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On the curious case of the recent decade, mid-spring
precipitation deficit in central Europe
M. Ionita 1✉, V. Nagavciuc 1,2, R. Kumar 3 and O. Rakovec 3,4

Central Europe has experienced a severe drought almost every April for the last 14 years consecutively, driven by record high
temperatures, low flows, high evapotranspiration, and high soil moisture deficit. The dynamic of this recent and recurrent mid-
spring dryness is not yet understood. Here we show that the period 2007–2020 was characterized by a reduction of ~50% of the
usual April rainfall amount over large areas in central Europe. The precipitation deficit and the record high temperatures were
triggered by a multiyear recurrent high-pressure system centered over the North Sea and northern Germany and a decline in the
temperature gradient between the Arctic region and the mid-latitudes, which diverted the Atlantic storm tracks northward. From a
long-term perspective, the precipitation, temperature, and soil moisture anomalies observed over the last 14 years have reached
the highest amplitudes over the observational record. Our study provides an in-depth analysis of the hydroclimate extremes in
central Europe over the last 140 years and their atmospheric drivers, enabling us to increase our dynamical understating of long-
term dry periods, which is vital to enhance forecasting and mitigation of such events.
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INTRODUCTION
Hydroclimate variability affects natural and human systems
globally, and extreme events such as floods, droughts, and
heatwaves can alter ecosystem functioning, disrupt food produc-
tion and security1,2, significantly impact ecology and carbon
sequestration3,4, affect water availability5, damage human settle-
ments and increase mortality6. These extreme events are likely to
be exacerbated by global warming7,8. Droughts, which can extend
over large areas and last for several years, are amongst the most
damaging and expensive natural hazards. Since the beginning of
the 21st century, Europe has experienced a series of prolonged
summer heatwaves and droughts (e.g., 2003, 2010, 2013, 2015,
2018, 2019), associated with substantial environmental damage
and financial and human losses9–14. For example, the financial
losses due to the 2018 drought were estimated to be ~3.3 billion
EUR, which made it the costliest single-year event in Europe15.
One of the key drivers of hydroclimate variability, both globally

and regionally, is the prevailing large-scale atmospheric circula-
tion. A wide range of approaches has been applied to characterize
the large-scale atmospheric circulation and its links with European
precipitation, ranging from global/hemispheric teleconnection
patterns to weather regimes. One of the most important drivers of
the European climate is the North Atlantic Oscillation (NAO)16. A
positive phase of NAO is associated with a stronger jet stream and
wetter conditions in central and northern parts of Europe, and
drier than average conditions in the southern part of Europe17.
NAO signature is particularly relevant in autumn, winter, and
spring. During summer, the effects of NAO are restricted more to
the northern and eastern parts of Europe18. Apart for NAO, other
predefined teleconnection patterns have been linked with
anomalous precipitation across Europe, such as the Scandinavian
pattern (SCA), which is mainly related to high-latitude blocking
over Scandinavia19, and the East Atlantic pattern20, or the East
Atlantic/Western Russia pattern21. On a global scale, European

precipitation has been linked with the El Niño–Southern Oscilla-
tion (ENSO), especially in spring22. However, the relationship
between European precipitation and ENSO is non-stationary and
varies with both season and region23,24. A similar non-stationary
relationship between NAO and European precipitation was found
by Vicente–Serrano and López-Moreno25. One possible reason for
the non-stationary relationship between the European climate and
predefined teleconnection indices might arise from the fact that
these indices are defined based on sea level pressure or sea
surface temperature data over a specific location14.
At shorter time scales, several studies have linked the

precipitation variability with particular weather regimes/types.
These weather regimes are often used to characterize the regional
response of precipitation anomalies because they are defined and
calibrated over relatively small domains26. Fleig et al.27 have
shown that weather types representing a high-pressure center
over the region affected by meteorological drought promote the
development of hydrologic droughts. These weather types are
associated with the advection of warm and dry air over specific
regions, hence they promote drought development. Over the
Iberian Peninsula, seven weather types (WTs) have been identified
to capture a high percentage (~70%) of the monthly Iberian
precipitation variability28.
Another important driver of European precipitation, at synoptic

time scales, is atmospheric blocking29. Atmospheric blocking is a
large-scale mid-latitude atmospheric phenomenon mostly asso-
ciated with persistent quasi-stationary, synoptic-scale high-pres-
sure systems. It exerts a strong impact on resulting weather
patterns and is therefore often associated with extreme weather,
such as heat waves30,31, cold spells32, and floods21,33. The
relationship between precipitation and atmospheric blocking
has been widely investigated and North Atlantic and European
blocking have been found to have a significant influence on
winter precipitation over large areas of Europe29. Dry (wet) winters
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near the British Isles and wet (dry) winters west of the Iberian
Peninsula are associated with blocking (non-blocking) episodes
over the Euro-Atlantic region. Rimbu et al.32 explored the
relationship between summer precipitation extremes and atmo-
spheric blocking in the eastern part of Europe and they showed
that blocking events in the sectors (0°–40°E and 50–70°E) were
associated with enhanced precipitation variability during summer.
Over the European domain, Sousa et al.34 have shown that the
regions situated directly under the influence of blocking are
characterized by a decreased frequency of rainfall and a high
frequency of extreme rainfall on the southern flank of the blocking
events. In terms of extreme precipitation, more recently Leng-
genhager and Martius35 found a significant relationship between
the odds of heavy precipitation over Europe and blocking
episodes over the North-Atlantic region.
To date, research has focused strongly on winter and summer

and particularly on heavy precipitation events. The winter months
are the most active from a dynamic point of view and the
perturbations of the large-scale atmospheric circulation can reach
very high amplitudes36, while the summer season has featured a
relatively large number of extreme events (e.g., floods, droughts,
heatwaves) especially since the beginning of the 21st century37.
The importance of spring hydroclimatic background conditions for
the upcoming summer season has been emphasized in a number
of studies, but their triggering drivers and their variability still lack
a dynamical understanding. In a recent study, Hänsel et al.38 have
shown that over the last years there is a significant negative trend
in the precipitation amount, in spring, over the central part of
Europe. It has been shown that antecedent moisture deficits are
related to the number of hot days and maximum heat waves
duration, in summer, both at European39 and global scales40.
Quesada et al. (2012)41 have shown that spring soil moisture
deficits, in combination with different weather types, are
important factors in controlling the occurrence of hot days in
summer, over Europe. Hanel et al.13 argued that the recent
droughts over Europe were often initiated during the vegetation
period, while the previous droughts over the last 250 years were
mostly initiated during late summer/early autumn. Overall, much
less attention has been given to the variability of the European
climate and its driving factors, in the transition seasons (e.g.,
spring and autumn), even though climate-related anomalies and
resulting land surface conditions (e.g., soil moisture and/or soil
moisture memory, snow cover) during the transition seasons are
as important as those in winter and summer.
Motivated by the knowledge-gap regarding the pattern and

drivers of long-term precipitation variability during the transition
months, we investigate the last decade of spring drying over
central Europe in the context of the large-scale atmospheric
circulation associated with central European precipitation varia-
bility during the last 140 years. Our study uses a range of model
and observation-based hydrometeorological datasets (see “Meth-
ods” section) to perform an in-depth analysis of recent and
historical periods of precipitation deficit and their triggering
mechanisms, elucidating this complex phenomenon, which is vital
to enhance forecasting and mitigation.

RESULTS
Central European hydroclimate over the last decade
To characterize the changes in European climate over the last
decade, we computed the anomalies over the period 2007–2020
for precipitation (PP), mean air temperature (TT), the Standardized
Precipitation Index for one month accumulation period (SPI1), and
the Standardized Potential Evapotranspiration Index for one
month accumulation period (SPEI1), relative to the climatological
period 1961–1990 (Fig. 1 and Supplementary Fig. 1; see also
Methods for details). The period 2007–2020 is characterized by a

significant (99% confidence level based on a two-tailed t-test)
reduction in April precipitation amount (Fig. 1a) and drier April
months (Supplementary Fig. 1) over large parts of Europe. A
strong increase in the evapotranspiration rates is observed over
the whole European region, throughout the last decade (Supple-
mentary Fig. 1c), while statistically significant changes are
concentrated over central and western Europe. The soil moisture
anomalies (Supplementary Fig. 1d) follow the overall pattern of PP
(Fig. 1), SPEI1 (Supplementary Fig. 1a) and SPI1 (Supplementary
Fig. 1b), with significant changes over most of central Europe. The
only difference is observed over the Iberian Peninsula, where the
soil moisture anomalies indicate a strong drying trend over the
last 14 years, while no significant precipitation deficit is observed.
Figure 1 and Supplementary Fig. 1 suggest that the most affected
countries, in terms of precipitation deficit over the last 14 years,
are Germany, Poland, the western part of the Czech Republic,
Hungary, and Ukraine. April temperatures during the period
2007–2020 were up to 3 °C higher than normal in the southern
and central parts of Europe (Fig. 1b).
Since the highest amplitudes of the precipitation deficit are

observed over Germany (Fig. 1a) and because long-term observa-
tions and reconstructions (1881–2020) are available at the country
level (see Methods), we focus further on this region. Supplemen-
tary Fig. 2a shows that April precipitation was reduced on average
by ~30mm over Germany during the period 2007–2020; a
statistically significant reduction representing about 50–60% of
April rainfall in some regions (Supplementary Fig. 2b). In terms of
mean air temperature, during the period 2007–2020 the highest
amplitudes were recorded over the instrumental period. The driest
period both at local scale (Fig. 1c), and regionally (e.g., over
different parts of the country Supplementary Fig. 3), was recorded
between 2007 and 2020, while the wettest period was recorded
between 1911 and 1940 (Fig. 1c). Overall, the period 2007–2020
was ~2.8 °C warmer compared to the period 1881–1910 (Fig. 1d;
changes are statistically significant based on the two-sample
Kolmogorov-Smirnov test). The highest temperature anomalies
over Germany were recorded during this period, with April 2018
being the warmest on record (Fig. 2a). The period 2007–2020 is
also one of the driest on record, with 12 consecutive Aprils having
negative precipitation anomalies (Fig. 2b). The extreme water
deficit observed over the last decade can be also seen in higher
evapotranspiration (ET0) rates (Fig. 2c) and soil moisture deficits
(Fig. 2d). Both ET0 and SM feature extreme positive (ET0) and
negative (SM) anomalies for 10 consecutive years, 2007 being the
driest on record when looking at the SM anomalies. The top three
driest Aprils on record (2007—rank 1, 2014—rank 2, and 2019—
rank 3), based on the SM data, were recorded over the period
2007–2019. A similar pattern of more than 12 consecutive years
with negative precipitation anomalies was recorded during the
1881–1895 period (Fig. 2b). Nevertheless, this period was
characterized by alternating years with positive and negative
temperature anomalies (Fig. 2a), with much lower amplitude than
those of the last decade, and thus keeping the soils in normal
conditions, without any exceptional anomalies (Fig. 2d). The
rainfall deficit and the high temperatures over the last decade
have also led to extremely low river flows. Some of the most
important waterways in Europe have been seriously affected, with
enormous economic consequences14. April 2020, the driest of the
last 140 years, has set a new record for low flows in the Elbe River
(north-eastern part of Germany) (Fig. 2e). The rainfall deficit and
the extremely high April temperatures were accompanied by
anomalously sunny conditions (Supplementary Fig. 4). April 2020
was the sunniest on record (70 years), with an average sunshine
duration, at country level, of ~292 h.
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Large-scale drivers over the last decade
Persistent high-pressure systems play a significant role in the
generation of heatwaves, soil moisture deficit and droughts at
both global and regional scales42–45. To test if the prevailing large-
scale circulation played a role in the extreme precipitation deficit
and high temperatures over the period 2007–2020, we computed
the large-scale atmospheric circulation anomalies during April
over the last 14 years (Fig. 3a), with respect to the climatological
period 1961–1990 (see Methods). The Z500 anomalies were
characterized by a high-pressure system centered over the North
Sea and Germany flanked by a low-pressure system over the
central North Atlantic basin and a low-pressure system over
Russia. The North Sea high-pressure system blocks the prevailing
mid-latitude westerlies and shifts the Atlantic storm tracks
northward (Supplementary Fig. 5), leading to extremely high
temperature and precipitation deficit over the central part of
Europe. The presence of the high-pressure system centered over
the North Sea results in a bifurcation of the storm tracks north and
south (Supplementary Fig. 5). In some years, this high-pressure
system over the North Sea persisted throughout the summer
months, shifted its center either northwards or southward, and
amplified the drought and led to long-lasting heat waves, like in
the case of 2015 and 20189,11. In a long-term perspective, robust
positive trends in the April Z500 were detected over the period
1948–2020 (Supplementary Fig. 6). A positive and significant trend
was observed over the North Sea and the northern part of
Germany, while a negative, but not significant Z500 trend, was
observed west off the Iberian Peninsula. Additionally, a significant
and positive trend was also observed in front of the eastern coast
of the U.S. A similar increase in the spring (March–April–May)
Z500, centered over the North Sea was found by Horton et al.46,

who have shown that there were robust positive trends in the
occurrence of anticyclonic patterns and hot extremes, in spring,
over the North Sea and Europe during satellite-era (1979–2014 in
their study).
As well as the large-scale atmospheric circulation, the climate of

the mid-latitudes is influenced by transient synoptic disturbances
co-existing with less common, but persistent circulation patterns.
A significant modification in the amplitude, frequency, and/or
location of these synoptic disturbances can lead to substantial
changes in regional climates47. One of the most important
synoptic-scale disturbances influencing extremes over Europe is
atmospheric blocking. Since the spatial structure of the Z500
anomalies, observed over the period 2007–2020, resembles an
omega-like atmospheric blocking pattern47, we computed the
location and the frequency of a 2D blocking index48 over the
period 1948–2020 and evaluated the blocking events relative to
the climatological period 1961–1990 (Fig. 3b; see Methods). There
is a significant increase in the occurrence of atmospheric blocking
over most of the central parts of Europe during the recent period
2007–2020. A corresponding yearly evolution of the 2D blocking
index, during 2007–2020 is shown in Supplementary Fig. 7. The
years with the highest anomalies in the frequency of blocking over
the central part of Europe (e.g., 2007, 2015, 2018, 2019, and 2020)
are also the years when extreme rainfall deficit is observed over
Germany (Supplementary Fig. 8). In agreement with our findings,
Sousa et al.34 have shown that the location of the largest
precipitation anomalies, over the northern part of Europe, usually
follows the position of the blocking centers.
To have a better overview of the large-scale drivers causing

precipitation deficits during 2007–2020, we further analyzed the
frequency of weather types for April. The advantage of looking at

Fig. 1 Variability of precipitation and temperature at country level. a April precipitation anomalies for the period 2007–2020. b April mean
temperature anomalies for the period 2007–2020; The anomalies are computed relative to the climatological period 1961–1990. The hatched
areas in (a) and (b) indicate anomalies significant at 95% (p < 0.05 based on a two-tail t-test). c Box plots of April precipitation for different time
spans averaged over Germany (magenta contour in a). d Box plots of April mean air temperature for different time spans averaged over
Germany.
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synoptic scales is that the large-scale atmospheric circulation can
be split into multiple regime types rather than a few predefined
indices (e.g., NAO, ENSO). While predefined teleconnection indices
focus on two stages of the same pattern (i.e., positive and
negative), weather types may explain a higher proportion of the
precipitation variability. We used the objective weather situation
classification (WLK) of German Meteorological Service (DWD)49

and computed the cyclonic and anticyclonic weather types for
April, 1980–2020 (Supplementary Fig. 9). We observed a significant
change, estimated over the 1980–2020 period, in the frequency of
anticyclonic types vs cyclonic types. Over the period 2007–2020,
the April frequency of anticyclonic weather types is higher
compared to the cyclonic weather types. The years with the
highest amplitude of anticyclonic weather types are 2007 (27 days
out of 30) and 2020 (26 days out of 30). These are also the years
with the smallest precipitation amount and lowest soil moisture
(Fig. 2).
By analyzing the large-scale drivers over the period 2007–2020,

the most striking results are those indicating a positive and
significant increase in the occurrence of anticyclonic circulation
over the North Sea and central Europe. The high-pressure center
over the North Sea deflects the storm tracks northward, leading to
extremely dry and warm conditions in April. The large-scale
analysis was performed at both monthly and synoptic time scales
and the results converge in the same direction: April is becoming
unusually warm, dry, and sunny and these changes are mainly
driven by changes in the large-scale atmospheric circulation. We
performed the same analysis also for March and May (not shown),
but no significant changes have been found in either the
precipitation anomalies or in the large-scale atmospheric
circulation.

Large-scale drivers in a long-term context
It is clear that the April months during the last decade
(2007–2020) were exceptional across central Europe. The main
natural drivers of precipitation deficit, droughts, and heatwaves
are persistent high-pressure systems, as well as global or basin-
wide sea-surface temperature anomalies11,43,44,50,51. Long-lasting
blocking situations associated with stationary Rossby waves are
the main drivers of summer droughts and heatwaves44,52. To
analyze the drivers of the exceptional precipitation deficit over the
central part of Europe from a long-term perspective, we applied a
Canonical Correlation Analysis (CCA) between April precipitation
and April North Atlantic Z500 for the short NCEP period
(1948–2020, NCEP–V1), and the longer precipitation dataset
starting in 1881 (ww.dwd.de) and the 20th century reanalysis
dataset V3 (NCEP–V3)53. CCA identifies coupled modes of
variability and their associated temporal components in the PP/
Z500 data sets (see “Methods” section).
Figure 4 shows the first CCA mode for April Z500 (Fig. 4a) and

April PP (Fig. 4b). The first CCA pattern (CCA1) explains 46.5% of
the total variance for PP and 11.24% of the total variance for Z500.
The first CCA associates simultaneously negative (positive) PP
anomalies (Fig. 4b) over the central part of Europe with an
extended high (low) pressure system centered over the North Sea
and northern Germany and a low (high) pressure system over the
Azores (Fig. 4a). The year to year variations of the normalized
temporal components of the first CCA pairs are shown in Fig. 4c.
The two time-series are significantly correlated (r= 0.88, 99%
significance level). Both canonical time series present strong
interannual variability during 1948–2006, while during 2007–2020
the amplitudes of the Z500/PP anomalies indicate mostly an
increase in the geopotential height and a rainfall deficit.
The dry (wet) periods identified by the CCA are similar to the

dry (wet) periods observed in the April PP anomalies across

Fig. 3 Large-scale atmospheric circulation anomalies. a April
geopotential height anomalies at 500mb (Z500) over the period
2007–2020 relative to the climatological period 1961–1990. b Same
as (a) but for the two-dimensional (2D) blocking index. The hatched
areas in (b) indicate anomalies significant at 95% significance level
based on a two-tailed t-test.

Fig. 2 Hydroclimatic anomalies at country level. April anomalies
averaged over Germany for. (a) the mean air temperature. b
Precipitation. c Actual evapotranspiration (ET0). d Soil moisture. e
Streamflow for the Elbe River at Neu Darchau gauging station. The
anomalies are computed relative to the climatological period
1961–1990.
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Germany (Fig. 2b). The same spatio-temporal variability is
obtained when we applied the CCA over the longer period
1881–2015 (Supplementary Fig. 10): dry (wet) periods over the
central part of Europe correspond with high (low) pressure
systems centered over the North Sea and the northern part of
Germany. The high-pressure system leads to the advection of
warm and dry air from the eastern part of Europe and increased
incoming solar radiation, which in turn hinders precipitation and
reduces the soil moisture content. For the period 1881–1895 the
amplitude of the normalized temporal components of April PP
and Z500 is similar to the one observed over the period
2007–2020 (Fig. 4 and Supplementary Fig. 10). The main
difference between these two periods is the temperature, SM,
ET0, and streamflow (Fig. 2). The fact that the hydrological
components show a very distinct evolution for these two periods
emphasizes the increasing role of temperature during the last
decades. Finally, the spatial structure of the Z500 anomalies
observed over the last decade (Fig. 3a) resembles the spatial
structure obtained by the CCA analysis for the Z500 field (Fig. 4a),
which supports our findings that anomalously dry (wet) Aprils are
mainly caused by high (low) pressure systems over the analyzed
region.

Stability maps
The global atmospheric circulation shows several distinct varia-
bility patterns, all of which are reflected in the surface climate (e.g.,
NAO, ENSO, SCA, EAWR). Nevertheless, the relationship between
the European climate and global and/or hemispheric teleconnec-
tion patterns was found to be limited due to non-stationarity
issues23,54. The non-stationary issue may arise in any type of

analysis between different types of variables. In the previous
section, we used CCA to identify the large-scale drivers of April PP,
but CCA does not consider if the relationship between two
variables is stationary in time or not. To overcome the problem of
non-stationarity and to test if the identified coupled mode of
variability between April PP and April Z500 is stable over time, we
employed a methodology used for the monthly to seasonal
prediction of the mean runoff of the Elbe River55,56 and in
dendroclimatological studies57,58. A detailed description of the
methodology is given in Ionita (2017)59.
In this respect, we correlated the April precipitation averaged

over Germany with the April Z500 field, in a moving window of 41
years. The results of this analysis are depicted in Fig. 5a as a
stability map highlighting grid-points where April PP and Z500 are
significantly correlated at 95, 90, 85, and 80% significance level for
more than 80% of the 41-year time windows. The 80% and 85%
levels are used as “buffer zones” and only grid cells where the
correlation is above 95% significance level, are retained for further
analysis. April PP is stable and negatively correlated with April
Z500 over a large region centered over the North Sea and the
northern part of Germany. April PP is also stable and positively
correlated with Z500 in a region situated west off the Iberian
Peninsula. By employing the same type of analysis, we found a
stable and significant relationship between April PP and the 2D
atmospheric blocking index (Supplementary Fig. S11). Thus, the
relationship between April PP and April large-scale atmospheric
circulation is stable in time, and dry (wet) years are associated with
a high (low) pressure system centered over the North Sea and the
northern part of Germany. Based on the stability map identified in
Fig. 5a, we defined a Z500 index averaged over the North Sea

Fig. 4 Coupled modes of variability (CCA). The first coupled mode of variability between (a) April geopotential height at 500mb (Z500) and
(b) April precipitation (PP) averaged over the period 1948–2020. c The standardized amplitudes corresponding to CCA1–Z500 (blue line) and
CCA1–PP (colored bars).
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(black square in Fig. 5a) to place the evolution of the increased
high pressure over this region in a long-term context (i.e., over the
period 1836–2020 as depicted in Fig. 5b). The April Z500 index
exhibits strong interannual variability over the last 175 years, with
the highest amplitudes since the beginning of the 21st century.
Notably, three of the top seven values of this index were recorded
from 2007 onwards. The 7 highest values of the index were, in
rank order, 2007, 2011, 1865, 1974, 2019, 1893 and 2020. All these
years were also marked as having extreme precipitation deficit
(Fig. 2b) and reduced soil moisture (Figs 2c and 5c). Overall, the
amplitude anomalies for both Z500 and resulting PP and SM
recorded in the 21st century are the highest ones over the last 175
years (Fig. 5b, c).

Arctic amplification and mid-latitudes atmospheric circulation
Recent studies have shown that anthropogenic global warming,
particularly the Arctic amplification, has contributed to the
increasing number of summer heat wave events in Europe60,61.
The major dynamical features is the position and structure of the
jet stream and planetary wave activity62–64. Jet streams are
primarily driven by the difference in temperature between the
polar and mid-latitudinal regions and the weakening of the zonal
mean jets is generally due to the reduction of the equator-to-pole
thermal gradient associated with changing surface conditions.

European heat waves have often been associated with anomalous
circulation patterns characterized by the weakening of the zonal
mean jets, the quasi-resonant amplification of planetary waves,
and persistent blocking conditions over midlatitude Eurasia that
produce prolonged hot surface conditions65.
The period 2007–2020 was characterized by a very weak

temperature gradient between the Arctic region and mid-latitudes
(Fig. 6a). Here, the Arctic Amplification (AA) is measured as the
change in surface air temperature over the Arctic (70°N–90°N)
relative to mid-latitudes (30–60°N). AA shows a sharp increase
(weaker gradient) especially in April when compared to March and
May (Fig. 6a). To test if AA in April has any influence on the large-
scale atmospheric circulation at mid-latitudes, we computed the
composite maps (see Methods) between April AA index and the
April 2D atmospheric blocking (Fig. 6b). From Fig. 6b we can infer
that years characterized by a weaker temperature gradient
between the Arctic region and mid-latitudes are associated with
enhanced atmospheric blocking over the British Isles and the
North Sea. The location of the increased blocking frequency in
response to a weak gradient between the Arctic region (Fig. 6b)
and the mid latitudes is identical with the location of the
anomalies of the 2D atmospheric blocking over the period
2007–2020 (Fig. 3b). This co-dependence of the large-scale
atmospheric circulation and AA is also tested using the climate
model simulations of Coupled Model Intercomparison Project
(CMIP5) for two Representative Concentration Pathways (RCPs):66

RCP2.6 and RCP8.5, respectively. In both cases the relationship
between April AA and April Z500 averaged over the North Sea and
the central part of Europe (black box in Fig. 5a) seems to be a
consistent feature: a weak AA is complemented by an increase in

Fig. 5 Stability maps. a Stability map of the correlation between
April PP averaged over Germany and April Z500 over the period
1881–2015. Regions where the correlation is stable, positive, and
significant, for at least 80% of the 41-year windows are shaded as
colored scale indicates. b The time series of April Z500 averaged
over the black box in Fig. 5a. c The time series of April soil moisture
averaged over Germany for the period 1836–2015. In b the black
line indicates the April Z500 index based on the NCEP—V3 dataset
(1835–2015) while the red line indicates the April Z500 index based
on the NCEP—V1 dataset (1948–2020). The correlation coefficient
between the two-time series b and c is r=−0.53 (99% significance
level).

Fig. 6 Arctic amplification and 2D atmospheric blocking. a Arctic
amplification monthly time series based on the differences in the
2m air temperature anomalies between the Arctic region (70°N–90°
N) and mid-latitudes (30°N–60°N). b The composite map (DIFF =
High–Low) between the standardized times series of April AA index
and the 2D atmospheric blocking frequency (see data and
“Methods” section). The hatched areas indicate anomalies significant
at 95% significance level based on a two-tailed t-test. Units: a (°C) and
(b) number of days. Data source: the AA index is computed based
on the GISS Surface Temperature Analysis (GISTEMP)87, version 4.
Dataset accessed 2020-09-05 at data.giss.nasa.gov/gistemp/.
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the geopotential height over the analyzed region (Supplementary
Fig. 12). Under RCP8.5 there is an amplification of the 500hPa
height anomalies of ~80m until 2100 over the analyzed region
while for the RCP2.6 scenario, the 500hPa shows a peak between
2000–2020, followed by a decrease in the amplitude afterwards.
Observations and climate model simulations clearly suggest that

AA could partly explain the observed changes in the large-scale
atmospheric circulation over the study region in the last two
decades. AA can also potentially modulate the future occurrence of
persistent high-pressure systems over the North Atlantic region.
The co-variability between a weak poles-to-mid-latitude gradient
and reduced precipitation over the mid-latitudes has been shown
to be a persistent feature also during the Holocene67. By analyzing
the influence of the Arctic warming on the mid-latitude precipita-
tion during the Holocene, Routson et al. (2019)67 have shown that
when the Arctic is warmer, the jet stream and other wind patterns
tend to be weaker, leading to less precipitation over the mid-
latitudes. Nevertheless, the Z500 trends detected here cannot be
fully attributed to anthropogenic or natural causes. Attribution and
projection require an increased understanding of underlying
causes of the large-scale atmospheric circulation trends, as well
the ability to identify the signal of an anthropogenically forced
trend from the noise of internal decadal-scale climate variability68.

DISCUSSION
In this study we assess the severity and persistence on the mid-spring
drying in central Europe over the last 14 years and its large-scale
atmospheric drivers. Compared to previous long-lasting mid-spring
dryness (e.g., 1881–1895), the multiyear average of precipitation,
mean air temperature, soil moisture and evapotranspiration, during
the last 14 years are characterized by extreme values, with record
breaking anomalies for TT and SM. The current long-lasting drought,
in April, over central Europe is due to a combination of extremely low
precipitation, extremely high temperature, depleted soil moisture and
a significant increase in evapotranspiration, which in turn have led to
record low flows over the central European Rivers69. This long-lasting
drought, in mid-spring, is associated with an increase in the frequency
of anticyclonic weather types and with a multiyear persistence of a
high-pressure system centered over the North Sea and Germany,
flanked by a low-pressure system over the central North Atlantic basin
and a low-pressure system over western Siberia. The configuration of
the Z500 anomalies over the last 14 years led to a shift of the Atlantic
storm tracks northwards. The persistence and recurrence of the high-
pressure system centered over the North Sea and northern Germany,
can be seen as a European analog of the famous Ridiculously Resilient
Ridge (RRR) which was the main driver of the 2013–2016 Californian
drought70. The predominance of anticyclonic atmospheric circulation
regimes seems to be a prerequisite for the development of a very dry
and warm mid-spring. In a long-term perspective, our results indicate
that the contribution from rising temperatures is becoming more
important for the occurrence of low flow periods and droughts over
central Europe, compared to previous long-lasting droughts (e.g.,
1881–1895). This trend is broadly consistent with model projections of
increasing soil moisture droughts due to anthropogenic warming71.
Part of the significant increase in geopotential height, over the

North Sea and central Europe can be explained by a weakening of
the temperature gradient between the Arctic region and the mid-
latitudes, which influences the position and structure of the jet
stream and planetary wave activity. In this study we show that the
reduced temperature gradient is associated with more persistent
weather patterns (e.g., atmospheric blocking), which in turn leads
to long-term precipitation deficit.
Based on our analysis we conclude: (i) in a long-term context,

for central Europe, the period 2007–2020 ranks as the driest and
warmest since 1881; (ii) this drying was forced by the prevailing
large-scale atmospheric circulation, featuring an increase in the
frequency of atmospheric blocking over the North sea and central

Europe; (iii) the increased frequency of atmospheric blocking can
be, at least partially, explained by the weakening of the
temperature gradient between the Arctic region and the mid-
latitudes, which in turn influences the strength of the jet stream
and the persistence of extreme weather events.
Overall, the month of April seems to be a very curios case from

a climatological point of view, especially since the beginning of
the 21st century. A similar analysis, over the same region, was
performed for March and May, but no significant changes in the
precipitation and temperature variability over the last decade
have been noticed (not shown). This study highlights the
importance of analyzing the hydroclimate over transitions
months/seasons. Hanel et al.13 have shown that the recent
summer European droughts (e.g., 2003, 2015) were initiated in
spring primarily as a result of compounding effects of low
precipitation and high temperatures leading to extreme soil water
deficits. Moreover, the climate projections indicate an increased
risk of drought occurrence during critical periods for agricultural
crops in central Europe72,73, with significant consequence for
water management, agriculture, forestry and biodiversity. Thus,
we argue that it is imperative that the state of the hydroclimate in
spring should become an essential topic for further studies. A key
element will be to understand the drivers of hydroclimate
extremes in spring and why the prevailing large-scale circulation
has shifted towards more blocking-like circulation over central
Europe. Finally, we conclude that the analysis of co-variability
between the large-scale atmospheric circulation and hydroclimate
extremes provides a useful detection tool to find plausible
physical mechanisms explaining observed changes in the regimes
of climate extremes over Europe.

METHODS
Observational and model data
Meteorological data used in this study comprise: monthly precipitation
amounts (PP), monthly mean air temperature (TT), monthly maximum
temperature (Tx), and monthly minimum temperature (Tn) obtained from
the E-OBS 20.0e version dataset74. The E-OBS dataset is based on the
European Climate Assessment and Dataset station information (ECA&D),
and consist of daily data from 01.01.1950 until near-present, with a spatial
resolution of 0.1 × 0.1°. As our focus here is on the transitional season, we
estimated the meteorological drought for April using both the Standar-
dized Precipitation Index (SPI)75 and the Standardized Precipitation
Evapotranspiration Index (SPEI)76. A one-month accumulation period was
chosen for both cases (i.e., SPI1 and SPEI1). The SPI1 and SPEI1 indices were
computed based on the E-OBS data set (PP, Tx, and Tn). For the SPEI1
computation, we have used the Hargreaves equation77. The Hargreaves
equation estimates daily PET based on each day’s mean temperature, the
difference between the daily minimum and maximum temperature (as a
proxy for net radiation), and an estimate of (extraterrestrial) radiation
based on the latitude and day of the year.
The regional precipitation, mean air temperature, and sunshine duration

(SD) were extracted from the German Meteorological Service (DWD, ftp://
opendata.dwd.de/climate_environment/CDC/). The monthly time series
used in this study covers the period from January 1881 to April 2020 for PP
and TT, and January 1951 to April 2020 for SD. The PP and TT time series
are calculated back to 1881, with quality controlled station data. For
stations with missing values, the average of the neighboring stations is
used to fill the gaps. The DWD datasets pass through several steps of
quality control. For a detailed description of each the quality controlled
steps see Kaspar et al78. For the daily weather patterns, we make use of the
objective weather types classification of German Meteorological Service.
This data set covers the period 1980–2020.
We also analyze the changes in resulting hydrologic variability for a

range of variables including streamflow, soil moisture, and evapotranspira-
tion. The monthly streamflow data for the Elbe River at Neu Darchau
gauging station was provided by the German Hydrological Institute (www.
bfg.de) and covers the period January 1875–April 2020. Long-term
hydrologic reconstructions of the monthly soil moisture and evapotran-
spiration fluxes were taken from a well-established mesoscale Hydrologic
Model (mHM)79,80. mHM is a grid-based conceptual model simulating
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dominant hydrological processes on the Earth’s surface, in the root-zone
soil and subsurface groundwater compartments (see www.ufz.de/mhm for
more details). The model parameterizations were rigorously evaluated in
the previous studies over Europe with satisfying performance over a set of
hydrologic indicators13,81,82. A consistently merged meteorological forcing
datasets were used to drive the model over the last two-centuries that
include the reconstructed climate fields of monthly precipitation and
temperature from Casty et al. prior 1900, the CRU dataset83 during
1901–1950, and the E-OBS dataset for the period 1951–2020. More details
about the model setup can be found in Hanel et al13.
To analyze the large-scale atmospheric circulation we have used the daily

and monthly 500mb geopotential height (Z500) and the monthly
meridional and zonal wind at 500mb which was extracted from the
NCEP-NCAR 40-year reanalysis project84. This dataset has a spatial
resolution of 2.5 × 2.5° and covers the period January 1948–present. To
extend back in time the analysis of the large-scale atmospheric circulation
we have used also the monthly geopotential height, zonal and meridional
wind at 500mb from the 20th Century Reanalysis data V353, covering the
period from January 1836 to December 2015 and with a spatial resolution
of 2° × 2°.

Canonical Correlation Analysis
To identify the coupled PP and the Z500 patterns, we employed a Canonical
Correlation Analysis (CCA). CCA is a powerful multivariate technique used to
identify pairs of patterns with the maximum correlation between their
associated time series85. We used CCA to identify coupled pairs of modes and
their associated time components in the PP/Z500 data sets. Before the CCA,
the dimensionality of the PP and Z500 fields was reduced by an EOF analysis.
The first 10 EOFs of PP and Z500 were retained as input in the CCA, The first
10 EOFs of April PP capture ~90% of the total variance, while the first 10 EOFs
of April Z500 capture ~92% of the total variance. The optimal number of
retained EOFs was chosen as a way that by adding or removing one EOF, the
results of CCA would not change significantly85.

2D Atmospheric blocking index
The two-dimensional (2D) atmospheric blocking index, used in this study,
is based on the definition from Scherrer et al. (2006)48. To compute the 2D
blocking index, we have used the daily geopotential height at 500mb
extracted from the NCEP-NCAR 40-year reanalysis project84. The 2D
blocking index is an extension of the one-dimensional (1D) Tibaldi-Molteni
(TM) index86 to a two-dimensional map of blocking frequencies at every
grid point. The southern geopotential height gradient (GHGS) and the
northern geopotential height gradient (GHGN) for each grid point are
evaluated as follows:

GHGS ¼ Z ϕ0ð Þ � Z ϕ0 � 150
� �� �

=150 (1)

GHGN ¼ Z ϕ0 þ 150
� �� Z ϕ0ð Þ� �

=150 (2)

where ϕ0 is the latitude of the considered grid point varying from 35°N to 75°.
For each month we have calculated the ratio between the number of

days when a certain grid point was blocked, i.e., the conditions GHGS > 0
and GHGN < (−10m/°.lat) are simultaneously satisfied for at least five
consecutive days.

Composite analysis
To identify the physical mechanism responsible for the connection between
the April AA and the 2D atmospheric blocking frequency (Fig. 6b), we
constructed the composite maps between the time series of April for the
years of when the AA was higher than +0.75 standard deviation (High),
respectively lower than −1 standard deviation (Low). This threshold was
chosen as a compromise between the strength of the climate anomalies
associated to flow anomalies and the number of maps which satisfy these
criteria. Further analysis has shown that the results are not sensitive to the
exact threshold value used for our composite analysis. In the paper we will
show just the maps corresponding to the difference (DIFF) between
High–Low years.
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