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Supplementary Results and Discussion

Spatial distribution of mean site 50 values

Mean 880 values (averaged over the period 1900-1994 for each chronology) range from
25.35%0 (‘Fur’ in Sweden) to 33.48%. (‘Caz’ in Southern Spain), representing the
geographic location of the sites with a general decrease of §'20 in both broadleaves and
conifers, from the Mediterranean to Fennoscandia and from west to east (Table S1; Fig.
S1). Mean 880 values of conifers increase from lower to higher elevations opposite to
the well-known 20-depletion of atmospheric moisture with altitude®!. Since most of the
highest-elevation sites are located in the southern part of the network the effect of 20-
enrichment towards lower latitudes dominates the effect of 20-depletion towards higher
elevations. Overall, the observed geographic distribution of 520 values mirrors the well-
known large-scale patterns of 20 values in precipitation and their general dependency
on the origin and trajectory of air masses and associated condensation temperatures®>93,
Species-specific patterns of mean 880 values across the network exhibit similar means
between broadleaves (28.77%., SD + 1.75 %.) and conifers (28.66%o0, SD + 2.14%o).
Therefore, no adjustment is needed in this study as for both groups the effect of
geographical location dominates the effect of species, with lowest 880 values for both
broadleaves and conifers in Fennoscandia (25.49%o. at ‘Tur’ and 25.35%o at ‘Fur’) and
highest 580 values for both broadleaves and conifers in France and Spain (31.21%. at

‘Fon’, and 33.48%o at ‘Caz’) (Table S1; Fig. S1).

Response of tree-ring 50 to climate variables



Summer conditions (June to August) emerged as the key drivers of tree-ring 820
variability at most of the climate-sensitive sites across the network, while previous-year
conditions were of minor relevance. This finding did not only hold for oak, where mostly
latewood was isotopically measured, but also for most sites with other broadleaved
species and also for conifers where whole rings (earlywood and latewood together) were
measured. Therefore, tree-ring cellulose 3'80 does not seem affected by substantial
carry-over effects from previous years. Its isotopic signature is mainly created during the
peak of meristematic activity and xylem cell-wall thickening in summer®* if sufficient
water transport is provided?®. Any previous year 880 signatures potentially conveyed via
remobilized reserves may be diluted during starch breakdown where ca. 45% of the old
organic oxygen is replaced by oxygen from current water®.

Climate calibration across two independent periods (1920-1960 and 1961-2000) indicates
a slight increase of the correlations between the tree-ring 620 chronologies and VPD and
Tmax respectively in the modern period at many sites and simultaneously some weakening
of the correlations to PPT and SPEI (Fig. S2; Table S2).

Geographic location (i.e. latitude, longitude and altitude) does not have a significant
effect on the correlation strength of either broadleaved or coniferous sites to summer
VPD and Tmax, While correlations of the coniferous sites to summer PPT and SPEI
significantly increase (p<0.05) from South to North (Fig. S3). Also, no significant
dependency of the correlation strength to site-dependent long-term means of various
climatic variables was found (Fig. S4), except a decrease towards those sites with driest

atmospheric summer conditions (highest mean VPD values), i.e. the southernmost,



Mediterranean sites (Fig. S4). Relatively weak summer VPD signals also appear at the
northwestern edge of the network (northern Scotland and northwest Fennoscandia).

Temporal decoupling of leaf phenology and xylem cell development during the growing
season, lower transpiration rates and longer turnover times for water in the stem,
together with reduced phloem transport may disconnect the tree-ring 680 signature of

trees in those areas from the immediate influence of summer climate variables.

Sensitivity of tree-ring 520 to summer VPD in different European target regions

Tree-ring 880 sensitivity to summer VPD was strongest in the temperate lowlands of
Europe where evapotranspiration is closely linked with the atmospheric moisture
demand?*434 soil moisture is generally not limiting and stomatal conductance (g) is
relatively high. Since high gs is partly coupled with VPD-dependent evaporative 20
enrichment in the leaves, the isotopic values of the newly produced assimilates used for
cellulose synthesis carry a particularly strong VPD signal®®®’. This signal is further
amplified by a potential link between VPD and precipitation §'20 as source water for the
trees?>?4, Reduced sensitivity of tree-ring §'80 to VPD was observed at the northernmost
and southernmost edge of the network: In sub-arctic/arctic NF, low atmospheric moisture
demand, low temperatures and short growing seasons affect leaf physiology (low
transpiration and photosynthesis), together with heterogeneous soil moisture conditions
(e.g. varying amount of and access to meltwater from thawing permafrost®®. In the
Mediterranean, a dry atmosphere in summer coupled with low soil moisture availability

causes a reduction in gs and even cessation of cambial activity to minimize water loss via



transpiration and avoid critical water tension within the xylem®. These effects can be
amplified when the topsoil dries out, and trees may access deeper soil water pools that

are also decoupled from atmospheric conditions’®.

Comparison with European scale hydroclimatic reconstructions

We here present the first summer VPD reconstructions at the European scale and
compare these to existing hydroclimatic reconstructions (Fig. S7). Such comparisons are,
however, limited by substantial differences in the moisture characteristics of the target
variables.

A few similarities appear with the Old-World Drought Atlas (OWDA)’* with significant
correlations between the unfiltered records ranging from rieoo-2000=0.23 (AP) to 0.37 (WE)
(all p<0.05) but no significant correlations in the overall long-term trends, except AP riow-
pass1600-2000=0.43, p<0.05). Comparison with a precipitation reconstruction in Western
Europe’? and a PDSI reconstruction in Eastern Central EuropeB’? revealed that significant
correlations were restricted to the unfiltered records (WE: ris00-2000=0.18, p<0.05; ECE:
r1600-2000=0.49; p<0.01) but no correlations between the long-term trends were found. A
trend to drier conditions at the end of the 20™ century is seen in our data, the
precipitation and PDSI reconstructions but not in the OWDA. A Central European
megadrought during the Dalton Minimum (1770-1840 CE) reported for OWDA based
reconstructions®®’4 is not as prominent in our reconstructions.

It is important to consider that specifically in the European temperate lowlands such as

WE and ECE hydroclimate reconstructions based on parameters other than pure tree-ring



380 contain substantial uncertainties. Many of the tree-ring width chronologies included
in the OWDA originate from high elevation and boreal sites while drought reconstructions
for the temperate lowlands largely depend on less climate sensitive and extrapolated
proxy data. Further, our 5*20-based records are less biased by non-climatic long-term
trends compared to the other reconstructions (see main text). Therefore, we suggest that
the Dalton Minimum “megadrought” has been overestimated in the OWDA based

reconstructions.

Potential links to NAO

Correlations between NAO indices, and observational and reconstructed VPD data
(common period of overlap) were comparably strong, and highly significant relationships
(p<0.01) appeared for all four investigated regions (Table S4). Although the strength of
the relationships decreased in the early period of the records, probably due to the
decreasing quality of the instrumental data, they nevertheless remained highly significant
(p<0.01). While WE, ECE and AP were mainly related to winter NAO, SF was exclusively
related to summer NAO. A link between winter NAO and summer VPD may partly be
explained by the relationship between the amount of winter precipitation and summer
moisture availability’”’. However, as outlined in the main text, VPD depends on rather
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. How these complex mechanisms are in detail related to large-scale ocean-



atmosphere circulation dynamics such as NAO, and how the strength of such relationships

varies over time is still a topic of research.

ESM simulations of summer VPD with and without land use/land cover change included
Simulations with LULC change included reveal lower VPD levels than those not
considering such change, with larger reductions in Western Europe and in the Alps &
Pyrenees compared to Eastern Central Europe and Southern Fennoscandia (Table S8).
This means that LULC change partly counteracted the recent increase in VPD. To date, no
studies exist from our knowledge on the effect of LULC changes on VPD, and there is no
clear consensus in the literature if an increase in heat and drought may be mitigated or
exacerbated by LULC change. It has, however, been demonstrated that land-atmosphere
feedbacks caused by historical European LULC changes led to widespread changes in the
energy and water balances. Reductions in cropland and agricultural abandonment may
have substantially increased cloud cover and decreased incoming shortwave radiation in
western Europe. The response of the water and energy balances was lessened in areas
with shallow groundwater, indicating that local- and continental-scale responses to LULC
change are influenced by the coupling between the subsurface, land surface, and
atmosphere’®. Further, there is observational evidence for a strong increase in cloud
cover over large forest regions in western Europe, and that widespread windthrow by
cyclonic weather systems led to a significant decrease in local cloud cover in subsequent
years’®. This would support a dampening in the VPD increase in line with a change from

croplands to shrub and forest areas. Nevertheless, even with the effect of LULC change



included in our simulations, atmospheric drying over Europe during 1991-2020 remains

unprecedented and is clearly driven by human-induced greenhouse gas emissions.
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Supplementary Tables

Supplementary Table 1. Summary statistics of the correlation heatmaps in Fig. 2. ‘mean
r' is the mean of all correlations of the months June, July and August, ‘max r’ is the overall
maximum correlation (in all cases this is found in June, July or August), ‘no. JJA p<0.05’ is
the number of significant correlations at p<0.05 in the months June, July and August, and
‘no. all p<0.05’ is the number of significant correlations of all months. ‘full’, ‘early’ and
‘late’ are the investigated time periods 1920-2000, 1920-1960 and 1961-2000
respectively.

Variable meanr JJIA maxr ::ojcj)g no. all p<0.05
VPD full 0.27 0.72 89 195
VPD early 0.23 0.75 49 103
VPD late 0.32 0.74 69 141
Tmax full 0.27 0.67 85 194
Tmax

early 0.27 0.75 57 109
Tmax late 0.29 0.70 66 141
PPT full -0.22 -0.54 78 140
PPT early -0.25 -0.78 50 97
PPT late -0.21 -0.57 42 78
SPEI full -0.23 -0.52 78 141
SPEI early -0.25 -0.77 53 101
SPEI late -0.22 -0.61 45 81
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Supplementary Table 2. Calibration and verification statistics of the individual PC1 nests
for each European region. R? = explained variance between nest PC1 score and the JJA
VPD data. RE is reduction of error, CE is coefficient of efficiency, LINr P-value is the p-value
significance assessment of any linear trend in the model residuals, and DW is Durbin-
Watson test. Grey highlighted values are those not significant at the 95% confidence limit.

Calibration: Validation: 1961-1994 Full Calibration: 1920-1994
1920-1960
Region Nest R R RE CE R LIN Pvalue  DW
1900-2001 0.35 0.36 024 024 0.23 <0.05 1.68
E':n't::sr:an gia 1620-2001 0.34 0.26 -0.05 -0.06 0.24 <0.05 1.72
1600-2001 033 0.22 005  -0.06 0.22 <0.05 1.76
1901-1994 0.27 0.59 0.56 0.55 0.44 0.23 1.80
Southem 1900-1994 0.22 0.53 0.47 0.46 0.37 0.10 1.84
Fennoscandia 1736-2002 0.22 0.49 0.43 0.42 0.35 0.06 1.88
1600-2002 0.21 0.42 0.40 0.39 0.32 0.09 2.01
1900-1994 0.61 0.71 0.63 0.63 0.63 0.50 1.81
1763-1998 0.62 0.72 0.64 0.64 0.64 0.45 1.91
:’:ﬁ:e"‘ 1751-1998 0.61 0.69 0.62 0.62 0.63 0.63 1.85
17492000 0.60 0.70 0.64 0.64 0.62 0.82 1.85
1604-2000 0.52 0.67 0.64 0.64 0.56 0.73 1.81
19002003 0.45 0.53 0.45 0.36 0.52 0.17 1.59
(E;‘;::‘:I" 1850-2003 0.48 0.55 0.39 0.30 0.47 0.07 1.60
Furope 18212003 0.48 0.54 0.40 0.30 0.47 0.09 1.56
1600-2003 0.26 0.42 0.07 -0.08 0.24 <0.05 1.13
19012003 0.43 0.42 0.39 0.39 0.41 0.15 1.32
18532003 0.45 0.42 0.37 0.37 0.41 0.26 1.34
ﬁ'ypfenaées 18402003 0.38 0.34 0.32 0.32 0.35 0.07 1.31
17832003 0.31 0.33 0.31 0.31 0.31 0.08 1.35
1600-2003 0.25 0.38 0.30 0.30 0.31 <0.05 1.39
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Supplementary Table 3. Correlations of regional summer VPD observations and
reconstructions to several North Atlantic Oscillation indices for winter (JFM, mean of
January/February/March) and summer (JJA, mean of June/July/August). Calculations
were performed for the common period of overlap of the reconstructions and
observations back to 1950, 1901 and 1824 respectively. Blue (JFM) and red (JJA) bold
numbers indicate p<0.01, blue and red regular numbers p<0.05.

NCEP/NCAR: https://www.psl.noaa.gov/data/gridded/data.ncep.reanalysis.html),

UCAR: Summer NAO index (rda.ucar.edu/datasets/ds010.1/)">;

CPC: NOAA, National Service Climate Prediction Center:
https://www.cpc.ncep.noaa.gov/products/precip/CWIlink/pna/nao.shtml);

CRU: Climate Research Unit NAO index’®.

NCEP/NCAR 1950 UCAR 1950 UCAR 1901
Region JFM WA JFM A JFM WA
§ SF 0.01 0.47 0.00 0.45 -0.09 0.47
£ |WE 0.23 0.45 0.22 0.41 0.25 0.32
E ECE 0.08 -0.13 0.04 -0.18 0.11 -0.15
'8 AP 0.20 0.13 0.17 0.07 0.19 0.10
o CPC 1950 CRU 1950 CRU 1901
;;:-’ Region JFM A JFM NA JFMm A
E SF 0.22 0.46 0.18 -0.04 0.04 -0.02
@ |WE 0.53 0.38 0.51 0.25 0.18 0.07
ECE 0.34 -0.02 0.36 -0.08 0.18 -0.03
AP 0.49 0.17 0.42 0.08 0.21 0.02
NCEP/NCAR 1950 UCAR 1950 UCAR 1901
- Region JFM A JFM NA JFMm A
f; SF 0.21 0.49 0.21 0.50 0.11 0.44
g WE 0.29 0.52 0.26 0.49 0.28 0.41
§ ECE 0.13 -0.19 0.14 -0.24 0.21 -0.23
§ AP 0.20 -0.09 0.15 -0.19 0.28 -0.07
: CPC 1950 CRU 1950 CRU 1901 CRU 1824
% Region JFM WA JFM A JFM WA JFM JA
g SF 0.14 0.41 0.13 0.03 0.04 0.04 0.12 0.09
§ WE 0.61 0.41 0.58 0.27 0.34 0.13 0.25 0.08
ECE 0.32 -0.07 0.46 017 0.26 0.11 0.26 004
AP 0.27 0.01 0.32 0.20 0.28 0.08 0.23 0.02
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Supplementary Table 4. Comparison of normalized VPD during the period 1991-2020
between simulations excluding human-induced forcing (“hist-nat”) and simulations
including all forcings (“historical”). Values are provided for the 6 models available and
over the regions Southern Fennoscandia (SF), Western Europe (WE), Eastern Central
Europe (ECE) and Alps & Pyrenees (AP). Note that for CESM2 the “hist-nat” simulation
ends in 2014 instead of 2020.

“hist-nat” simulations “historical” simulations

Models SF WE ECE AP SF WE ECE AP
ACCESS-ESM1-5 -0.05 -007 -006 -013| 064 055 061 109
CESM2 -0.14 0 036 006 | 056 039 069 109
CanESM5 -0.16 005 019 011 | 118 151 109 177
GFDL-ESM4 005 005 017 017 | 029 004 009 034
IPSL-CM6A-LR 005 005 006 003 | 117 141 073 231
MRI-ESM2-0 02 014 013 018 | -0.01 036 0.1 0.54
Multi-model mean | -0.083 0002 014 0.07 | 0.54 0.7 052 119
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Supplementary Table 5. Interannual standard deviation of summer VPD during the pre-
industrial period for the reconstructions and individual model simulations. For the
reconstructions this corresponds to 1600 to 1849 CE, whereas for the models all 500 years

of the "piControl" simulations were used.

SF WE ECE AP
Reconstruction 0.6 0.79 0.83 0.65
ACCESS-ESM1-5 1.16 1.14 1.7 0.99
CESM2 099 0.81 1.14 0.52
CMICC-ESM2 14 112 1.74 0.61
(NRM-ESM2-1 0.94 1.01 16 0.99
CanESM5 0.9 0.66 0.92 0.33
EC-Earth3-Veg 1.35 119 1.73 0.69
GFDL-ESM4 09 0.51 0.81 0.38
IPSL-CMBA-LR 0.74 0.66 1.04 0.65
MIROC-ES2L 1.12 0.84 1.05 0.67
MPI-ESM1-2-LR 1.12 0.82 1.67 043
MRIESM2-0 1.05 0.61 0.67 0.29
UKESM1-0-1L 0.84 0.81 1.19 0.57
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Supplementary Table 6. Comparison of normalized VPD during the period 1991-2014
between simulations with land use/Land cover (LULC) held constant at pre-industrial
conditions (“hist-noLu”) and simulations including all forcings (“historical”). Here we use
data until 2014 because no data are available for the “hist-noLu” simulations up to 2020.
Values are provided for the 10 models available and over the regions Southern
Fennoscandia (SF), Western Europe (WE), Eastern Central Europe (ECE) and Alps &
Pyrenees (AP).

“hist-nolLu” simulations “historical” simulations

Models SF WE ECE AP SF WE ECE AP
ACCESS-ESM1-5 0.86 0.55 0.37 0.64 0.36 0.31 028 0.87
CESM2 0.52 1.22 0.39 1284 034 0.25 046 095
CMCC-ESM2 152 1.44 1.62 23 1.8 141 13 206
CNRM-ESM2-1 0.13 0.63 0.14 0.99 0.16 0.68 -023 098
CanESM5 0.83 192 1.65 251 1.2 1.46 103 1.55
EC-Earth3-Veg 0.31 0.96 0.34 1.59 -0.12 012 005 0.52
IPSL-CM6A-LR 0.71 1.78 0.76 2.62 0.88 1.05 046 1.93

MIROC-ES2L 0.35 -0.16  -0.66 0.11 -0.79 0.62 -064 0.2
MPI-ESM1-2-1R 03 0.55 034 122 0.15 0 048 0.72

UKESM1-0-1L 1.05 1.14 0.93 1.56 0.66 1 051 1.4
Multi-model mean 0.66 1 0.59 1.54 0.47 0.54 0.36 112
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Supplementary Figures
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Supplementary Figure 1. Relationship between observed (blue) and reconstructed (red)
Summer VPD (June-August) for the five European clusters. Calibration period 1920-2000;
early period 1920-1960, late period 1961-2000. All correlation coefficients are significant
at p<0.01. Despite highly significant correlation coefficients in NF, differences in the long-
term trends between observed and reconstructed VPD together with non-robust
calibration-verification statistics shown in Supplementary Table 3 hinder generating a
robust reconstruction for this region.
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Supplementary Figure 2. Comparison of the four European summer VPD reconstructions
to summer drought reconstructions (scPDSI) of Cook et al. (2015)%, Biintgen et al.
(2011)8° (April-June precipitation Western Europe) and Biintgen et al. (2021)7° (scPDSI,
Eastern Central Europe). PDSI and precipitation reconstructions are displayed inversely
for direct comparison with VPD (high values dry, low values moist). Regional gridpoint
means of Cook et al. were extracted with the Climate Explorer (http:// climexp.knmi.nl/)
for the areas corresponding to the areas of the VPD reconstructions: Southern
Fennoscandia: 13.5-31.5 E, 60.0-63.0 N, Western Europe -3.0-3.5 E, 45.0-55.0 N; Eastern
Central Europe: 16.0-25.5 E, 47.0-50.0 N, Alps&Pyrennes: mean of the regions 7.5-9.5 E,
46.5-47.5 N (Alps) and 1.0-2.0 E, 42.0-43.0 N (Pyrenees). Thick lines are 30-year smoothing
splines, stars are Pearson's correlation coefficients significant at p<0.01. riow-pass indicate
correlations between the 30-year splines.
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Supplementary Figure 3. Comparison of the time series of observed (thick blue line),
reconstructed (thick red line) and multi-model mean (thick orange line) summer VPD
variations together with the time series of the individual model outputs (thin colored
lines) for four European regions. In general, observed, reconstructed and multi-model
mean VPD time series represent similar VPD levels and long-term trends, but differ in their

relative year-to-year variations.
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Supplementary Figure 4. Comparison of the estimated VPD variability of pre-industrial
conditions to the recent average of VPD of the 10-year period 2011 to 2020 (instead of
1991-2020 as shown in Figure 4). Bars indicate pre-industrial natural variability from tree-
ring 6'80-based VPD reconstructions for the period 1600-1850 (light blue), and from 500-
year simulations of 12 ESMs with no human-induced forcing included, piControl scenario
(grey). Pre-industrial variability was estimated from randomly sampled years of the
simulations. Solid lines indicate VPD during the most recent climatic period 2011-2020 CE
based on direct VPD observations (dark blue), the multi-model mean averaged VPD based
on a combination of historical and ssp245 scenarios (black) (both include human-induced
forcing). VPD values are normalized for comparability. Note that also for the most recent
10-year as for the 30-year period both observed and simulated summer VPD levels are
unprecedented compared to pre-industrial conditions.
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Supplementary Figure 5. Same as Figure S9 but for the 30-year period 1991-2020 and
with pre-industrial variability estimated from consecutive non-overlapping periods of the
simulations (instead of randomly sampled years as shown in Figure 4 and Figure S9). Note
that when estimating pre-industrial variability from consecutive non-overlapping periods
instead of randomly sampled years, both observed and simulated summer VPD levels

remain unprecedented compared to pre-industrial conditions.

20



