation, and human use. The direct and indirect effects
of adrying atmosphere are likely to be far reaching and will require
attention to minimize their future negative impacts.

Online content
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Methods

European network of tree-ring 60 records

Anetwork of 45 sites with tree-ring cellulose 50 chronologies across
Europe was established (Supplementary Table 1) using data primarily
from the two EU-funded projects ISONET (20 sites) and Millennium (15
sites), and the Swiss Sinergia project iTREE (6 sites). Four additional
data sets were downloaded from the NOAA paleoclimate database
(‘Ang’ and ‘Fon’?, ‘Ger™>; ‘Cze’®).

The sampling design considered temperate lowland sites, with
tree growth governed by a complex combination of environmental
factors and also ecologically extreme high-elevation sites where few
climatic factors dominate tree growth' (Extended Data Table 1). Sites
range from 5 to 2200 m elevation, with the majority situated in two
elevation bands: 0-500 m and 1500-2200 m. High-altitude sites are
concentrated in the south of the network. The network is dominated
by oak and pine species (16 and 17 sites respectively), but also contains
5spruce, 3 beech, 2 larch, 1juniper and 1 cedar site (Supplementary
Table1).Ateachlocationthe most abundant and long-lived trees were
selected and at least four dominant trees per site were used for stable
isotope analysis (1-2 cores per tree). In general, oak 50 measurements
were performed on latewood (except CAV, where no separationin early
and latewood was possible owing to particularly narrow rings), while
whole rings were analysed for beech and conifers (Supplementary
Information).

Tree-ring widths were measured and cross-dated following stand-
ard procedures to ensure correct dating of each annual ring. Individual
rings were separated with ascalpel under amicroscope. At somesites,
tree rings from the same year were pooled prior to cellulose extrac-
tion, while at others individual trees were measured and averaged to
site chronologies. For iTREE, 5-7 dominant and 5 suppressed trees
were analysed at each site”, but for consistency with other sites, we
developed chronologies using the dominant trees only. Cellulose was
extracted using standard techniques®*. Oxygen isotope analysis was
conducted on CO obtained from pyrolising the samples in elemental
analysers and measurements with isotope-ratio mass-spectrometry**.
Isotope values are given as 6-values calculated from the isotope
ratios '*0/"0 (=R) as 60 = (Ryumpie/Rstandara — 1) * 1000 %o (referring to
the international standard VSMOW) and have a long-term estimated
methodological error of <0.2 %.. The lengths of the chronologies var-
ied from 95 years (‘Tur’ and ‘San’) to 1500 years (‘Cze) with a median
chronology length of 288 years. Our study was restricted to the past
415years, backto1600 CE.

Four datasets were downloaded from the NOAA Paleoclimatology
database, that is, two French chronologies®™, one of them Fontainebleau
(Fon) replacing and extending the previous chronology established in
ISONET, and Angouléme (Ang). The Fon chronology, provided as 6'*0
anomalies only, was scaled to the 20" century mean of the previous
Fonchronology, and Ang was scaled to the mean of the old trees at this
site”. For the Spanish dataset Gerber (Ger)* the mean was calculated
of all five individual tree series, even though the mean inter-series
correlation was relatively low (mean ry99;.2000 = 0.22). For ‘Cze™ all §'%0
data were selected that reach back to 1600 CE, including living trees
and relict wood from several locations in the Czech Republic. Due to
offsets between individual measurements, the chronology was gener-
ated by calculating anomalies from the mean of each individual data
setand averaging them after.

All site 80 records were screened for missing values and gaps
filled based oninformation fromadjacent chronologies using the soft-
ware program ARSTAN>. Furthermore, all chronologies were tested for
potential artificial, non-climatic long-term trends for example possibly
caused by pooling multiple trees. The general absence of such trends
(excepttheearly portions of Col, Ser, and Ped, which did not reach 75%
membership component during fuzzy cluster analysis, see below) isin
line with other studies?~** and allowed for further analyses using the
non-detrended data.

Spatial clustering and regional principal components

Fuzzy cluster analysis®**” was applied for the period 1920-1994 CE on
the raw tree-ring 6'®0 chronologies with the aim to identify regional
groupsacross the network. Contrary to hard clustering, fuzzy cluster-
ing allows data to belong to more than one cluster with membership
grades assigned to each of the data points. These membership grades
indicate the degree to which data belongto each cluster. The number
of clusters is defined by maximizing the correlation between sites
within each cluster over the1920-2000 period. The best correlation was
obtained with five clusters representing distinct geographic regions
(A&P, WE, ECE, SF and NF). The membership exponent (membership
in %) was used to identify the strength of contribution of the individual
site chronologies to the common variance of the cluster. Only site
chronologies exceeding a membership exponent threshold of 75%
were selected for the development of regional time series for climate
reconstruction (Extended Data Fig. 5).

To create such regional time series, we applied nested principal
component analysis®® for each cluster separately. Since the number
of available chronologies decreases back in time, all tree-ring 50
predictors within a given time period were used to generate a prin-
cipial component regression model, then the shortest chronology/
ies were removed and another model was generated with the remain-
ing chronologies. This nesting approach was repeated back in time
and resulted in a varying number of ‘nests’ per cluster back through
time (Supplementary Table 2). The first principal component (PC1)
was calculated for each cluster and the PC1 factors of the individual
nests per cluster spliced together after scaling to VPD. The variance
explained by PClof theindividual nests varied between 46% and 61% for
western Europe (five nests), between 62% and 64% for eastern central
Europe (four nests), between 58% and 61% for the Alps & Pyrenees (five
nests), between 55% and 62% for southern Fennoscandia (four nests),
and between 38% and 45% for northern Fennoscandia (three nests).

Calibration, verification and VPD reconstruction

After confirmation of normal distribution of the raw tree-ring §0
data as well as the PC1 nests by the Shapiro normality test, Pearson’s
correlation coefficients between tree-ring 5'%0 records and climate
variables were calculated. This was done for each individual raw site
50 chronology onasite-by-site basis as well as for each of the nested
PClrecords developed for the five regional clusters using the 0.5°x 0.5°
monthly gridded meteorological dataset of the Climate Research Unit,
University of East Anglia, UK (CRU TS4.05). Analyses considered 11
monthly variables, thatis, mean (T,,.,,), minimum (T,,;,) and maximum
(Tmay) temperatures, precipitation sums (PPT), standardized precipi-
tation evapotranspiration indices (SPEI), cloud cover (CLD), wet day
frequencies (WET), potential evapotranspiration (PET), vapor pressure
(VP), water balance (WAB, calculated as precipitation minus poten-
tial evapotranspiration) and, most importantly, atmospheric vapor
pressure deficit (VPD). VPD was calculated as saturated minus actual
vapor pressure with the latter available as a standard CRU dataset,
whereas the former was derived from CRUT,,.,, data using the formula
VP, = 6.1110*((7.5*T)/(237.3 + T)°.

The period1920-2000 was defined as the core period for calibra-
tionduetosomeirregularitiesin the available climate data prior to 1920
(for example, abrupt changes in magnitude or variance) and reduced
replication of the composite §'®0 records in the most recent period.Ina
first step, monthly correlations were calculated from March of the year
before tree-ring formation to October of the year of tree-ring forma-
tion and for 186 combinations of months using the closest gridpoint
to identify the seasonality in the climate response at each site. Calcu-
lations were performed in R using the python module rpy2 (R version
3.5.1, Python version 3.7., rpy2 version 2.9.5) (https://rpy2.github.io).

Spatial correlation fields for each of the five sub-regions were
calculated based on the gridded VPD dataset of June to August (JJA).
AllVPD gridpoints revealing significance of the correlation coefficients
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atP<0.001withthe corresponding regional PClrecord were averaged
and this mean used as target for climate reconstruction prior to the
instrumental period.

Calibration/verification statistics such as explained vari-
ance (R?), reduction of error (RE), coefficient of efficiency (CE) and
Durbin-Watson test (DW) were applied to each individual PC1 nest
to quantify the signal strength and the temporal robustness of the
reconstructions. The goodness of the fit between the PC1 records of
the different sub-regions and regional summer VPD was assessed by
correlation, comparing the linear trends of the regression residuals
and the Durbin-Watson statistic — a measure of the persistence in the
residuals of a regression (between proxy and station data) (Supple-
mentary Table 2). Variability of summer VPD prior to the instrumental
period was reconstructed by scaling each spliced regional PC1 nest to
the same mean and variance as its corresponding VPD observational
record over the full1920-2000 calibration period.

VPD simulations from Earth system models

The monthly data output from twelve Earth system models (ESMs)
from the sixth phase of the Coupled Model Intercomparison Project
(CMIP6)* with extracted data corresponding to the spatial coverage
of our reconstructions plus observations were utilized for simulations
of summer VPD: ACCESS-ESM1-5, CESM2, CMCC-ESM2, CNRM-ESM2-1,
CanESMS, EC-Earth3-Veg, GFDL-ESM4, IPSL-CM6A-LR, MIROC-ES2L,
MPI-ESM1-2-LR, MRI-ESM2-0, and UKESM1-0-LL. The model selec-
tion was based on the availability of the required output variables of
temperature and relative humidity for the different types of simula-
tions used in our study. Only one model version per model family was
selected toavoid biasing the multi-model mean to those model families
with more versions available.

Three main types of simulations were considered for the analyses:
‘piControl’, ‘historical’ and ‘ssp245’, while using one ensemble member
per model. The ‘piControl’ scenario was used to estimate natural cli-
mate variability with simulations including external natural forcing
(thatis, volcanic eruptions, solarirradiance variability) while keeping
anthropogenic forcing constant (that is, human-induced changes to
CO, concentration, aerosols, land use etc.) at pre-industrial conditions.
In contrast, ‘historical’ simulations (1850-2014) include both natural
and anthropogenic radiative forcing. For the analyses with respect to
the period1991-2020, we combined the ‘historical’ simulations extend-
ing until 2014 with simulations from the ‘ssp245’ scenario during 2015
t02020, anintermediate scenario that is closest to emissions implied
by current policies. Furthermore, we conducted additional tests using
‘hist-nat’ simulations including historical (1850-2020) natural forcing
and excluding anthropogenic forcing (Supplementary Table 4), as well
as ‘hist-noLu’ simulations which are similar to the ‘historical’ simula-
tionsbut keep land use/land cover constant at pre-industrial conditions
(Supplementary Table 6, Supplementary Information).

As for the observations, VPD was calculated as saturated minus
actual vapor pressure: VPD,, = 6.11*10"((7.5*T)/(237.3 + T)); VPD, . =
VPD,*relative humidity/100. For these calculations near-surface air
temperature and relative humidity were used from all models. For each
year the average of the 3-month period June-August was computed.
All estimates were first computed for each CMIP6 ESM at every grid
cell (~2°x2°depending on each model) and were then area-weighted
averaged tothe sameregional scale of the corresponding reconstruc-
tions. Time series of normalized VPD are shown in Supplementary
Fig.3 and the interannual variability from the ‘piControl’ simulations
are provided in Supplementary Table 5. We note that the interannual
variability of the reconstruction during 1600 to 1849 is generally lower
than that of the ESMs across all four analysed regions.

Attribution of VPD to human-induced climate change
Toassess the human-induced climate change effects** onthe observed
summer VPD from 1991 to 2020, we compared it to the expected VPD

from natural climate variability under pre-industrial atmospheric
CO, conditions. To do so, we estimated an empirical distribution of
30-year mean VPD arising from natural climate variability by randomly
sampling (without repeating years) 500 different 30-year subsets from
the reconstruction between 1600 and 1850. In addition, we estimated
the expected summer VPD from 1991to 2020 based on historical ESM
simulations with human-induced plus natural radiative forcing (com-
bination of ‘historical’ and ‘ssp245’ type simulations), as well as the
natural climate variability VPD distribution based on simulations with
pre-industrial atmospheric forcing (‘piControl’ type simulations). To
estimate the VPD variability from the piControl 500-year simulations
we also randomly sampled (without repeating years) 500 different
30-year subsets. To allow comparability between the reconstruction
and the ESMs, VPD was normalized by subtracting the meanand divid-
ing by the interannual standard deviation of the entire pre-industrial
period. As additional tests we also estimated recent summer VPD from
simulations excluding anthropogenic forcing (‘hist-nat’) and from
simulations with land use/land cover kept constant at pre-industrial
conditions (‘hist-noLu’).

Data availability

Allraw tree-ring 8®0 chronologies used in this study together with the
final summer VPD reconstructions can be downloaded at the NOAA
National Centre for Environmental Information (NCEI): https://www.
ncei.noaa.gov/access/paleo-search/study/38660.

The CMIP6 dataused inthis study are available at https://esgf-node.lInl.
gov/search/cmip6/. Detailed inputs for the search query are as follows:
source IDs are ACCESS-ESM1-5, CESM2, CMCC-ESM2, CNRM-ESM2-1,
CanESMS5, EC-Earth3-Veg, GFDL-ESM4, IPSL-CM6A-LR, MIROC-ES2L,
MPI-ESM1-2-LR, MRI-ESM2-0, and UKESM1-0-LL; experiment IDs are
piControl, historical and ssp245, also hist-nat and hist-noLu; variant
labelis rlilp1fl or the next lowest number if unavailable for some mod-
els; frequency is mon; and variables are tas and hurs.

Code availability

R-codes used for fuzzy cluster and principal component analy-
sis are available at https://github.com/Treydte/code_NGeo23, and
python-codes for site-based monthly and seasonal correlations with
climate variables are available at https://github.com/andreaskessler/
VPDSeasonalCorr.
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Extended Data Fig. 1| Dependency of mean §'*0 site values of the common period 1900-1994 on geographic location. p-values below 0.05 indicate significant

relationships.
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Extended DataFig. 2 | Climate sensitivity of the site tree-ring 60
chronologies in two independent time periods. Periods cover 1920-1960
and 1961-2000; shorter for those records that end in1994,1996 and 1998,
(see Extended Data Table1). Colours indicate Pearson’s correlation coefficients
calculated between each of the 45 site 80 chronologies of the network and the

closest gridpoints of VPD, maximum temperature (T,,,,), precipitation sums and
SPEIfor each individual month from March of the year before to October of the
actual year of tree-ring formation. For VPD and T,,, red colours indicate positive
correlations, for PPT and SPEI red colours indicate negative correlations. Order
of sites from North to South corresponds to the order in Extended Data Table 1.
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Extended DataFig. 3 | Relationship between climate- §°0 correlations and
geographiclocation for VPD, T,,,,,, precipitation (PPT) and SPElin summer
(June to August). Each point indicates a correlation coefficient calculated
between asite §'°0 chronology and the closest gridpoint dataset, plotted asa
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suggestsindependency of the correlation strength from geographical location.
Note the inverse y-axis for PPT and SPEL
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Extended Data Fig. 4 | Relationship between climate- d’®*0 correlations and
long-term means (period 1920-1994) of precipitation sums (PPT), SPEI,
water balance (WAB), mean temperature (T ,,,), maximum temperature
(Tmax) and VPD. Each pointindicates a correlation coefficient calculated
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relationship. Most p-values are above 0.05 which suggestsindependency of the
correlation strength from the climatic region.
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Extended Data Fig. 5| Contribution of the individual site chronologies to
the common variancein theregional clusters of Northern Fennoscandia
(NF), Southern Fennoscandia (SF), Western Europe (WE), Eastern Central
Europe (ECE) and Alps & Pyrenees (AP). Membership (%) the contribution to
the common variancein acluster in percentage. Meanr,, is the mean inter-series
correlation coefficient (thatis, the common signal strength) of all chronologies
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correlation of the chronologies with amembership >75% in a cluster (*P<0.01,
**P<0.001). Calculations are based on the period 1920-2000. Sites above a
membership threshold of 75% (straight line) were used for the development of

regional chronologies through nested principal component analysis. Site codes
see Supplementary Table 1.
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Extended Data Table 1| European Network of tree-ring cellulose 30 chronologies listed from North to South

. 5'0 mean

Country Site name Code Lat. Long. Genus Species IE(I:qvaaillc))n (SéaEr)t wr Fgg)yr :‘;’;grg; (%o) 1900-
1994 CE
Finland Inari Ina* 68.93 28.32 Pinus sylvestris 150 1600 2002 403 26.37
Norway Forfjorddalen For** 68.79 15.72 Pinus sylvestris 110 1600 2001 402 26.97
Finland Laanila Laa** 68.50 27.50 Pinus sylvestris 220 1620 2001 382 26.04
Sweden Tornetrésk Tor 68.22 19.72 Pinus sylvestris 400 1600 2008 409 25.59
Russia Khibiny Khi** 67.41 33.15 Pinus sylvestris 300 1900 2005 106 25.86
Sweden Furuberget Fur** 63.16 13.50 Pinus sylvestris 650 1736 2006 271 25.35
Finland llomantsi llo* 62.98 31.27 Pinus sylvestris 200 1600 2002 403 27.09
Norway Gutuli Gut* 62.00 12.18 Pinus sylvestris 800 1600 2003 404 27.65
Finland Turku Tur** 60.41 22.17 Quercus robur 20 1900 1994 95 25.49
Finland Bromarv Bro* 60.00 23.08 Quercus robur 5 1901 2002 102 25.58
UK Glen Affric Gle* 57.25 -3.50 Pinus sylvestris 320 1650 2007 358 29.19
UK Lochwood Loc** 55.27 -3.43 Quercus robur 175 1749 2003 255 27.83
Lithuania Pane Silas Pan* 54.88 23.97 Pinus sylvestris 45 1816 2002 187 28.69
Poland Suwalki Suw* 54,10 22.93 Pinus sylvestris 160 1600 2003 404 28.42
UK Sandringham San**  52.83 0.50 Quercus robur 56 1900 1994 95 29.38
UK Woburn Wob*  51.98 -0.59 Quercus robur 50 1604 2003 400 29.05
Germany  Dransfeld Dra* 51.50 9.78 Quercus petraesa 320 1776 2003 228 28.71
UK Windsor Win* 51.41 -0.59 Pinus sylvestris 10 1900 2003 104 30.28
Poland Niopol Gibiel  Nie1* 50.12 20.38 Pinus sylvestris 190 1900 2003 104 27.75
Poland Niopol Gibiel Nie2* 50.12 20.38 Quercus robur 190 1627 2003 377 29.28
Slovakia Hlina Dolina Dol 49.19 19.90 Picea abies 1400 1821 2012 192 28.37
Czech Rep. various Cze var. var. Quercus spp. 400 1600 2018 419 27.56
France Fontainebleau Fon**  48.38 2.67 Quercus petraea 100 1600 2000 675 31.21
France Rennes Ren* 48.25 -1.70 Quercus robur 100 1751 1998 248 30.22
Austria Lainzer Tierg. Lai* 48.18 16.20 Quercus petraea 300 1600 2003 404 27.44
Austria Poellau Poe* 47.95 16.06 Pinus nigra 500 1600 2002 403 2712
Switzerland Laegern Lae 47.48 8.37 Fagus sylvatica 709 1840 2012 174 28.49
Romania Giumalau Giu 47.45 25.45 Picea abies 1200 1761 2013 253 28.14
Romania Cucuraena Cuc 4740 25.08 Fagus  sylvatica 1033 1850 2013 164 27.84
Austria Dachstein Dac**  47.28 13.36 Pinus cembra 1900 1900 1996 97 27.49
Switzerland Davos Dav 46.82 9.86 Picea abies 1660 1853 2012 160 27.98
Switzerland Vigera Vig* 46.50 8.77 Pinus sylvestris 1400 1675 2003 329 30.67
Switzerland Loetschental LoelLD** 46.43 7.80 Larix decidua 2100 1600 2004 355 28.80
Switzerland Loetschental LoePA 46.39 7.77 Picea abies 1966 1783 2012 230 28.95
Slovenia Veza Vez**  46.37 13.69 Larix decidua 1700 1600 2006 407 27.54
Switzerland Cavergno Cav* 46.35 8.60 Quercus petraeca 900 1637 2002 366 29.17
France Angouleme Ang 45.55 0.18 Quercus robur 110 1360 2004 645 30.94
Spain Pinar de Lillo  Lil* 43.07 -5.25 Pinus sylvestris 1600 1600 2002 403 30.80
Spain Valle Gerber  Ger 42.60 0.99 Pinus uncinata 2400 1901 2009 109 31.77
Italy Monte Cimino Cim 4241 12.20 Fagus  sylvatica 1008 1870 2012 143 30.87
Spain Pedraforca Ped* 42.23 1.70 Pinus uncinata 2100 1600 2003 404 30.80
Italy Serra di Cris  Ser* 39.93 16.20 Pinus leucodermi 1900 1604 2003 400 29.95
Spain Cazorla Caz* 37.81 -2.96 Pinus nigra 1816 1900 2006 107 33.48
Turkey Elmali Elm** 36.60 30.02 Juniperus excelsa 1937 1900 2006 107 31.33
Morocco Col du Zad Col* 32.97 -5.07 Cedrus atlantica 2200 1600 2000 401 32.72

Chronologies indicated by * were established within the EU-project ISONET, those indicated by** were established within the EU project Millennium and those without asterisk were
established within the Swiss Sinergia project iTREE. ‘Ang’ was developed by Labuhn et al.”, ‘Cze’ by Biintgen et al.”” and ‘Ger’ by Konter et al.”*. Lowest and highest mean &'®0 value for the
period 1900 to 1994 is indicated with bold and bold italic letters respectively.
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Extended Data Table 2 | Normalized mean VPD values of the period 1991 to 2020 and 2011-2020 respectively, as derived
from observations and multi-model means together with the values simulated by individual models

1991-2020 2011-2020
Regions SF WE ECE AP SF WE ECE AP
Observations 067 152 155 209|077 210 236 2.96

Multi-model mean | 0.48 0.62 046 1.17| 095 123 1.06 1.82
ACCESS-ESM1-5 064 055 061 109|130 113 136 1.67

CESM2 05 039 069 109|130 118 1.79 1.95
CMCC-ESM2 184 180 148 241 (197 281 217 3.30
CNRM-ESM2-1 028 0.82 -0.03 1.09]| 072 151 0.61 1.77
CanESM5 118 151 1.09 177 (165 217 157 2.62
EC-Earth3-Veg -0.12 -019 0.12 0.58 |-0.05 0.05 0.82 1.21
GFDL-ESM4 -0.29 -0.04 -009 034|024 050 043 043
IPSL-CM6A-LR 117 141 073 231|200 235 154 3.34
MIROC-ES2L -0.62 -044 -042 042 (-037 0.05 0.15 1.10
MPI-ESM1-2-LR 0.18 0.05 044 0.75| 024 0.03 0.26 0.80
MRI-ESM2-0 -0.01 036 010 054 (023 090 023 1.11

UKESM1-0-LL 09 122 080 163|215 2.03 1.83 257
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