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Abstract

Vapor pressure deficit (VPD) represents the desiccation strength of the atmosphere 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 but are essential for predicting future effects on
natural ecosystems and human societies such as crop yield, wildfires, and health. We
combine regionally distinct reconstructions of pre-industrial summer VPD variability
from Europe’s largest tree-ring oxygen-isotope network with observational records and
Earth System Model simulations with and without human forcing included. We
demonstrate that an intensification of atmospheric drying during the recent decades
across different European target regions is unprecedented in a pre-industrial context
and that it is attributed to human influence with more than 98% probability. The
magnitude of this trend is largest in Western and Central Europe and the Alps &
Pyrenees, and smallest in southern Fennoscandia. In view of the extreme drought and
compound events of the recent years, further atmospheric drying poses an enhanced
risk on vegetation, specifically in the densely populated areas of the European
temperate lowlands including tree survival, forest resilience in natural and urban

ecosystems, and food production.

Vapor pressure deficit, VPD, represents the difference between the amount of moisture
that the air can hold at saturation (saturation vapor pressure, es) and its actual moisture

content (actual vapor pressure, e,) at any given timel. In a warming atmosphere e
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increases, whereas changes in e, are less uniform. The latter is because the vapor content
of the atmosphere is driven by complex ocean-land—atmosphere water exchange
mechanisms and recycling processes, i.e., the rate at which vapor is supplied to the
atmosphere via both ocean evaporation and land surface evapotranspiration, and the
strength of this ocean-land-atmosphere coupling?. High VPD can cause increased rates of
water loss from soils and subsequent heating of the terrestrial surfaces via soil moisture-
temperature feedback mechanisms®*. VPD as a climate variable is therefore of
fundamental ecological and socio-economic importance due to its effects on
evapotranspiration and surface heat fluxes and, coupled with heatwaves, amplification of
drought events with severe consequences on e.g., vegetation functioning®, crop yield® and

subsequently human health’.

A general increase in VPD over the past decades has already been reported at a global
scale®, accelerating soil drought®, plant water stress!!, vegetation mortality'>'3 and
forest fires!®. Its spatial evolution, long-term natural background variability and potential
attribution to human influence are, however, still unclear. In consequence 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.

We combine for the first-time empirical proxy data covering 400 years of pre-industrial
and recent summer VPD variability with meteorological 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

6
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uncertainties in simulating future climate scenarios and help estimating 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 rings from 45 sites that span a latitudinal gradient from northern
Fennoscandia to the Mediterranean (Fig. 1). This network is unprecedented in terms of
spatial coverage, number of sites, and composition of annually resolved multi-century
long 680 chronologies. Sites range from temperate lowland over boreal and alpine to
Mediterranean climates and contain seven tree genera, with oaks and pines being most
represented (Fig. 1, Table S1). 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 880 records instead of combining them with &§3C
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-term trends in 6'3C records can be biased by non-climatic
effects in the industrial period (20%"/21%t century) due to a response of stomatal
conductance to the increase in atmospheric CO2 concentration!”!2, Further, §!3C records
are sensitive to tree size and stand dynamics, while tree-ring 80 records are less
sensitive to these factors'®. Therefore, non-climatic trends are minimal to absent in pure
tree-ring 680 records?%?1?2, and long-term climatic variation is preserved with much

higher certainty.
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Tree-ring 880 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?2. They
reflect the 880 variations of precipitation and soil water taken up by the roots, modified
by a combination of climatic and physiological processes?3?42> Along these processes,
evaporative enrichment of the heavy 20 isotope along the atmosphere-soil-tree
continuum is a key effect in generating a VPD-sensitive tree-ring 680 signature?®. While
the potential of tree-ring 680 to record VPD signals has been demonstrated?’.28293031
no robust reconstruction attempt has been made with the aim of placing recent VPD

variability in a pre-industrial context.

Our spatially and temporally robust reconstructions of summer VPD variability for
different independent European target regions combined with meteorological records
and ESM simulations allow us to explore the following questions: 1) Is the increase in VPD
observed across large parts of Europe in recent decades unprecedented in the pre-
industrial context, and if so, 2) is it likely attributable to human-induced climate change?
This is done by comparing the range and variability of i) reconstructed VPD values for the
preindustrial period and ESM simulations without human induced forcing with ii) recent
observations of VPD and ESM results including human forcing and implementing

systematic attribution assessment3?,
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Results

Network response to climate

The distribution of mean 60 values across the network represents the geographic
location of the sites along latitudinal, longitudinal, and altitudinal gradients, with the
effect of geographical location exceeding any effect of species (Supplementary text, Table
S1 and Fig. S1). Climate signals recorded in the individual site chronologies are consistent
across the geographical range of the network, with highest correlations observed with
VPD (Fig. S2). Summer climate conditions (June to August, JJA) during the year of ring
formation are the key driver of tree-ring §'80 variability for both deciduous species and
conifers, with climatic conditions in the year before ring formation being of minor
relevance (Fig. S2). The strength of the relationship is not affected by the geographic
location (Fig. S3) nor the general climatic conditions represented by the long-term means
of various climate variables (Fig. S4), except at the southern (Mediterranean) and north-
western edge of the network. Summer VPD was selected as the target variable for climate
reconstruction due to its i) strongest spatial and temporal robustness across the network

(Fig. 2a, Table S2, Fig. S2), and ii) relevance as a climatic and eco-physiological variable.

Spatio-temporal robustness of the summer VPD signal at the European scale

Fuzzy cluster analysis revealed grouping of the site 680 chronologies in five distinctly

different geographic regions (Fig. 1, Fig. S5): northern Fennoscandia (NF), southern
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Fennoscandia (SF), western Europe (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
an independence between the regional reconstructions. The common variance explained
by PC1 (common period of overlap 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 recorded in
tree-ring 60 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. 2c).

The strength and temporal robustness of the summer VPD signal in our tree-ring 820
proxies further increased when calculated for the regional PC1 records (Fig. S6).
Particularly the WE record displayed exceptionally high correlations (p<0.01) for the full
calibration period 1920-2000 (rs,=0.79), as well as for the early (1920-1960) and late
(1961-2000) periods separately (rearly=0.78 and riat=0.82). The ECE records also showed
highly significant (p<0.01) and temporally stable correlations (riwi=0.65; reary=0.67,

rate=0.63), followed by the SF record (ri=0.64), with an increase of the correlations from

10
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the early to the late period (reary=0.52, riate=0.72) (p<0.01). Also, for the AP record,
correlations were highly significant (p<0.01) (rs«i=0.61) and robust over time (reariy=0.65,
rate=0.60). The NF record showed lowest, though still highly significant correlations, but
with differences between the full versus split period values (rwi=0.42; p<0.05; rearly: 0.59,

Mate: 0.52; p<0.01).

The robustness of the summer VPD signal through time as evaluated by calibration-
verification statistics (Table S3, Fig. S6) 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 1920-2000 calibration period (see Methods). Particularly the WE
record yielded excellent reconstruction skills (Table S3, Fig. S6) 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 (Table S3), indicating inconsistencies specifically in
the long-term trends (Fig. S6). This prevented the creation of a robust 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 combination with observational VPD in the period 1991-2020.

Unprecedented VPD increase in the pre-industrial context and its attribution to human

influence

Historical periods of reconstructed dry and moist atmospheric summer conditions

expectedly varied between the four regions and only few common patterns appeared

11
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(Fig. 3): A transition from dry to moist conditions in the early 1600s until the 1640s
appeared in all target regions; relatively moist conditions occurred during the 1670s to
1720s in all regions except SF, and from the 1730s to 1750 in WE and ECE, with
comparably dry conditions 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 20t century, a period
with relatively high VPD levels appeared in all four regions in the late 1940s/early 1950s,
albeit less distinct in SF, followed by moist conditions in the 1970s/early 1980s except SF.
The most outstanding single extreme in the 400-year context was 1709 (Fig. 3). This was
the year with the lowest atmospheric moisture demand in SF and WE. It is also present in
ECE. Comparisons between observational as well reconstructed summer VPD and North
Atlantic Oscillation (NAO) indices reveal significant relationships (p<0.01) in all four

investigated regions (Table S4).

During the recent decades of the 21° century the moisture demand of the atmosphere
increased to unusually high levels in three of our four reconstructions and the
synchronicity of this increase was unprecedented in the 400-year context (Fig. 3). This
increase has continued until 2020 to a level not reached in the previous 400 years across
WE, ECE and most strongly AP, whereas in SF it was less pronounced. Within this recent
period, particularly high VPD levels have been reached during the European drought years

of 2003, 2015 and 2018, that affected all four regions.

Comparison of our reconstructions plus observations with summer VPD simulations from

twelve available Earth system models3® (ESM) enabled independent confirmation of the

12
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unprecedented VPD increase of the recent 30-year period (1991-2020) and its attribution
to human influence. Three main types of simulations were considered: i) simulations
forced with pre-industrial conditions, ii) simulations including both natural and
anthropogenic historical forcing until 2014, and iii) simulations including a scenario of

medium future greenhouse gas forcings (see methods).

Reconstructions and simulations agreed well in their distribution of normalized 30-year
mean VPD values of the pre-industrial period (Fig. 4). More importantly, the multi-model
means indicated with more than 98% probability in SF, WE and ECE, and with even higher
probability in AP 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 (Table S5). Although individual ESMs simulations varied
notably, with some of them simulating recent VPD values as high as the observations and
others even lower than the pre-industrial average (Fig. 4; Table S6), 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 target regions (Table S7). In comparison recent
non-normalized VPD levels from the multi-model means generally agreed well with the
levels of the observations (Fig. S8). Sensitivity tests confirmed that our findings are robust
i) when analysing 10-year instead of 30-year means (Fig. S9), ii) when estimating the
baseline climate variability of pre-industrial VPD from consecutive non-overlapping
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periods in the simulations, instead of randomly sampled years (Fig. S10), and iii) when
using model simulations that exclude the influence of past land use/land cover (LULC) on

recent VPD (Table S8, supplementary text).

Discussion

Increase in European summer VPD is unprecedented and human-induced

Summer drying of the atmosphere intensified in the recent decades and significantly
exceeded pre-industrial conditions of the past 400 years across all European target
regions, as indicated by a combination of tree-ring 5180 based reconstructions, gridded
meteorological observations, and ESM simulations. The magnitude of the recent increase
and the absolute VPD levels reached vary, however, among our four target regions.
Strongest atmospheric drying trends are seen in the southern, continental mountain
regions of the Alps & Pyrenees, followed by the temperate lowlands of western and
eastern Central Europe, whereas in southern Fennoscandia, this trend is less pronounced.
Model simulations 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.

Regional patterns of the summer VPD increase and potential drivers

Some synchronized periods of historical low and high atmospheric moisture demand
across Europe in our reconstructions, together with dipole-like spatial correlation fields

and significant relationships to NAO indices (Table S4, supplementary text) indicate a link
14
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between VPD and large-scale climate dynamics. The latitudinal position of the North
Atlantic Jet Stream during summer and the corresponding 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 domain3*3>3% and recently even as drivers of forest productivity across
Europe34. Also, the increasing number of mid-latitude weather extremes in the recent
decades have been associated with an enhanced latitudinal variability of the North
Atlantic Jet®®. Such large-scale atmospheric modes could also serve as an explanation for
the extreme year 1709 with outstandingly low reconstructed VPD values of the full 400-
year study period (except in AP). An exceptionally strong negative NAO phase has been
reported for this year3®, with the most severe frost conditions of the past 500 years
continuing even into early summer and extending widely across the European
continent3®3’, Late soil thawing and '80-depleted “cold” precipitation together with low
atmospheric demand far into the growing season have allowed propagating this extreme
event specifically into tree-ring 880 (but not into European-scale growth-based and

combined 83C-880 chronologies respectively, Fig. S7 and references therein).

Regional differences in the magnitude of the most recent VPD increase are interpreted
here towards the nonstationary evolution of the actual vapor pressure in the air and an
intensification of the water cycle under recent warming due to land—ocean-atmosphere
feedback processes>38. In Fennoscandia, an increase in atmospheric moisture has been
reported over the past 30 years and can be specifically linked to changes in the dynamic
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processes of moisture supply from the oceanic source regions, such as increasing ocean
evaporation® explaining the moderate increase in VPD observed there. In western and
eastern central Europe and even more towards southern and continental 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®3. Therefore, humidity of the air advected from oceans to land
surfaces would not increase enough to maintain a constant e, in these continental
regions3®. The combination of increasing temperatures and constant or even decreasing
ea intensifies the desiccation strength of the atmosphere beyond the effect of warming

alone.

Ecological and socio-economic implications

Our reported increase in VPD to the unprecedented levels of the recent years has major
implications for land-atmosphere interactions, vegetation dynamics and carbon budgets,
depending on the climatic region. In continental and Mediterranean areas declines in
stomatal conductance driven by increasing atmospheric VPD lead to decreased
evapotranspiration and thus to a further enhancement of air drying* and can already
represent a significant 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

16



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

damage. In other regions such as western and eastern central Europe an increase of tree-
ring 680 sensitivity to summer VPD over the recent decades indicates continued high
stomatal conductance and an amplification of evapotranspiration®>#34 in
correspondence with a large-scale intensification of the atmospheric moisture

demand***, and as a consequence, the hydrological cycle?.

Recent studies already report a response shift of vegetation growth towards increased
sensitivity to VPD in the last few decades*®#”*8, including reductions in gross primary
productivity*, increased tree mortality!*>°9, forest decline and yield reductions®. A further
increase in VPD will cause enhanced wildfire risk, modify wildfire regimes, and may
transform regions that are currently fire-free into fire prone ecosystems® such as the

Pyrenees®! as one of our study regions.

Our findings may be viewed within the context of the recent increase in wildfires and
extreme drought-related events across many parts of Europe. If the atmosphere
continues to dry, we would anticipate impacts on natural ecosystem services, the forestry
and agricultural sector and human health. In turn, increased evaporation and associated
changes in the amount and distribution of precipitation will disrupt water management
infrastructure, affecting the availability, distribution and quality of water, as well as the
reliability of the resource for hydropower generation, irrigation and human use. The
direct and indirect effects of a drying atmosphere are likely to be far reaching and will

require attention to minimize their future negative impacts.
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Methods

European network of tree-ring 520 records

A network of 45 sites with tree-ring cellulose 80 chronologies across Europe was
established (Table S1) 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’>3; ‘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® (Table S1). 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 5 spruce, 3 beech, 2 larch, 1 juniper and 1 cedar site (Table S1). At each location
the most abundant and long-lived trees were selected and at least four dominant trees
per site were used for isotope analysis (1-2 cores per tree). In general, oak 6%0
measurements were performed on latewood (except CAV, where no separation in early
and latewood was possible owing to particularly narrow growth rings), while whole tree

rings were analysed for beech and conifers (supplementary text).

Tree-ring widths were measured and cross-dated following standard procedures to

ensure correct dating of each annual ring. Individual rings were separated with a scalpel
18
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under a microscope. At some sites, tree rings from the same year were pooled prior to
cellulose extraction, 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 8-
values calculated from the isotope ratios 80/°0 (=R) as 680 = (Rsample/Rstandard - 1) ¥ 1000
%o (referring to the international standard VSMOW) and have a long-term estimated
methodological error of <0.2 %o. The lengths of the chronologies varied 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 415 years, back to 1600 CE.

Four datasets were downloaded from the NOAA Paleoclimatology database, i.e., two
French chronologies®?, one of them Fontainebleau (Fon) replacing and extending the
previous chronology established in ISONET, and Angouléme (Ang). The new Fon
chronology, provided as 680 anomalies only, was scaled to the 20™ century mean of the
previous Fon chronology, and Ang was scaled to the mean of the old trees at this site®2.
For the Spanish dataset Gerber (Ger)>3 the mean was calculated of all five individual tree
series, even though the mean inter-series correlation was relatively low (mean rigo1-2009 =
0.22). For ‘Cze’*® all 6180 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
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individual measurements, the chronology was generated by calculating anomalies from

the mean of each individual data set and averaging them after.

All site 60 records were screened for missing values and gaps filled based on
information from adjacent chronologies using the software program ARSTAN (Cook et al.
2017). 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 (except the early portions of Col, Ser, and Ped, which did not reach
75% membership component during fuzzy cluster analysis, see below) is in line with other

studies?%?122 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
580 chronologies with the aim to identify regional groups across the network. Contrary
to hard clustering, fuzzy clustering 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 belong to each cluster. The number of clusters is
defined by maximizing the correlation between sites within each cluster over the 1920-
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
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exponent threshold of 75% were selected for the development of regional time series for

climate reconstruction (Fig. S5).

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 620 predictors within a given time period were used to generate a
principial component regression model, then the shortest chronology/ies were removed
and a new model was generated with the remaining chronologies. This nesting approach
was repeated back in time and resulted in a varying number of ‘nests’ per cluster back
through time (Table S3). 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 PC1 of the individual 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 normal distribution of the raw tree-ring 880 data as well as the PC1 nests was
confirmed by the Shapiro normality test, Pearson’s correlation coefficients between tree-
ring 6180 records and climate variables were calculated. This was done for each individual

raw site 880 chronology on a site-by-site basis as well as for each of the nested PC1
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records 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)°8. Analyses considered 11 monthly variables, i.e., mean (Tmean), minimum (Tmin)
and maximum (Tmax) temperatures, precipitation sums (PPT), standardized precipitation
evapotranspiration index (SPEI), cloud cover (CLD), wet day frequencies (WET), potential
evapotranspiration (PET), vapor pressure (VP), water balance (WAB, calculated as
precipitation minus potential 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

CRU Tmean data using the formula VPsat = 6.11*104((7.5*T)/(237.34T)*°.

The period 1920-2000 was defined as the core period for calibration due to some
irregularities in the available climate data prior to 1920 (e.g., abrupt changes in magnitude
or variance) and reduced replication of the composite 620 records in the most recent
period. In a first step, monthly correlations were calculated from March of the year before
tree-ring formation to October of the year of tree-ring formation and for 186
combinations of months using the closest gridpoint to identify the seasonality in the
climate response at each site. Calculations 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). All VPD gridpoints revealing significance of

the correlation coefficients at p<0.001 with the corresponding regional PC1 record were
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averaged and this mean used as target for climate reconstruction prior to the

instrumental period.

Calibration/verification statistics such as explained variance (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) (Table S3).
Climate variability, i.e., 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 full 1920-2000 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)3® 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, CanESMS5, EC-Earth3-Veg, GFDL-ESM4, IPSL-CM6A-LR, MIROC-ES2L, MPI-ESM1-
2-LR, MRI-ESM2-0, and UKESM1-0-LL. The model selection was based on the availability

of the required output variables of temperature and relative humidity for the different
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types of simulations used in our study. Only one model version per model family was
selected to avoid 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 climate variability with simulations including
external natural forcing (i.e., volcanic eruptions, solar irradiance variability) while keeping
anthropogenic forcing constant (i.e., 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 period 1991-2020, we combined the "historical" simulations extending
until 2014 with simulations from the "ssp245" scenario during 2015 to 2020, an
intermediate 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 (Table S5), as
well as “hist-noLu” simulations which are similar to the “historical” simulations but keep

land use/land cover constant at pre-industrial conditions (Table S8, supplementary text).

As for the observations, VPD was calculated as saturated minus actual vapor pressure:
VPDsat = 6.11*107((7.5*T)/(237.34T)); VPDact = VPDsat*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.
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We note that 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 to the same
regional scale of the corresponding reconstructions. Time series of normalized VPD are

III

shown in Fig. S10 and the interannual variability from the “piControl” simulations are
provided in Table S5. 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

To assess the human-induced climate change effects32%° on the 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 1991
to 2020 based on historical ESM simulations with human-induced plus natural radiative
forcing (combination of “historical” and “ssp245” type simulations), as well as the natural
climate variability VPD distribution based on simulations with pre-industrial atmospheric

III

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 mean and dividing by the interannual standard

deviation of the entire pre-industrial period. As additional tests we also estimated recent
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summer VPD from simulations excluding anthropogenic forcing (“hist-nat”) and from
simulations with land use/land cover kept constant at pre-industrial conditions (“hist-

nolLu”).

Data availability

The final summer VPD reconstructions will be freely available upon publication from the
NOAA National Centre for Environmental Information (NCEI) together with the raw tree-
ring 880 chronologies from the iTree project (see Table S1). Raw tree-ring 880
chronologies from the ISONET project are freely accessible here: ISONET Project Members
et al. (2022): Stable oxygen isotope ratios of tree-ring cellulose from the site network of
the EU-Project ‘ISONET’. GFZ Data Services. https://doi.org/10.5880/GFZ.4.3.2022.003.
The remaining unpublished raw tree-ring 8'0 chronologies are currently under the
stewardship of the individual data producers who may be contacted regarding their

availability and collaborative access, prior to their future public archival.

The CMIP6 data used in this 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; variant label is rlilp1fl or the
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next lowest number if unavailable for some models; frequency is mon; and variables are

tas and hurs.

Code availability
R-codes used for chronology construction and statistical analyses will be made available

upon request via the corresponding author.
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761  Figure 1. Distribution of 45 tree-ring cellulose 620 chronologies across Europe, spatial
762  clustering and changes in observed European summer VPD. Dot sizes display
763  membership in % of the individual site chronologies in a given cluster based on fuzzy
764  cluster analysis (see also Fig. S4). The chronologies are separated into five independent
765  target regions, i.e., northern Fennoscandia (NF), southern Fennoscandia (SF), western
766  Europe (WE), eastern central Europe (ECE) and Alps & Pyrenees (AP). Green shadings
767  represent differences in mean observational VPD between the period 1920-1990 and
768  1991-2020 calculated for each grid point.
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Figure 2. Spatial extend of the summer VPD signal in five European target regions. a)
Correlation between individual site 620 chronologies and the closest summer VPD
gridpoint. b-f) Spatial correlation fields calculated between the PC1 nests representing
each of the five geographical regions derived from cluster analysis and gridded summer
VPD (June-August). Large black dots indicate sites contributing to the corresponding PC1
nests of each regional cluster due to a membership exponent >75%, small black dots
display grid points with significant correlations at p<0.001.
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Figure 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 a frequency cut-off at 50%. Means
and standard deviations (SD) are given in hPa. Grey areas indicate the root mean square
error spliced together from the individual PC1 nests per region. Details on the robustness
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of the 8§'80-VPD relationships in the calibration period are provided in Fig. S5 and Table
S3.
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Figure 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 6'80-based VPD reconstructions for the period 1600-1850
(green), and from 500-year simulations of 12 ESMs with no human-induced forcing
included, piControl (blue). Grey shadows indicate the 98% distribution range of natural
variability. Solid lines indicate VPD during the most recent period 1991-2020 CE based on
i) direct VPD observations (red), ii) 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.
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