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Abstract

Increases in air temperature leads to increased dryness of the air and potentially develops
increased dryness in the soil. Extreme dryness (in the soil and/or in the atmosphere)
affects the capacity of ecosystems for functioning and for modulating the climate for
example through CO:2 uptake or evaporative cooling. Here, we used daily soil moisture
and vapor pressure deficit data of high spatial resolution (~ 0.1° x 0.1°) from 1950-2100
to show that compared to the reference period (1950-1990), the frequency and intensity
of extreme soil dryness, extreme air dryness, and compound extreme dryness (i.e., co-
occurrence of extreme soil and air dryness) has increased over last 31 years (1991-2021)
and will further continue to increase in the future until 2100 across Europe. This increased
intensity and frequency was most pronounced over broadleaved forests, croplands, and
grasslands. Such future climate-change induced increase in extreme dry conditions could

alter ecosystem functioning across Europe.

Introduction

Our Earth has been experiencing an unprecedented rate of warming since the start of the
20 century. According to a report from “Copernicus Climate Indicators”, global mean air
temperature has increased by 1.2°C since the pre-industrial period of 1850-1900,
whereas surface air temperature over Europe has increased by 2.2°C

(https://climate.copernicus.eu/climate-indicators/temperature). In the absence of

additional precipitation, warming over land leads to increased air dryness (measured by
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vapor pressure deficit, VPD) which can lead to increased evapotranspiration (ET) and a
faster soil drying®2. In addition, low precipitation will lead to low soil moisture (SM) if ET
draws down available soil water pools. If both conditions co-occur, i.e., high VPD and low
SM, a compound dry conditions, or even compound extreme dryness develop, i.e., co-
occurrence of extreme high VPD values (e.g., VPD > 90" percentile; extreme air dryness)
and extreme low SM levels (e.g., SM < 10" percentile; extreme soil dryness)3*.

High VPD and low SM have been recognized as two constraints on the water use and
carbon uptake by terrestrial ecosystems®®. Plants typically decrease their stomatal
conductance in response to high VPD and low SM to limit water loss and prevent hydraulic
failure'® thereby also reducing photosynthesis rates and thus CO: uptake. Even though
high VPD and low SM conditions are known to frequently occur simultaneously'', their
impacts on vegetation are often assessed independently’?. This tendency for co-
occurrence of high VPD and low SM conditions could cause a larger heat- and drought-
driven decrease in net CO2 uptake by vegetation compared to conditions when VPD and
soil dryness do not become limiting at the same time. Therefore, it is crucial to assess
how VPD and SM are coupled, especially in regard to the co-occurrence of extreme high

VPD and extreme low SM conditions (i.e., compound extreme dryness).

Although over the past 40 years, most parts of Europe have experienced persistent
precipitation patterns'3. At the same time increased air temperature (and thus increased
VPD) driven increasing ET might have resulted in soil drying trends, however the
causation is difficult to establish'3. Thus, the impact of global warming has had profound
devastating effects on Europe’s land ecosystems, especially in the 215t century when it
was impacted by drought and heat waves in 2003, 2010, 2015, 2018, 2019 and the most
recent in 2022'%-17. With both soil drying and air drying trends, frequency and intensity of
compound extreme dryness in Europe are largely bound to increase especially during the
main carbon uptake period (April-September) when the terrestrial ecosystem acts as a
sink'®. Furthermore, this trend in soil and air drying could increase the SM and VPD
covariance (coupling) which will further increase the frequency of compound extreme
dryness along with decreased SM and increased VPD trends in the future'?'°. A previous

study'? highlighted the increase in frequency of compound air and soil dryness globally
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using data from earth system models (ESMs) at monthly timescale. However, it is known
that carbon and water fluxes of terrestrial ecosystems shows immediate response to
variation in weather, particularly at daily time scales. Eddy covariance measurements that
are used to measure ecosystem carbon fluxes, because of their high temporal resolution
(half-hourly), have shown such short-term response of ecosystems to climate extremes?’-
23, Furthermore, high-resolution tree growth measurements collected with dendrometers
show that extreme atmospheric dryness and low soil moisture conditions affect tree
growth on the daily and even sub-daily time scale?*. Therefore, assessing the evolution
of extreme SM and VPD at daily timescale would be relevant for assessing its impact on
ecosystem functioning. Additionally, little is known about how trends in daily SM and VPD
and its coupling have changed the intensity and frequency of these compound extreme

dryness over the past decades and how they are projected to change in the future.

In this study we aim (i) to quantify how intensity and frequency of occurrences of extreme
soil dryness, extreme air dryness and compound extreme dryness i.e., co-occurring
extreme soil dryness AND extreme air dryness (collectively as extreme dryness) have
changed across Europe since the 1950s, and how they are projected to change in the
future until 2100; (ii) to quantify the changes in SM and VPD coupling and its impact on
compound extreme dryness across Europe from 1950 to 2100. To achieve these
objectives, we use high-resolution (0.1°x 0.1°) daily in-situ observation based VPD
(calculated from air temperature and relative humidity as daily average) from E-OBS?®
and SM from ERA5-Land reanalysis data®® from 1950-2021. For future projections of
extreme dryness, we used historical and future climatic projection (1950-2100) data of
daily VPD and SM from EURO-CORDEX?’ simulations (0.11° x 0.11°) over the European
continent (comprising of three distinct regions, namely Northern Europe (NEU), Central
Europe (CEU) and Mediterranean Europe (MED) as shown in Figure S1a'’). We used
EURO-CORDEX simulations from five RCMs (Regional Climatic Models) driven under
the RCP8.5 (Representative Concentration Pathways 8.5) emission scenario. We also
segregate the changes quantified in (i) and (ii) across different land cover types based on
2021 MODIS land cover data?® (MCD12Q1 version 6.1) as shown in Figure S1b to
highlight changes in intensity and frequency of extreme dryness of the present land cover

of Europe.
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The novelty of our study is in using a higher spatial (0.1° x 0.1°) and temporal (daily)
resolution in the analysis of soil and air dryness, and characterizing their extremes based
on the recently-developed notion from high resolution environmental observations, that
these extremes are particularly relevant for ecosystem functioning at shorter time
scales?'?2, Since extreme dryness is relevant for terrestrial carbon cycle, we focused all
our analyses during the April-September months (183 days) as most of the carbon sink
activity occurs during this period across Europe'®. We assumed 1950-1990 as a reference
period (total 41x183 = 7503 days) and 1991-2021 as the present period (total 5673 days).
We divided the future period into two slices of 35 years each: 2031-2065 (mid 21st
century; 6405 days) and 2066-2100 (late 21st century; 6405 days) to quantify and
compare the intensity and frequency of each type of extreme dryness. We used the “peak
over threshold” approach to identify extreme soil dryness (SM < SM1op; 10t percentile
SM), extreme air dryness (VPD > VPDgop; 90" percentile VPD) and compound extreme
dryness days (SM < SM1ir AND VPD > VPDgor) across Europe during each of the
reference, present and future periods*'2. The intensity of extremes was defined by the
extreme SM and VPD thresholds, i.e., SMiop and VPDgor, for reference, present and
future periods. Decrease in SM1op (across different periods) implied increased intensity
of extreme soil dryness, whereas increase in VPDoop implied increased intensity of

extreme air dryness and vice-versa.

Results
A drying Europe

The majority of Central Europe (CEU) and Mediterranean Europe (MED) showed a
significant negative trend in the yearly mean soil moisture (SM) in the topsoil (0-7 cm;
April to September), while Northern Europe (NEU) has showed substantial soil wetting as
indicated by the positive trend in SM (Figure 1a) from 1950-2021. Except for southwestern
Finland, yearly mean VPD (April to September) showed a significantly increasing trend
between 1950 and 2021, with parts of southern Spain showed the highest positive trend
of more than 0.1 kPa/decade (Figure 1c). Additionally, we also explored the trends of the
yearly extreme thresholds of SM and VPD, i.e., yearly SM1op (10" percentile SM of each
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year) and VPDgor (90" percentile VPD of each year). The patterns of yearly SMiop and
VPDoop trends (Figure 1b & 1d) were spatially similar but more pronounced than those of
the yearly mean SM and VPD trends (Figure 1a & 1c). The trends of SM1op and VPDgop
were about 35% and 80% higher than those of yearly mean SM and VPD between 1950
and 2021, respectively (indicated by slope of the linear regression in Figure S2). This
indicated that the rate of intensification of extreme soil and air drying was higher than that
mean drying. Therefore, we observed development of compound dry conditions
characterized by both decreasing trend of SM and increasing trend of VPD across most
of the CEU and MED over last 72 years (1950-2021).

Changes in extreme soil dryness and air dryness

Compared to the reference period, the SM1op threshold (indication of intensity of extreme
soil dryness) of the present period in CEU and MED was typically 15% to 25% lower (i.e.,
intensity of extreme soil dryness increased by 15 to 25 %). In contrast, the SM1op in NEU
was about 10% higher than that during the reference period (Figure 2a), implying a 10%
decrease in intensity of extreme soil dryness. The spatial pattern of change in frequency
was similar to that of change in intensity of extreme soil dryness (Figure 2a, b). The
frequency of extreme soil dryness increased 1.2-fold[0.8,1.6] (median[10" , 90%
percentile] (Figure 2b) across Europe (compared to the reference), with most of CEU and
MED showed more than a 1.5-fold increase in frequency of extreme soil dryness. Both
increased in intensity and frequency of extreme soil dryness was prominent for urban

areas, croplands, as well as broadleaved and mixed forests (Figure 2c, d).
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Figure 1. Pronounced soil drying (a, b) and air drying (c ,d) of Europe during the months
April to September between 1950 and 2021 as demonstrated by negative trends of (a)
yearly mean soil moisture, and (b) yearly 10th percentile soil moisture (SM10P), and
positive trends of (c) yearly mean VPD, and (d) yearly 90th percentile VPD (VPD90P).
The significant trend (p<0.05) areas are marked by black dots based on a modified Mann-
Kendall trend test (see Methods).
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Except for Finland, the VPDgopr threshold (indication of intensity of extreme air dryness)
of the present period was higher than that of the reference period across Europe (Figure
3a). Overall, the increase in intensity of extreme air dryness across Europe was about
15%, with more than 50% increase in intensity for majority of MED. The spatial pattern of
change in frequency was similar to that of change in intensity of extreme air dryness
(Figure 3a, b). The frequency of extreme air dryness largely increased across Europe
(compared to the reference), with about 1.6-fold [1,2.3] increase (median[10t , 90t
percentile] over Europe (Figure 3b) and about one-quarter of Europe showing more than
a two-fold increase in frequency of extreme air dryness during the present period in
comparison to the reference period. Both increased in intensity and frequency of extreme
air dryness was prominent (intensity > 20% and frequency > two-fold) for urban areas,

croplands, as well as broadleaved forests (Figure 3c, d).

Daily SM-VPD coupling

Compound extreme dryness, i.e., the co-occurrence of extreme soil and air dryness not
only relate to changes in either SM and VPD contributing to the compound extreme, but
also to the relationship between SM and VPD. Daily topsoil SM and VPD values were
significantly negatively correlated, indicating strong (negative) SM-VPD coupling across
most of Europe during the reference and the present period (Figure S3). Weak SM-VPD
coupling [absolute r(SM,VPD) < 0.2] was observed at higher latitudes (> 65°N),
particularly at higher elevations (NEU), and in the Alpine region (CEU; Figure S3a,b).
Compared to the reference period (median r(SM,VPD) of -0.55), the present period
showed a stronger SM-VPD coupling dependence (median r(SM,VPD) of -0.61), with
more than 80% of Europe showing stronger SM-VPD coupling, largely consistent across
land cover types (Figure 4). This increase in strength of SM-VPD coupling during the
present period was highest in NEU and the Alpine region of CEU (Figure 4). Furthermore,
overall, the daily SM-VPD coupling was significantly lower than monthly SM-VPD coupling
(Figure S4a) as also observed in previous studies but there were regional differences.
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Figure 2. Change in intensity (as indicated by SMiop) (a, ¢) and frequency (b, d) of
extreme soil dryness across Europe and land cover types during the present period
(1991-2021) in comparison to the reference period (1950-1990). The change in intensity
is calculated as % change in the present period compared to the reference period of
SM1op (10t percentile of SM) indicated as ASM1op (100 x (present—reference)/reference).
The change in frequency of occurrences (AFrequency) is shown in terms of n-fold
(present/reference). The blue asterisks in ¢ and d shows the means. The land cover types
were based on the IGBP land cover classification (see Methods or caption of Figure S1).
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Figure 3. Change in intensity (as indicated by VPDgor) (a, ¢) and frequency (b, d) of
extreme air dryness across Europe and land cover types during the present period (1991-
2021) in comparison to the reference period (1950-1990). The change in intensity is
calculated as % change in the present period compared to the reference period of VPDgop
(90* percentile of VPD) indicated as AVPDoop (100 x (present-reference)/reference). The
change in frequency of occurrences (AFrequency) is shown in terms of n-fold
(present/reference). The blue asterisks in ¢ and d shows the means. The land cover types
were based on the IGBP land cover classification (see Methods or caption of Figure S1).
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To quantify the impact on daily SM-VPD coupling on the frequency of occurrence of
compound extreme dryness, we calculated the probability multiplication factor (PMF). The
PMF indicated the increased probability (or frequency of occurrence) of compound
extreme dryness compared to that expected when SM and VPD are independent (i.e., P
= 0.1 x 0.1 = 0.01; see Methods). The PMF across Europe during the reference period
was 3.6 [2.5, 4.2] (median [10" percentile, 90" percentile]), indicating that the frequency
of co-occurrence of soil and air dryness (i.e., compound extreme dryness) during the
reference period was 3.6 time more than if SM and VPD would have been independent
(Figure S5a). As expected, due to increased SM-VPD coupling over large parts of Europe
(Figure 4), the PMF during the present period increased to 4 [2.9, 4.6] across Europe
(Figure S5b). This increase in present day PMF compared to the reference PMF was
largest over NEU, Alpine region, and southern Spain (more than 1.5-fold; Figure 5a).
However, across France and southern Italy, the PMF decreased during the present period
(Figure 5a). Among different land cover types, the highest observed increase in PMF was
over shrublands and grasslands (mean of 1.2-fold; Figure 5b). The relationship between

daily SM and VPD coupling, as indicated by r(SM, VPD), and PMF for compound extreme
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dryness was largely linear, with an increase of PMF with increase in negative coupling in
CEU and NEU (Figure 6). However, in MED, we observed a decrease in PMF for r(SM,
VPD) < -0.6 as shown in Figure 6. Furthermore, the relationship between PMF and r(SM,
VPD) was significantly different between reference and present period over MED (for
r(SM, VPD) < -0.6) and NEU (for r(SM, VPD) < -0.2), with higher PMF values during the
present period compared to reference period (Figure 6). However, across CEU, the PMF
vs r(SM, VPD) relationship remained unchanged during present and reference period
(Figure 6). Additionally, similar to the SM-VPD coupling, overall, the PMF at daily
timescale was significantly lower than PMF at monthly timescale (Figure S4b), indicating
overestimation of frequency of compound extreme dryness at monthly timescales in

comparison to daily timescales.
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Figure 5. Change in probability multiplication factor (PMF) of compound extreme dryness
during as (a) number of fold (APMF; present/reference) across Europe and its (b)
segregation across different land cover types. The blue asterisk in panel d shows the
means. The land cover types are based on the IGBP land cover classification (see
Methods or caption of Figure S1).
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Figure 6. Relationship of coefficient correlation between daily SM and VPD (x-axis:
r(SM,VPD) with probability multiplication factor of compound extreme dryness across
Mediterranean Europe (MED), Central Europe (CEU) and Northern Europe (NEU) during
reference period (1950-1990) and present period (1991-2021). The curve fitting is done
with a locally moving weighted regression (loess with span = 0.8). Each point and error
bar represents mean and standard error for a bin of r(SM,VPD) = 0.01.

Change in frequency of compound extreme dryness

The probability of the occurrence, which indicates frequency, of compound extreme
dryness (Pcp) across Europe during the reference period is also equal to the PMF of the
reference period, i.e., 3.5£0.7 % (meanzsd) as shown in Figure 7a. Using the SM1op and
VPDgor thresholds from the reference period, the Pcp increased to 6.0+2.4% during the
present period (Figure 7b), thereby showing a 1.7-fold [0.9,2.5] (median[10t, 90t
percentile]) increase overall across Europe and more than 2-fold increase for more than
one-quarter of the European land area (Figure 7c). The increase in Pco was highest in
the MED (more than 4-fold increase), whereas a decrease in occurrence was observed
in some areas of NEU (i.e., Finland, Ireland, and the western part of the UK), comprising
about 12% of the study area (Figure 7¢). To understand if this increase in Pco was due to
increase in SM-VPD coupling or due to decreasing SM and/or increasing VPD trend from
reference to present period, we calculated APco due to SM-VPD coupling (ratio of PMF
in present and reference period) and due to SM and VPD trend (ratio of Pco and PMF of
reference period; see Methods). Our results indicate that the increase in Pcp across CEU
(excluding the Alpine area) and MED was dominantly due to the decreasing SM and/or
increasing VPD trend from reference to the present period (Figure 8a). Whereas, for much
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of the NEU and Alpine region in CEU, the APcp was due to the increased SM-VPD from
reference to the present period. Overall, the change in SM-VPD coupling (as shown in
Figures 4 & 5) resulted in a APcp of 1.1-fold [0.9,1.4], whereas decreasing SM and/or
increasing VPD trend resulted in a APcp of 1.5-fold [0.9, 2.3] (Figures S6 & 8b). Among
different land cover types, we observed a mean increase in the frequency by more than
2-fold over evergreen broadleaved forests, croplands, and urban areas during the present

period in comparison to the reference period (Figure 7d).

Future projections of compound extreme dryness

Climate projections indicated a further compound drying (both soil and air drying) trend
across Europe. Compared to the reference period, the decrease in average SM1op across
Europe was only marginal, i.e., 1%, 3% and 3.5% decrease during the present period,
mid 218t century (2030-2065), and late 21t century (2066-2100), respectively (Figure
S7a) with largest decrease in MED (Figure S8a). The VPDgor however showed an
average increase across Europe by 12%, 35% and 68% compared to the reference
period, during the present period, mid 21t century, and late 215t century, respectively, as
simulated by the five RCMs (Figure S7b), with largest increase in CEU (Figure S8b).
Furthermore, the ensemble means value (mean from all five RCMs) of the Pearson
coefficient correlation — r(SM, VPD) indicated a significantly increasing SM-VPD from
1950-2100 (larger negative correlations from reference to future periods; Figure S9). The
RCM models, however, underestimated the SM-VPD coupling as the mean correlation
coefficient during reference and present period obtained from RCM models were -0.33
and -0.35 (Figure S9), significantly lower than the correlation coefficient obtained from E-
OBS and ERAS5-Land data (-0.5 and -0.54 during reference and present periods,
respectively as shown in Figure S3). Furthermore, the increase in SM-VPD coupling
simulated by the RCMs did not significantly increase the PMF of compound extreme
dryness across MED, CEU, and NEU (Figure S10).
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Figure 7. Probability of the occurrence indicating frequency of compound extreme
dryness (Pcp) during (a) the reference period, (b) the present period (with SM and VPD
thresholds from reference period), (¢) change in probability of compound extreme dryness
(APcp) between present and reference period (APcp = present/reference), and (d) the
change across different land cover types. The blue asterisk in panel d shows the means.
The land cover types are based on the IGBP land cover classification (see Methods or
caption of Figure S1).
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Figure 8. (a) Ratio of change in probability of occurrence of compound extreme dryness
between present and reference period (APcp = present/reference) due to SM and VPD
trend and SM-VPD coupling across Europe and (b) comparison of the APcp due to trend
of SM and VPD (x-axis) and SM-VPD coupling (y-axis) for all locations in Europe. Values
lower than one in panel a and above the 1:1 line in panel b indicate that SM-VPD coupling
was the dominant reason for APcp, whereas values greater than one in panel a and below
the 1:1 line in panel b indicate that the APcp was dominantly due to the trend of SM and
VPD.

Owing to the underestimation of the SM-VPD coupling in the RCM models, the Pco was
also lower (2+0.7% and 3.6+2.1% during reference and present periods, respectively;
Figure S11a) than what was calculated based on the in-situ and reanalysis data (E-OBS
and ERAS5-Land) with 3.5£0.7 % and 6.0+2.4% during reference and present period,
respectively (Figure S5). However, the no significant change was observed in Pco during
the present period in comparison to the reference period, obtained by in-situ and
reanalysis data (E-OBS and ERA5-Land), and the RCM ensembles i.e., 72% increase by
the former dataset and 75% increase by latter dataset (Figure S11b). This pattern was

also spatially consistent across different land cover types (Figures S11c).

For the future, the RCM ensembles showed a 3.4-fold [2.0,6.5] (median[10t" percentile,
90" percentile]) increase in the frequency of compound extreme dryness across Europe
during the mid 218t century (2030-2065 period) compared to reference period (Figure
S11b) with the largest increase in MED, some parts of NEU (high latitudes of Norway,
Sweden, and Finland) and the surrounding Alpine region in CEU (Figure 9a). All land
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cover types were projected to experience on average more than three times the frequency
of compound extreme dryness by the mid 215t century as compared to the reference
period, with the highest increase in frequency for open shrublands (Figure 9c). By the late
218t century, the projections indicated a further increase in the frequency of occurrence
of compound extreme dryness of 4.2-fold [2.0,10.8] in comparison to the reference period
(Figure S11b), with a spatial pattern rather similar to that of the mid 21t century (Figure
9b). Only the northern part of CEU (northern Germany and Poland) indicated a decreased
frequency of compound extreme dryness during the late 21st century in comparison to
mid 218t century, most likely due to an increase in SM1op (Figure S8a). Among different
land cover types, open shrublands, grasslands and broadleaved forests were projected
to experience more than five times more frequent compound dryness extremes during
the late 215t century than compared to late 20" century (Figure 9d). Finally, the increase
in frequency of compound extreme dryness during mid 215t century and late 215t century
compared to the reference period is entirely and dominantly driven by decreasing SM

and/or increasing VPD trend from reference to future periods throughout Europe.

Discussion

Here we assessed frequency and intensity of extreme dryness across Europe at a higher
spatio-temporal resolution (0.1° x 0.1°, and daily) than previous studies conducted based
on GCM and ESM simulations of much coarser spatio-temporal resolution (e.g., 2.5° x
2.5°, and monthly)'?>2°. This higher resolution of our analysis enabled us to segregate the
increase in extremes, across present land cover types and regions (e.g., Alpine,
Mediterranean, Northern Europe) across Europe. Our study showed that large parts of
Europe, especially Central and Mediterranean Europe, have been experiencing
increasing trends in model-based soil moisture and observation-based atmospheric
drying, thereby resulting in the development of compound dry conditions since 1950. We
showed that compared to a reference period (1950-1990), the frequency of compound
extreme dryness, extreme soil dryness and extreme air dryness across Europe during
1991 to 2021 increased by a median of 1.7-fold, 1.2-fold, and 1.6-fold, respectively,
mostly over Central and Mediterranean Europe. Regional climate model simulations for
Europe indicated a further 3.4-fold increase in the frequency of compound dry extremes
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during mid-century (2030-2065), and a 4.2-fold increase during the late 215t century
(2066-2100) most pronounced over present day broadleaved forests, croplands, and
grasslands. Furthermore, increase in present and future frequency of compound dry
extremes was more due to an increase in extreme air dryness than in extreme soil

dryness.

The lower RCM based increase in frequency and intensity of extreme soil dryness than
that from ERA5-Land was probably due to a disagreement in SM depth i.e., surface SM
(0-7 cm) from ERA-Land, whereas that from the RCM represents the soil moisture over
the complete soil profile (depth varying from 2.7m to 3m), as surface and total soil
moisture trends as simulated by RCMs could different®®.The changes in extreme air
dryness (relative to the reference period) as simulated by the RCMs agreed well with the
observations across Europe. The RCMs showed a weaker daily SM and VPD coupling
than that from the reanalysis/observation datasets, contradicting the results3'3? that
suggested a stronger SM and VPD coupling than the observations in GCMs. However,
the higher SM and VPD correlations from the reanalysis/observation datasets could be a
result from the different soil depth considered, as fluctuations of top soil moisture is higher
than a complete soil profile. Nevertheless, both RCM and reanalysis/observation data
showed similar change in occurrence probability of compound extreme dryness (75% for
the former and 72% for the latter) during the present period compared to reference period.
This indicated that the potential bias (in absolute values) between the RCMs and the
reanalysis/observation data seemed to have little effect on the relative change in SM and
VPD coupling over time. This observation was similar to recent studies showing RCMs
and observation based agreement on warming trends even though there is substantial air
temperature bias between RCMs and observations?7-33,
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Figure 9. Change in probability of compound extreme dryness compared to the reference
period (1950-1990) across Europe during (a) mid 218t century (2031-2065) and (b) late
218t century and across different land cover types during (¢) mid 215t century and (d) late
218t century. The blue asterisk in panels ¢ and d shows the means. The land cover types
are based on the IGBP land cover classification (see Figure S1).

The increase in the frequency and intensity of compound dry extremes over time was
generally due to two reasons, first due to an increased negative coupling between SM
and VPD, and second due to an increasing trend of VPD and/or decreasing trend of SM,
both signs of increasing dryness. The increase in the negative SM-VPD coupling (during
1991 to 2021 compared to the reference period) was a major reason of the increased

frequency of compound extreme dryness across NEU, whereas the increased frequency
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of compound extreme dryness for much of CEU and MED was due to both above
mentioned reasons but dominantly due to increasing trend of VPD and/or decreasing
trend of SM. Such a SM-VPD coupling-driven increase and trend-driven increase in
frequency of compound hot and drought events in Europe was also reported earlier'”-34,
However, we observed that much of the increased frequency and intensity of compound
extreme dryness in future was due to increased air dryness across Europe. A Similar
study'? using GCM simulations, highlighted that the increase in frequency probability of
compound extreme dryness (at a monthly timescale) was largely due to an increasing
trend of VPD in the future.

The compound extreme dryness is a result of a series of complementary physical
processes involving land-atmosphere feedbacks. High VPD-driven increases in ET
reduces SM which then reduces ET and thus increases the sensible heat flux which
warms and dries near-surface air, thereby increasing VPD, ultimately creating a positive
feedback loop'®3%-3°, These feedback loops are much stronger over semi-arid regions
than humid regions®¢, which also explains the largest increase in the frequency of
compound extreme in the present and the future over majority of Mediterranean Europe.
Apart from these feedback loops, large-scale atmospheric anomalies such as blocking,
subsidence, and free tropospheric warming had been identified as key contributors to the
onset and continuation of extreme compound dry conditions*®#'. These anomalies might

also have contributed to the SM-VPD interaction.

The increasing trend in VPD was largely due to global warming driven-increase in air
temperature, whereas soil drying trends could be due to increased ET trends in Europe
with non-significant precipitation change over the last 40 years®'34%, Furthermore, the
future projections of intensifying VPD and drying SM along with the increase in negative
coupling between SM-VPD could further increase the frequency and intensity of
compound dry extremes in Europe. Owing to the direct role of SM and VPD on vegetation
productivity, the future carbon uptake capacity could be highly compromised due to the
rise in dry extremes in Europe. Although it is possible that future COz2 fertilization effects
(increased gross primary productivity due to more CO2 rich atmosphere) could

compensate for the loss in carbon uptake caused by compound extreme dryness?*?, the
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ESM (Earth System Models) forecasts showed that this was not the case for Central and
Mediterranean Europe, but for Northern Europe'?, resulting in an unchanged future CO2

uptake.

Conclusions

Our study detected extreme dryness across Europe at a higher spatio-temporal (0.1° and
daily) resolution than previous studies which were conducted based on GCM and ESM
simulations of much coarser resolution (e.g., 2.5° and monthly). At this higher resolution,
we were able to segregate the changes in frequency of extreme dryness across the most
recent (year 2021) land cover types in Europe, to quantify their present and future
exposure to extreme dryness. This segregation is important for future climate mitigation
planning and development of nature based solutions to our climate issues. Although
almost all the land cover types were exposed to increased frequency of extreme dryness
(all three types), croplands, broadleaved forest (EBF and DBF) and urban areas
experienced more than twice as much extreme dryness conditions during 1990-2021
compared to reference period of 1990-2021. In the future, these land cover types would
be exposed to more than three times as many extremes during mid-21st century
compared to the 1950-1990 period. Such a high increase in extremes exposure will
increase their vulnerability in the future, leading to a weaker terrestrial carbon sink and
compromised food security across Europe. The prominent pattern of extreme dryness
shown here is an essential first step in understanding how compound dryness has
evolved over the years, and in developing new adaptive management policies to reduce

the risks of upcoming hydroclimatic hazards.

Methods

Vapor pressure deficit and soil moisture data from 1950-2021

The study area is Europe (Latitude: 11°W - 33°E; Longitude: 35.8°N-72°N), comprising
of three distinct regions'”, namely Northern Europe (NEU), Central Europe (CEU) and
Mediterranean Europe (MED; Figure S1). We used the E-OBS v26.0e dataset 2543 is a

Europe-wide, observation-based, daily, gridded (0.1°x 0.1°) meteorological dataset
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covering 1950 to 2021 (72 years). We used daily average temperature (Tg; °C) and
relative humidity (RH; %) data from E-OBS in this study. We calculated vapor pressure

deficit (VPD, kPa) from mean temperature and relative humidity using equation 144.

RH 7.5xTg

VPD = (1— $52) X 06107 x 10%73+75 (1)
100

We obtained the surface (0-7 cm depth) soil moisture (SM) data from the most recent
reanalysis data from ECMWF's (European Centre for Medium-range Weather Forecasts)
new land component of the fifth generation of European Reanalysis (ERA5-Land)
dataset?® spanning over seven decades (1950-2021). The ERA5-Land uses the Tiled
ECMWEF Scheme for Surface Exchanges over Land with a revised land surface hydrology
(HTESSEL)*. The SM data from ERA5-Land is available at an hourly resolution with
spatial resolution of 0.1° x 0.1°. We aggregated SM data from hourly values to daily
means for our analysis. Recent in-situ and satellite based validation studies have shown
high accuracy of surface SM simulation of ERA5-Land?64647 \We obtained both the
ERA5-Land and E-OBS datasets from the climate data store of Copernicus Climate
Change Service (https://cds.climate.copernicus.eu). Additionally, we also obtained the
land cover data for the year 2021 from MODIS product MCD12Q1 Version 6.128, which

gives yearly land cover information at 500m resolution as per International Geosphere

Biosphere Program (IGBP) classification: ENF — Evergreen needleleaf forest, EBF —
Evergreen broadleaf forest, DBF — Deciduous broadleaf forest, MF — Mixed forest, OSH
— Open shrublands, WSA — Wooden savannas, SAV — Savannas, GRA - Grasslands,
CRO - Croplands, URB — Urban and built-up areas, CNV — Cropland and natural
vegetations mosaics. In this study we masked out any barren land or water bodies. We
then aggregated the land cover data to 0.1° x 0.1° resolution, by assigning the majority

land cover types in each 0.1° x 0.1° grid.

Future projection data until 2100

We used the climatic projections of the EURO-CORDEX project (domain: EUR-11;
http://www.euro-cordex.net) from 1950-2100 to project compound extreme dryness into
the future. EURO-CORDEX is the European branch of the international CORDEX
initiative, which is a program sponsored by the World Climate Research Program (WRCP)
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to organize an internationally coordinated framework to produce improved regional
climate change projections for all land regions world-wide?"4¢. EURO-CORDEX project
offers simulation of higher spatiotemporal resolution (daily at 0.11° x 0.11° resolution) that
allow us to improve our understanding on past, present and future evolution of extreme
events. We used daily means of surface air temperature (i.e., tas, K), surface relative
humidity (i.e., hurs, %), and total soil moisture content (i.e., mrso, kg/m?) from five regional
climate models (RCMs), namely ALADING63, HadREM3-GA7-05, RACMO22E, CCLM4-
8-17, and HIRHAMS, using the boundary conditions from the MPI-M-MPI-ESM-LR global
climate model driven under the RCP8.5 (Representative Concentration Pathways 8.5)
emission scenario. The RCP8.5 based future projections is widely used in recent studies
focusing on future evolution of extreme events'23449.50 \We calculated the daily VPD for

the future projection from surface air temperature and relative humidity using equation 1.

Statistical analyses

All statistical data analyses carried out in this study were performed in R statistical

programming language®' and involved the following steps:

1. Since dryness extremes are relevant for terrestrial carbon cycle, we focused all our
analyses on the during April-September months (183 days) as most of the carbon
sink activity occurs during this period across Europe (Peters et al., 2010). We
assumed 1950-1990 as a reference period (total 41*183 = 7503 days) and 1991-2021
as the present period (total 5673 years). We divided the future period into two slices
of 35 years each: 2031-2065 (mid 215t century; 6405 days) and 2066-2100 (late 215t
century; 6405 days) to quantify and compare the frequency and intensity of each type
of extremes (extreme soil dryness, extreme air dryness and compound extreme
dryness). Initial data preprocessing (calculation and daily aggregation of VPD) was
done using CDO (climatic data operators) software5? and the ‘raster’ R-package®

2. We detected trends (from 1950-2021) of yearly mean SM and VPD (mean SM and
VPD of each year), and yearly 10" percentile SM (SM1opr; one for each year) and 90%
percentile VPD (VPDgor; one for each year) across Europe (i.e. for each 0.1° x 0.1°

grid). The yearly trend was calculated by a modified Mann-Kendall trend test using
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the ‘rtrend” R-package, which accounts for the serial correlation in the time series
data®.

We used the “peak over threshold” approach to identify extreme soil dryness (SM <
SMiop; 10t percentile SM), extreme air dryness (VPD > VPDgor; 90" percentile VPD)
and compound extreme dryness days (SM < SMiop AND VPD > VPDgor) across
Europe during each of the reference, present and future periods*'2. The intensity of
extremes was defined by the extreme SM and VPD thresholds, i.e., SM1p and
VPDgor, for reference, present and future periods. Decrease in SM1op (across
different periods) implied increased intensity of extreme soil dryness, whereas
increase in VPDoop implied increased intensity of extreme air dryness and vice-versa.
We used bivariate copula to model the dependence structure of SM and VPD and
calculate the occurrence probability of compound extreme dryness. Bivariate copulas
are widely used to model the dependence between two random variables (here SM
and VPD) with different marginal distributions®. Based on our definition in step 3, the
joint occurrence probability of compound extreme dryness (Pcp) is given by equation
2 for any time period (tp; reference, present, and future) with SM and VPD thresholds

from any period (th; reference, present, and future).

Ppltp, th] = P(SM|[tp] < SM,op[th] N VPD[tp] > VPDyyp[th])
= P(SM[tp] < SMyop[th]) — P(SM[tp] < SM;op[th] N VPDtp]
< VPDyop[th])
= P(SM[tp] < SMyop[th]) — Cep(SMyop[th], VPDggp[th]) (2)

where, Cy is the cumulative distribution function of the bivariate copula estimated on
any period, tp. The detailed theory about bivariate copulas can be found in the
literature®5-°¢. Copula modeling was done for each grid for each different periods —
e.g., for reference period we used SM and VPD data for 7503 days for each grid point
to detect its SM1op and VPDgop to finally calculate Pco. We considered commonly
used copula families (Gaussian copula, Student’s t copula, and Archimedean copula)
and used the best fit copula based on the Bayesian Information Criterion to calculate
Pcp. The copula analysis was performed using the “VineCopula” R package®’, with

which we used the function ‘BiCopSelect’ to select the best fit copula function and
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then used function ‘BiCopCDF to calculate the Pcp. We also compared our Pcp
obtained from the copula method with Pco obtained from a simple counting method
(fraction of days exceeding the SM and VPD thresholds). We found negligible
differences between the two methods (maximum and mean absolute differences of
2.1% and 0.05%, respectively). Such negligible differences were expected as we are
analyzing daily data with little data limitation (> 5000 days for each grid during
reference, present and future periods). In this study, we describe all our Pcp based

on the copula method as estimated with equation 2.

We calculated the probability multiplication factor (PMF) across Europe for different
periods (reference, present and future) to quantify the change in occurrence
probability of compound extreme dryness due to covariance of SM and VPD'®. PMF
of any period is the ratio of Pcp (joint probability calculated by bivariate copula with
thresholds of the corresponding periods) and 0.01 (assuming SM and VPD are
independent = 0.1 x 0.1 =0.01). Therefore, a value of PMF = 1 implies that there was
no change in occurrence probability due to covariance of SM and VPD. PMF for any
period (fp) was calculated as shown by equation 3.

Pepltp, th]
0.01

where both tp and th are of the same period.

PMF [tp] = ; th = tp = reference, present & future 3

Finally, to quantify changes in the occurrence probability of compound extreme
dryness (APcp) in present and future periods (fp = present & future) relative to the
reference period (th = reference), we used the extreme thresholds (SMiop and
VPDgor) of the reference period to calculate Pco (as per equation 2), i.e., th =
reference period, during the present period (1991-2021; tp = present) and two future
periods (tp = mid 215t century and late 215t century) for E-OBS and ERA5-Land data
(present period) each RCM model (for present and future comparisons) as shown in
equation 4.

Pqpltp, reference]

APqp(tp] = ;tp = present & future (4)

P.plreference,reference]
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The APcp for any period present and future period (fp) can be segregated into APcp
due to changes in SM-VPD coupling (APcp coupling) and changes in SM and/or VPD
trend (APcp trend) as shown in equations 5 and 6.

PMF [tp]
PMF [reference]

AP;pcoupling [tp] = ;tp = present & future  (5)
Pcpltp, reference]

APcptrend [tp] = —T FuF [tp]

;tp = present & future  (6)

Final present and future occurrence probability from all five RCM models were
averaged to calculate the average change in probability of compound extreme
dryness in present and future periods. We further performed the analysis from Step
1 to Step 5 at a monthly scale with mean monthly VPD and SM to compare the PMF

from two different

Data and Code availability

All data used in this study is openly available in the following database. The E-OBS and
ERA5-Land datasets were downloaded from the climate data store of Copernicus Climate
Change Service (https://cds.climate.copernicus.eu). The 2021 MODIS land cover product
MCD12Q1 Version 6.1 was downloaded from USGS LP DAAC website
https://Ipdaac.usgs.gov/products/mcd12c1v061/. The EURO-CORDEX simulations were
downloaded from ESGF data node https://esgf-data.dkrz.de/search/cordex-dkrz/. All data

and R script used to construct the visuals in the manuscript can be requested from the

corresponding author.
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