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ABSTRACT

We have analyzed the record-breaking drought that affected western and central Europe from July 2016 to

June 2017. It caused widespread impacts on water supplies, agriculture, and hydroelectric power production,

and was associated with forest fires in Iberia. Unlike common continental-scale droughts, this event displayed a

highly unusual spatial pattern affecting both northern and southern European regions. Drought conditions were

observed over 90% of central-western Europe, hitting record-breaking values (with respect to 1979–2017) in

25%of the area. Therefore, the event can be considered as themost severe European drought at the continental

scale since at least 1979. The main dynamical forcing of the drought was the consecutive occurrence of blocking

and subtropical ridges, sometimes displaced from their typical locations. This led to latitudinal shifts of the jet

stream and record-breaking positive geopotential height anomalies over most of the continent. The reduction

in moisture transport from the Atlantic was relevant in the northern part of the region, where decreased

precipitation and increased sunshine duration were the main contributors to the drought. On the other hand,

thermodynamic processes, mostly associated with high temperatures and the resulting increase in atmo-

spheric evaporative demand, were more important in the south. Finally, using flow circulation analogs we

show that this drought was more severe than it would have been in the early past.

1. Introduction

Droughts are among the main hydroclimatic hazards,

but they are very difficult to quantify and spatially map

(Wilhite and Pulwarty 2017). They cause large economic

losses, water scarcity, some ecological impacts such as

decreases in gross primary production (e.g., Ciais et al.

2005), and the occurrence of forest fires (e.g., Pausas

2004). In Europe, the economic losses associated with

droughts have been increasing since the early 2000s,with an

average of 6758million euros per year (Strosser et al. 2012).

Drought forecasting presents strong limitations in Europe

(Mishra and Singh 2011), mostly due to the complex

mechanisms and interactions that control these events and

their limited representation in the models used for sea-

sonal predictions (Christensen et al. 2013).

Dynamics and land–atmosphere feedbacks play a key

role inEuropean drought severity (Seneviratne et al. 2010;

Sousa et al. 2011; Vicente-Serrano et al. 2015), with slowly

varying components such as sea surface temperature

(SST) anomalies being often less important (Schubert et al.

2016). A large part of the atmospheric variability over

the Euro-Atlantic sector is controlled by the North

Atlantic Oscillation (NAO) and the associated shifts

of the eddy-driven jet (Woollings et al. 2010). Given

its leading role in European precipitation, large-scale

drought episodes in the continent are often associated

with the NAO, whose distinctive north–south dipole
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signature promotes droughts in either northern or southern

regions. Other important weather patterns in the region

are atmospheric blocking (e.g., Barriopedro et al. 2010)

and subtropical ridges (e.g., Santos et al. 2009), which

pertain to high pressure systems in northern and southern

Europe, respectively.

The aforementioned circulation systemsmodulate the

storm tracks over the North Atlantic and the associated

moisture fluxes toward the continent on synoptic time

scales, therefore exerting a strong influence on pre-

cipitation anomalies. As precipitation in a region origi-

nates from local evaporation and externally advected

moisture sources (Bisselink and Dolman 2008), the

assessment of source–sink relationships of atmospheric

water vapor constitutes an important tool to diagnose

drought episodes. Using different techniques, recent

studies have identified the local and remote moisture

sources of several European regions (e.g., Bisselink and

Dolman 2008; van der Ent et al. 2010; Gimeno et al.

2012; Nieto et al. 2014), allowing us to investigate their

role in regional drought events (e.g., Drumond et al.

2017; Stojanovic et al. 2017).

In addition to precipitation-related dynamical mech-

anisms, drought severity also depends on atmospheric

evaporative demand (AED), which is determined

by both radiative and thermodynamic components

(McVicar et al. 2012). AED may reinforce drought

under low soil moisture levels (Hirschi et al. 2011),

given suppression of evapotranspiration, and sub-

sequent reduction of latent heat fluxes and en-

hancement of sensible heat fluxes (Seneviratne et al.

2010; Miralles et al. 2014). Positive feedbacks via

increased AED may further reinforce drought se-

verity (Miralles et al. 2019; Teuling 2018).

In this sense, recent studies suggest an increase in

drought severity over large regions of southern Europe,

associated with a precipitation decline (Hoerling et al.

2012) and mainly increased AED (Vicente-Serrano

et al. 2014; Spinoni et al. 2015, 2017). Recently, Stagge

et al. (2017) reported regional divergences in the like-

lihood of droughts over Europe as measured by two

drought indices that account for precipitation and the

additional role of AED, respectively. They showed that

European-wide upward trends in AED over the last

decades, driven by increasing temperatures, have enhanced

droughts in southern Europe and counteracted the effects

of increased precipitation in the north.Gudmundsson et al.

(2017) also suggested a possible effect of anthropogenic

forcing in the diverging trends of water resources be-

tween northern and southwestern Europe, with AED

playing a major role. These results suggest the emer-

gence of a climate change signal on the occurrence of

European droughts.

In this context, during 2016/17most of western Europe,

from Iberia to the United Kingdom, southern Scandi-

navia, and Italy, suffered a major drought event. Asso-

ciated impacts were reported in most of these countries.

Crops were severely affected by the resulting reduction

in agricultural production, especially for cereals, olives,

tomatoes, wine grapes, and almonds in Spain and Italy

(Reuters 2017). The agricultural association Coldiretti

estimated losses of at least two billion euros for this latter

country, where water supply was also a main problem.

In fact, 11 of 20 Italian regions asked for an emergency

declaration to fight against the drought (BBC 2017a).

France also took serious measures to face the drought,

since water restrictions affected 74 out of 96 de-

partments in July 2017 (The Connexion 2017). In

Portugal, devastating fires led to the evacuation of

thousands of people (BBC 2017b) and caused human

fatalities (DW 2017). Hydroelectric power production in

Spain reached a historical minimum in October (El País
2017a), accumulating a ;50% decrease for the first nine

months of 2017 (El País 2017b). This coincided with

minimum wind energy production and contributed to

raising electricity bills to historical high levels. These

adverse conditions were accompanied by outstanding

anomalies in regional atmospheric circulation and near-

surface fields (temperature, precipitation, and soil mois-

ture) for most seasons from mid-2016 to mid-2017, as

reported by different monitoring centers (e.g., ECMWF

2017) and regular bulletins, such as those released by the

WMO RA VI Regional Climate Centre on Climate Mon-

itoring (RCC-CM; www.dwd.de/rcc-cm) and the American

Meteorological Society (Bissolli et al. 2017, 2018).

The main goals of this work are 1) to characterize

the temporal and spatial extent of the 2016/17 drought

in Europe, 2) to investigate the role played by the

atmospheric circulation, including the analysis of spe-

cific weather systems, and 3) to address the relative

contribution of precipitation (including anomalies in the

water vapor supply frommoisture sources) versus AED,

with emphasis on the role of thermodynamic processes

to explain the severity of this event.

The paper is structured as follows. Section 2 in-

troduces the data and methods employed in this study.

Section 3 characterizes the drought event, considering

its severity and spatiotemporal evolution in a historical

context. Section 4 describes the regional atmospheric

circulation and the prevailing weather systems, with

special emphasis on the periods of maximum drought

severity. Section 5 addresses the relative roles of pre-

cipitation- and AED-related anomalies in the drought

severity, and places the event in the context of the on-

going climate change. Finally, section 6 summarizes the

main conclusions.
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2. Data and methods

a. Drought indices

As precipitation is the main variable determining the

onset, spatial extent, duration, intensity, and end of

droughts, this variable was originally included in most

drought indices (e.g., Heim 2002). In particular, the

standardized precipitation index (SPI) (McKee et al.

1993) has been widely used. This index captures well the

multiscalar character of droughts compared to other

indices like the Palmer drought severity index (PDSI;

Palmer 1965) or its modified self-calibrated version

(Wells et al. 2004). However, it only relies on pre-

cipitation data and therefore ignores the contribution of

evaporative loss in the terrestrial water balance. To

overcome this limitation while keeping the multiscalar

character of the SPI, we also employ the standardized

precipitation–evapotranspiration index (SPEI; Vicente-

Serrano et al. 2010). The SPEI is based on precipitation

and AED, being equally sensitive to both factors

(Vicente-Serrano et al. 2015). It is calculated by means

of a climatic water balance (precipitation minus AED),

which is adjusted with a three-parameter log-logistic

distribution (Vicente-Serrano and Beguería 2016). The

values can be accumulated at different time scales,

following the same approach used for the SPI, and

converted to standard deviations with respect to average

values.

Here the SPEI has been obtained on a monthly basis

at a spatial resolution of 0.258 from 1979 to 2017. Pre-

cipitation data are based on the GPCC dataset (Schneider

et al. 2011), which was bilinearly interpolated to 0.258
from the original 0.58 spatial resolution. As a measure of

AED, we have calculated the reference evapotranspi-

ration (ET0) at the same resolution through the FAO-56

Penman–Monteith equation (Allen et al. 1998) by using

maximum and minimum temperature from the E-OBS

dataset (Haylock et al. 2008) and the remaining vari-

ables (10-m wind speed, dewpoint temperature, and

sunshine duration) fromERA-Interim (Dee et al. 2011).

For comparative purposes and to determine the possible

role of AED on the drought severity, we also calculated

the monthly SPI at different time scales following the

same approach as that used for the SPEI but considering

precipitation data only.

b. Moisture sources

The main moisture sources were identified through

the use of the FLEXPART v9.0 Lagrangianmodel (Stohl

et al. 2005). The methodology by Stohl and James (2004,

2005) offers an effective way to characterize the moisture

transport and it has been widely used in the literature

to analyze droughts for different regions of Europe

(Drumond et al. 2017; Stojanovic et al. 2018; Trigo et al.

2013). FLEXPART can track the air masses residing over

a target region backward and forwards in time. To this aim,

the atmosphere is homogeneously divided into approx-

imately 2 million parcels (air masses), which are followed

along their trajectories every 6h using three-dimensional

wind information. The model employs ERA-Interim data

at 6-h intervals (0000, 0600, 1200, and 1800 UTC), with

18 3 18 horizontal resolution and 61 vertical levels, from

0.1 to 1000hPa. The rate of change in the water vapor

content of a parcel along its trajectory—that is, moisture

increases (evaporation e) minus moisture decreases

(precipitation p)—is measured as the change in spe-

cific humidity with time, keeping constant the mass of

the parcel. The net flux of the atmospheric column (E2P)

is obtained by adding the e 2 p values for all particles

within the column from 0.1 to 1000hPa. This budget is

integrated into cycles of 10 days, (E-P)i10, which is the

average residence time of water vapor in the atmosphere

(Numaguti 1999).

We first performed a backward experiment from

the target region affected by the drought to identify

its moisture sources, defined as those regions where

(E-P)i10 . 0 for the 1980–2016 period. Following

Drumond et al. (2017), a threshold (the 90th percentile

of the (E-P)i10 . 0 values) was used to delimit the

source regions where the moisture uptake is most in-

tense. The so-identified sources include continental and

oceanic regions. Then, the air parcels over each individual

source were tracked forward in time for 1980–2017. The

moisture loss over the region of interest accounted

for by a given source is given by the absolute value

j(E-P)i10, 0j, which can be considered the contribution

of the source to precipitation in the region. For each

source and month of the drought period, the moisture

loss over the sink was compared to its corresponding

climatological value, also derived from the forward ex-

periment. Negative anomalies of j(E-P)i10, 0j indicate a
reduction in the loss of atmospheric moisture supplied

by a given source over the region of interest and hence an

expected precipitation deficit.

c. Atmospheric circulation data

Daily mean fields of zonal wind (925–700 hPa) and

500-hPa geopotential height (Z500) were extracted

from ERA-Interim with 0.758 3 0.758 resolution for

the 1979–2017 period. They have been used to charac-

terize the atmospheric circulation anomalies during

the drought event. In addition, we have derived several

catalogues and indices for the same period to better link

the drought event to specific weather regimes.

First, the daily latitude of the North Atlantic eddy-

driven jet stream, which is associated with the location of
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the storm tracks, has been determined by applying the

method presented by Woollings et al. (2010). This

algorithm zonally averages the daily low-level (925–

700 hPa) zonal wind over a longitudinal sector (08–608W)

for latitudinal bands between 158 and 758N. Then the

resulting zonal-mean wind field is 10-day low-pass fil-

tered to remove features associated with individual

synoptic systems. Finally, the daily latitude of the jet is

identified as the latitude at which this filtered wind field

maximizes.

Anomalies in the jet latitude are often associated with

specific weather systems, including high-latitude blocks

and subtropical ridges, which push the jet stream south-

ward and northward of its climatological location (e.g.,

Woollings et al. 2010; Sousa et al. 2018). While occurring

at different latitudes, high-latitude blocks and subtropical

ridges are associated with midtropospheric high pressure

systems and weakening of the low-level atmospheric

flow.Atmospheric blocking disrupts the prevailing zonal

circulation and produces a split of the storm track north

and south of the blocking system, often yielding positive

precipitation anomalies in southern Europe and negative

anomalies in northern and central areas of the continent

(Sousa et al. 2017). Subtropical ridges manifest as narrow

bands of positive geopotential height anomalies from

subtropical to midlatitude regions and are typically as-

sociated with southern European droughts (Santos et al.

2009). Sousa et al. (2018) detail the differences between

these two weather patterns. We have used daily Z500

fields and applied a simplified version of the method

described by Barriopedro et al. (2006) to detect high-

latitude blocks, as well as the methodology of Santos

et al. (2009) and Sousa et al. (2018) for the identification

of subtropical ridges. High-latitude blocks are defined as

large-scale (12.58 longitude) reversals in the meridional

Z500 gradient with a persistence of at least 5 days, while

subtropical ridges are detected as regional departures of

Z500 above a predefined threshold (the 80th percentile

of the 31-day moving climatology). For the analyses

presented here, we only consider blocks and ridges

occurring within the Euro-Atlantic sector (308W–308E).
By construction, there are no days in these catalogues

with simultaneous occurrence of high-latitude blocks

and subtropical ridges.

3. Description of the drought event

Monthly SPEI data are used to characterize the spatial

extent, duration, and time scale of the drought event.

Our assessment is impact-oriented, focusing on the ex-

tended period with the largest water imbalance rather

than on hydrological years (the period from 1 October

to 30 September), whose definition is biased toward

precipitation. Negative SPEI values were registered

for all analyzed time scales (from 1 to 12 months) between

mid-2016 and mid-2017 over large areas of western and

central Europe. The driest conditions occurred from 34.58
to 60.58N and from 11.58W to 18.58E (Fig. 1, top panels).

Figure 1 (bottom) shows the monthly evolution of the

SPEI averaged over that region from January 2015 to

August 2017 for different time scales. Negative SPEI

values propagate from short (i.e., meteorological drought)

to long (hydrological drought) scales with a time lag of

several months. Accordingly, hydrological droughts

are characterized by steady declines in the 12-month

SPEI values.

The largest negative SPEI value considering all time

scales occurred at the 12-month scale in June 2017 (21.24;

equivalent to the 9-month SPEI in May 2017) and iden-

tifies July 2016–June 2017 as the driest 12-month period.

The weaker SPEI anomalies on shorter time scales in-

dicate that the drought was prominently hydrological, in

agreement with the outstanding impacts in water re-

sources (see the introduction). Dry conditions initiated

in July 2016 (the 12-month SPEI equals zero in that

month, indicating normal conditions on average over

the whole domain for August 2015–July 2016; Fig. 1a)

and lasted one year, as shown by the steady decline in

12-month SPEI until July 2017 (the absolute minimum)

and some recovery afterward (Fig. 1e). These results

indicate that the event can be categorized as a hydro-

logical drought persisting from July 2016 to June 2017

(Fig. 1c). The October 2015–September 2016 (Fig. 1b)

and October 2016–September 2017 (Fig. 1d) hydro-

logical years are also shown here for comparison pur-

poses. We note that the October 2016–September 2017

hydrological year yields weaker 12-month SPEI anomalies

than the July 2016–June 2017 period, thereforemissing the

dry spell in August–September 2016 (Figs. 1c,d).

While the severity of the drought event varied in

space and time, snapshots of the 12-month SPEI reveal

widespread dry conditions for all months of the analyzed

period, without prominent regional events (not shown,

but see Figs. 1a–d). The spatial pattern of 12-month

SPEI values in June 2017 indicates that the drought

covered most of the continent (Fig. 2a): 91.7% of the

area of study presented negative SPEI values, 25.3% of

which were record-breaking (with reference to 1979–

2017). The drought episode was particularly severe over

northern Iberia, some parts of Italy, France, Germany,

the Benelux region, and northwestern Ireland (areas

bounded by contour lines in Fig. 2a).

To put this event in perspective, we have represented

the evolution of the accumulated 1-month SPEI averaged

over the land area displayed in Fig. 2 for the six July–June

12-month periods with most severe droughts, together
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FIG. 1. 12-month SPEI in (a) July 2016, (b) September 2016, (c) June 2017, and (d) September 2017;

(b) and (d) represent the accumulated conditions for the 2016 and 2017 hydrological years, respectively,

and (c) corresponds to the period of study, while (a) roughly represents the previous year for comparison

purposes. Stippling indicates regions with record-breaking values when compared with the period 1979–

2017. (e) Monthly evolution of the SPEI averaged over the area of study shown in (a)–(d) from January

2015 toAugust 2017 (x axis) and for time scales ranging from (bottom) 1month to (top) 12months. The t-

month SPEI value of the month m represents the water imbalance for the period (m 2 t 1 1, m).
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with the July 1981–June 2010 climatology, referred to

hereafter as 1981–2010 climatology (Fig. 3a). The July 2016–

June 2017 period is the driest one, breaking previous

SPEI records by a wide margin. Accumulated 1-month

SPEI values were below 25 at the end of the period of

study, whereas in the following driest years they were

around23, clearlymarking the exceptionality of the event.

Figure 3a shows that the drought was also outstanding in

terms of persistence, with the accumulated values of al-

most all months in the period laying below the 10th per-

centile of the climatological distribution. To identify

the short-term periods that contributed the most to the

long-lasting drought event, the monthly evolution of

the 1-month SPEI is shown in Fig. 3c. The period of

analysis is characterized by values lower than the 30th

percentile (three months below the 10th percentile) of

their climatological distribution, except for November

2016 and February and March 2017. Although those

three months displayed near-normal and even wet con-

ditions, they were unable to overwhelm the dry condi-

tions on longer time scales (Fig. 1e). Three main dry

spells occurred during the drought event: August–

September 2016, December 2016–January 2017, and

April–June 2017. For brevity, these periods will also be

referred to as summer 2016, winter 2017, and spring 2017.

The main difference from other European droughts

(not shown) is that it affected a great range of latitudes,

covering most of the area displayed in Fig. 2. In fact,

individual countries of northwestern/central and south-

ern Europe, in particular France and, to a lesser extent,

Spain or Germany, simultaneously registered record-

breaking negative values of SPEI (see Fig. S1 in the

online supplemental material). To stress this unusual

pattern, we have divided the area of study into two

halves (north and south of 47.58N, indicated by the

dashed line in Fig. 2a). These areas respectively repre-

sent northwestern/central Europe and southern Europe,

but we will often refer to them as the northern and

southern subregions. The 12-month SPEI has been

averaged over both of them separately. This drought is

outstanding in both areas, as it ranks as the first and

second most severe 1-yr drought event in the southern

and northern subregions, respectively, in terms of

FIG. 2. (a) SPEI, (b) SPI, and (c) the difference between them for

June 2017 with a 12-month time scale. Stippling indicates regions

 
with record-breaking values when compared with the period 1979–

2017. The horizontal dashed line at 47.58N marks the division be-

tween northwestern/central and southern Europe (also referred to

as northern and southern subregions of the drought event). Areas

bounded by contours in (a) correspond to regions with SPEI #

21.65. These regions and those bounded by the two black squares

have been selected for the analysis of moisture sources in Fig. 8.
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negative SPEI values. The monthly evolution of the 12-

month SPEI is also similar in these subregions

(Fig. S2). As the simultaneous occurrence of northern

and southern droughts is uncommon in Europe, our

results confirm the unusual spatial distribution of this

event. A more detailed inspection of this unusual

spatial distribution and the underlying causes requires

an assessment of the atmospheric circulation, which is

provided in the next section.

4. Atmospheric circulation

Figure 4a illustrates that the standardized anomalies

of Z500 during the drought event were significantly

positive at the 95% confidence level over most of the

region, indicating an unusual recurrence and/or ampli-

tude of high pressure systems. Record-breaking values

are concentrated in an area encompassing Great Britain

to the north and Iberia to the south, and extending

eastward to Poland. This pattern is associated with an

extreme weakening of the atmospheric circulation, as

indicated by the persistent negative zonal wind speed

anomalies found in the lower troposphere over the

same domain and period (not shown). Different syn-

optic structures could have contributed to the anom-

alously weak circulation over the area. In fact, similar

analyses for each season of the 2016/17 drought event

reveal a variety of regional circulation patterns (Fig. S3).

FIG. 3. Mean evolution of the accumulated 1-month time scale (a) SPEI and (b) SPI averaged over the area

displayed in Fig. 2a for the 12-month July–June periods of 1981–2010 (boxes), and the 6 years with the most severe

droughts in terms of these indices during the 1979–2017 period (colored lines). The lines represent the accumulated

monthly value starting from the respective July. The boxes extend from the lower (Q1) to upper (Q3) quartiles, with

a horizontal line indicating the median. The whiskers extend from the boxes to show the range of the data, from the

10th to 90th percentiles. Also shown are the climatological (1981–2010) annual cycle of monthly (c) SPEI and

(d) SPI averaged over western Europe, with the dark (light) shaded areas comprising the 10th–90th (30th–70th)

percentiles, and themedian in between. The red lines represent the time series ofmonthly SPEI and SPI for the July

2016–June 2017 period (left y axis), and the bars show the differences of those monthly values with respect to their

climatological means (right y axis).
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With the possible exception of the dry spell in summer

2016, which featured an outstanding positive phase of

the summer northern annular mode (NAM; Ogi et al.

2004), the large-scale modes of atmospheric variability

did not display prominent seasonal anomalies for the dri-

est periods of the event (not shown). These results stress

the need for a regional assessment on a monthly basis.

Previous studies have also reported that the atmo-

spheric circulation patterns associated with severe

European droughts vary across seasons and regions

(Fleig et al. 2011) and among individual events

(Schubert et al. 2016).

To uncover the nature of the weather systems re-

sponsible for the conspicuous Z500 anomalies, we first

focus on the North Atlantic jet stream. Figure 5a illus-

trates the evolution of the monthly mean jet latitude

during the drought event. Overall, the jet displayed

substantial meridional displacements from its climato-

logical position, and large intermonthly variability, with

recurrent alternating shifts to northward and southward

locations. Meridional excursions of the jet on monthly

time scales have been related to the occurrence of specific

anomalous weather systems. In particular, high-latitude

blocks involve northward and more commonly southward

FIG. 4. Standardized anomalies (dimensionless) of (a) 500-hPa geopotential height (Z500) and (b) 2-m tem-

perature during July 2016–June 2017 with respect to the climatology (July 1981–June 2010). Anomalies are shown

only when they are significant at the 95% confidence level (two-tailed t test). Stippling indicates record breaking

values for the 1979–2017 period. Data sources: ERA-Interim for Z500 and E-OBS for 2-m temperature.

FIG. 5. Climatological (1981–2010) annual cycle of (a) the jet latitudinal position and themonthly frequencies of (b) high-latitude blocks

and (c) subtropical ridges, with the dark (light) shaded areas comprising the 10th–90th (30th–70th) percentiles and themedian in between.

The red lines represent the time series of the monthly mean jet latitude and the monthly frequencies of blocks/ridges for July 2016–June

2017. Green (yellow) shading is used to highlight the months with the most severe drought conditions, according to the SPEI, in the

northern (southern) half of the region shown in Fig. 2a (see also Table S1).
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shifts of the jet (e.g., Woollings et al. 2018), while sub-

tropical ridges are more often associated with northward

jet migrations (e.g., Sousa et al. 2018).

Therefore, we next turn our attention to ridges and

blocks. Figures 5b and 5c display the monthly frequen-

cies of blocks and ridges during the drought event,

together with their respective climatologies. Blocks ex-

hibited high variability with monthly frequencies rang-

ing from 0 to exceeding the 90th percentile. Excluding

the summer months, when blocks are climatologically

rare in the region, their monthly frequency was close

to or even above the 70th percentile throughout the

rest of the period, with the exception of April 2017.

On the other hand, ridges were consistently present

over the region during the whole event, with seven

months above the 70th percentile and record-breaking

occurrence during August 2016. Although blocks and

ridges were recurrent through the analyzed period, the

former dominated the winter dry spell, and the latter

were relatively more frequent during summer 2016 and

spring 2017.

Therefore, several weather systems were involved

in the drought event and their distinctive latitudinal

signatures further suggest different dynamics behind

the dry conditions in the northern and southern sub-

regions. To test this hypothesis [i.e., that blocks (ridges)

played a dominant role in northern (southern) sub-

regions], we have examined the driest months for each

sector separately (see Table S1 in the supplemental mate-

rial). The months with prevailing southern European

drought are considered as those with average 1-month

SPEI below20.55 only in the southern region (August

2016, April 2017, and June 2017), whereas the months

with northwestern/central European drought are those

with SPEI below that value only in the northern region

(September 2016 and January 2017). Only two months

(December 2016 and May 2017) show extreme drought

conditions simultaneously in both subregions. Although

in general drought severity was more pronounced over

the northern (southern) subregion in winter 2017 (summer

2016 and spring 2017), there are no successive months

with severe drought in only one region, indicating that

the event cannot simply be explained as the superposition

of independent regional droughts.

Figures 6a–c display the Z500 anomalies (contour

lines) and SPEI composites (shaded areas) for the

months with extreme drought in northern, southern,

and both subregions, respectively. Note that, as there

is considerable intermonthly variability in the atmo-

spheric circulation over the Euro-Atlantic sector, the

Z500 anomalies have first been calculated with respect

to the 1981–2010 climatology of each month and then

averaged over the months considered. The results are

similar if these anomalies are normalized by the inter-

annual standard deviation of each month (not shown).

Figure 6a reveals a typical blocking pattern for the

months with northern drought, with the center of the

positive Z500 anomalies north of 508N. For the months

with southern drought, the Z500 anomalies display a

subtropical ridge pattern, but with the maximum pos-

itive anomalies slightly displaced northward from its

usual latitude (e.g., Sousa et al. 2018). The frequency of

blocks (ridges) was over the 90th percentile of its cli-

matological distribution for months with prevalent

northern (southern) drought, as shown in Fig. 6d (Fig. 6e).

Severe drought conditions occurring simultaneously in

both regions were associated with positive Z500 anomalies

over most of the continent, with their center too northerly

for ridges and too southerly for blocks (Fig. 6c), in agree-

ment with an enhanced occurrence of (and/or transitions

between) both systems (Fig. 6f). Some of these weather

systems were record-breaking in persistence and/or

intensity, triggering other exceptional extremes such

as the June 2017 mega-heatwave (Sánchez-Benítez
et al. 2018).

Therefore, drought severity in the southern region

is well explained by the high frequency of subtropical

ridges, while recurrent high-latitude blocks largely

accounted for the drought conditions in the north. A

detailed monthly analysis (see Table S1) confirmed

the link between drought severity in the northern

(southern) region and high-latitude blocks (subtropical

ridges), with only few exceptions. The most prominent

examples occurred in October 2016 and March 2017. In

the former, the increased blocking frequency was not

associated with anomalously negative SPEI values for

the northern subregion (Table S1) because the blocking

center was displaced significantly northward from its

climatological location (Fig. 7c), yielding positive Z500

anomalies over Scandinavia (Fig. 7a). On the other

hand, March 2017 was characterized by increased fre-

quencies of blocking and ridges, but comparatively weak

negative SPEI values in the northern and southern

subregions. This is explained by a highly transient

and contrasting behavior during this month, charac-

terized by weak subtropical ridges (Fig. 7d) and blocks,

alternating with other patterns that displayed small pos-

itive Z500 anomalies over the affected area (not shown).

All in all, this resulted in relatively small monthly mean

anomalies (Fig. 7b).

As a consequence, the western European drought event

largely resulted from an unusual alternating monthly

sequence of subtropical ridges and high-latitude blocks,

favoring drought conditions in the southern and northern

subregions. Atmospheric dynamics is known to play a

major role in extreme events, as it provides the immediate
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forcing for triggering near-surface anomalies. In particu-

lar, these weather regimes drive precipitation and tem-

perature anomalies over large areas of Europe, as well as

departures in other fields relevant for SPEI drought

conditions, such as incoming sunshine radiation (Sousa

et al. 2017, 2018). In the following section we disentan-

gle the relative roles of precipitation and AED in the

drought event.

FIG. 6. Mean Z500 anomalies (m, contours) for the months with prevalent drought severity in (a) northern

(September 2016 and January 2017), (b) southern (August 2016, April and June 2017), and (c) both northern and

southern (December 2016 and May 2017) subregions. Anomalies are calculated with respect to the 1981–2010

climatology of Z500 for such months. Shading displays the mean 1-month time scale SPEI for the same months.

Also shown are average frequencies of ridges and blocks during the months with prevalent drought severity in

(d) northern, (e) southern, and (f) both northern and southern regions (red dots). Boxplots show the frequency

distribution for the samemonths during the 1981–2010 period. The boxes extend from the lower (Q1) to upper (Q3)

quartiles, with a horizontal line indicating the median. The whiskers extend from the boxes to show the range of the

data, from the 10th to the 90th percentiles.
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5. The roles of precipitation and AED

a. Precipitation-related anomalies

As a first approach to account for the contribution of

precipitation anomalies to the drought event, we repeated

the previous analyses for the SPEI presented in Figs. 2

and 3, but using the SPI instead. The results indicate

some appreciable differences. First, despite the simi-

lar spatial distribution, overall the drought signal is

reduced for the SPI (Fig. 2b). Although July 2016–

June 2017 remains as record-breaking in terms of SPI

through most of the 12-month period (Fig. 3b), the

difference in the accumulated 1-month SPI between

June 2017 and the second driest year is not as large as

found for the SPEI. The driest months of the drought

are the same for SPI and SPEI, but their monthly

anomalies diverge (Figs. 3c,d). In particular, the SPI

indicates remarkably wetter conditions than the SPEI

in some of the warmmonths (e.g., September 2016 and

June 2017) and relatively drier conditions in some

cold months (e.g., December 2016). In spite of these

differences, the results confirm an important role of

precipitation in the SPEI when the entire region is

considered. Note, however, that the SPI indicates drier

conditions in the northern than in the southern half of

the domain, as opposed to the SPEI, thus suggesting a

larger contribution of precipitation deficits to the drought

severity in northwestern/central Europe (Figs. 2a,b).

To better understand the origin of the precipitation

anomalies during the drought event, we analyzed the

moisture loss over the target region (TR), herein defined

as those areas with 12-month SPEI#21.65 (the regions

bounded by contours in Fig. 2a). This threshold iden-

tifies regions where droughts of that severity would re-

cur with a probability of 5%, that is, once every 20 years.

In addition, we have selected two additional boxes

FIG. 7. (a),(b) Monthly anomalies with respect to the 1981–2010 climatology of Z500 (m; lines) and monthly

precipitation percentage of the 1981–2010 normals (colored shading) for, respectively, October 2016 and March

2017. Precipitation data come from GPCC and are only shown for areas with climatological monthly rainfall

amounts above 20mm. (c),(d) Synoptic conditions for, respectively, October 2016 andMarch 2017. Contours depict

the 1981–2010 climatology of Z500 (m) for days with blocks [in (c)] and ridges [in (d)]. Shading displays the mean

Z500 anomalies with respect to that climatology for days with such patterns during thementionedmonths. Stippling

indicates regions where anomalies are statistically significant at the 95% confidence level (determined through a

1000-trial bootstrap resampling method).
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(Fig. 2a) of similar size but with different precipitation

regimes and moisture sources. The southern box is lo-

cated over the Iberian Peninsula (408–428N, 5.08–2.58W)

and the northern box comprises an area between France

and Germany (498–518N, 4.08–6.58E). The choice of

these regions is further supported by the differences

between their SPEI and SPI values, as the northern box

displays drier conditions in the SPI than in the SPEI,

while the opposite occurs for the southern one (Figs. 2a,b).

We first determined the annual-mean climatological

moisture sources for these three regions. The annual

cycles of the moisture contribution from each source

(in percentage with respect to total moisture from all

sources) are shown in Fig. S4. For all regions, the oceanic

moisture supply is higher than the continental one, and

the Atlantic Ocean represents the dominant source.

However, there are some differences between the small

boxes, with the continental andMediterranean (Atlantic)

contribution beingmuch higher in the southern (northern)

box. As for the TR, the Atlantic Ocean accounts for

more than 60% of the total moisture input, followed by

theMediterranean Sea, with climatological contributions

below 15%.

Figure 8 shows the accumulated monthly anomalies

of j(E-P)i10 , 0j over the drought period for selected

moisture sources of the three areas. Negative (posi-

tive) anomalies of j(E-P)i10 , 0j should be in-

terpreted as a reduced (enhanced) moisture loss of the

atmospheric column over the region of interest, as

compared to climatology, that is, a precipitation

deficit (surplus). The evolution of the accumulated 1-

month SPEI averaged over each region is also shown in

bars. For the TR, the results indicate amarked reduction

in the moisture supply from the Atlantic Ocean, with

accumulated values at the end of the period as low as

67% of those expected from the climatology (blue

squares in Fig. 8a). Most of the remaining sources also

displayed an anomalous but much weaker decrease in

their moisture input to TR. For example, the contri-

bution of the Mediterranean (the second most im-

portant climatological source for TR) was around 90%

of its climatological value. Interestingly, the accumu-

lated moisture anomalies from the Atlantic and their

evolution are in good agreement with those of the

1-month SPEI averaged over TR (Fig. 8a, bars). For

example, the largest deficit in moisture supply from

the Atlantic occurred in December 2016, when the

SPEI averaged over TR reached its minimum value.

Actually, the Atlantic is the source with the largest

correlation between the nonaccumulated series of mois-

ture anomalies and 1-month time scale SPEI during the

drought period (r5 0.69, p, 0.02), stressing the major

control of this source.

The Atlantic also played a dominant contribution to

the moisture loss in the northern and southern boxes,

but the regions displayed some remarkable differences.

For the northern box, the Atlantic source experienced a

dramatic reduction in moisture input of more than 60%

when integrated over the period of analysis (Fig. 8b).

This accounted for more than 95% of the net moisture

anomalies in that region (not shown). On the other hand,

FIG. 8. Evolution of the accumulated monthly anomalies of

j(E-P)i10 , 0j (in mmday21) during July 2016–June 2017 for

(a) the target region (TR; delimited colored regions in Fig. 2a),

(b) the northern European box, and (c) the southern European box

(Fig. 2a). Colored symbols and lines respectively represent the

different oceanic and continental moisture sources of each region:

TR (target region), AF (northern Africa), EU (continental areas

over Europe), BS (Baltic Sea), NS (Nordic Seas), MS (Mediter-

ranean Sea), and ATL (Atlantic). Note that the TR sink is also

detected as a moisture source. Bars indicate the corresponding

evolution of the accumulated 1-month time scale SPEI averaged

over the given region.
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the net Atlantic moisture supply to the southern box was

90%of that expected from the climatology (Fig. 8c) and the

remaining sources are not able to explain the extreme SPEI

in this region either (not shown). Indeed, the monthly

evolution of SPEI during the drought does not follow that of

the moisture anomalies for any source of the southern box,

including the Atlantic one (Fig. 8c). There are several pos-

sible explanations for this lack of agreement. First, pre-

cipitation depends not only onmoisture availability (i.e.,

precipitable water) but also on the occurrence of favor-

able dynamical conditions triggering precipitation. Thus,

the dynamics (e.g., the above reported recurrence of

subtropical ridges) could have prevented precipitation

in the region, as expected, despite the presence of

available moisture. Second, moisture gains by en-

hanced evapotranspiration within the region could have

partially offset the moisture losses associated with

precipitation (recycling), which can be very relevant

even in dry environments and conditions (Miralles

et al. 2016).

In summary, the drought severity in northwestern/

central Europe is in agreement with the reported deficits

in the moisture supply from the Atlantic, which are

translated into precipitation decreases and stronger re-

sponses in the SPI therein. On the contrary, the dry

conditions in the south are not fully explained by re-

duced supply from moisture sources. As the SPEI is

controlled by both precipitation and AED, these results

suggest a primary role of precipitation in the former

region and of AED in the latter one.

b. AED-related anomalies

The SPEI adds information about AED to the pre-

cipitation anomalies already accounted for by the SPI. As

such, the difference betweenSPEI andSPI provides a rough

estimate of the contribution of anomalies in the atmo-

spheric evaporative demand (e.g., Stagge et al. 2017). This

difference is shown in Fig. 2c for the drought event,

displaying negative values over southern Europe (i.e.,

SPEI values considerably more negative than SPI values).

In fact, the difference between the SPEI and SPI was

record-breaking for Iberia and southern France (Fig. 2c),

revealing a prominent role of enhanced AED in ex-

acerbating the drought severity over southwestern

Europe. Under the stable warm conditions associated

with high pressure systems (section 4), AED was prob-

ably reinforced by land–atmosphere feedbacks via sup-

pressed latent heat fluxes and enhanced sensible heat

fluxes, contributing to exacerbating the drought, as

suggested by previous studies (Seneviratne et al. 2010;

Hirschi et al. 2011; Teuling 2018).

Since the atmospheric evaporative demand used for

the calculation of the SPEI is affected by different

components (temperature, wind, insolation, relative hu-

midity), we have analyzed their standardized anomalies

for the drought event. Temperature emerges as the var-

iable with the largest anomalies, reaching record values

for the period 1979–2017 over a large area of Iberia

(Fig. 4b) where the difference between SPEI and SPI is

maximum (Fig. 2c). The standardized anomalies are not

so high for the rest of SPEI components (not shown), but

eventually important in some regions. It should be

stressed that these components do not contribute equally

to AED given the nonlinear character of the FAO-56

Penman–Monteith equation and the differences in AED

sensitivity to the atmospheric variables as a function of

the climate conditions. This makes it difficult to quantify

the role of each SPEI component from its observed

anomalies.

Therefore, we have designed a partitioning approach

to understand the role of the different evapotranspi-

ration components in the severity of this drought. For

each component, we have used its climatological

values to recalculate the 12-month SPEI during the

drought event. The contribution of a given component

is defined as the difference between the actual SPEI and

that inferred from the climatology. Figure 9 summarizes

the dominant component (i.e., the one with largest con-

tribution to the negative SPEI during the drought event)

for each grid point of the region. The results reveal that

precipitation, mean temperature, and sunshine duration

were the SPEI components that contributed the most

to the magnitude of the observed drought severity

(see the separate contribution of each component in

Fig. S5). It must be stressed that in some areas, several

components played an appreciable and similar role

(stippling in Fig. 9). For instance, eastern Europe was

mainly affected by increased mean temperature and

sunshine duration, whereas the contribution of pre-

cipitation together with these two components was

quite relevant in France and southern Scandinavia.

Nevertheless, there is a clear spatial distribution for

the dominant component. Precipitation was the main

driver of drought severity over the west of the British

Isles, the Benelux region, and large parts of France,

Germany, and Switzerland, in agreement with the

results derived from the SPI (Fig. 2b). The drought in

the northernmost part of the domain was mainly

dominated by the radiative component (measured

here by means of the sunshine duration). With the

exception of Italy, temperature was the variable with

the largest impact in southern Europe, including most of

Iberia and southern France, as well as in some areas of

eastern Europe. This stresses the key role of the ther-

modynamic component in the drought severity over

southern Europe.
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The fingerprints and varying influences of each compo-

nent across Europe are in good agreement with the dy-

namical signatures described in section 4. The key role of

precipitation deficit and increased radiation in the drought

severity over northwestern/central Europe is well explained

by the enhanced occurrence of high-latitude blocks, which

divert the storm tracks all year round, thus leading to clear

skies andprecipitation reductions beneath the blocking high

(Sousa et al. 2017). Conversely, the blocking signal in tem-

perature varies depending on the season and the charac-

teristics of the block (Sousa et al. 2018). On the other hand,

subtropical ridges are more transient than blocks and tend

to occur in southern regions, where precipitation totals are

scarce as compared to those in central Europe. As a con-

sequence, their most striking signature is an outstanding

localized increase in temperature irrespective of the

season when they occur (Sousa et al. 2018), in agreement

with a more decisive role of temperature anomalies in

the southern drying.

According to Stagge et al. (2017), the role of the AED

in European droughts has increased since the 1980s and

this trend is expected to continue, mostly due to global

warming. In this context, we have assessed whether re-

cent trends may have exacerbated this event. To do so,

we have followed the analog method, as described by

Wilcox et al. (2018) and references therein. We first

computed analogs of the atmospheric circulation over a

region with significant circulation anomalies (408–658N,

208W–308E) for each day of the July 2016–June 2017

period, by using daily Z500 anomalies from two separate

subperiods: 1948–84 (P0 hereafter) and 1985–2018 (P1;

excluding July 2016–June 2017). Note that the NCEP–

NCAR reanalysis (Kalnay et al. 1996) was used for these

analyses given that it covers a longer period than that of

ERA-Interim. The best 20 analogs of each day were

selected based on the root-mean-square differences.

From these flow analogs, we reconstructed the target

variable for each day between July 2016 and June 2017

by randomly picking one of the best 20 analogs of Z500

in the two subperiods. Hence we simulated ‘‘uchronic’’

trajectories of the target variable for two subperiods,

both consistent with the atmospheric circulation that

prevailed in 2016/17. Those trajectories were then aver-

aged over the period between July 2016 and June 2017.

The process was repeated 10 000 times, allowing us to

build the probability distributions of the target variable

conditioned on the observed atmospheric circulation.

By using flow analogs from different subperiods, we can

evaluate how the simulated target variable under pres-

ent conditions (P1) would have been in the past (P0).

Because of the lack of daily SPEI values, we used soil

moisture content as the target variable, which is also

affected by both precipitation and AED. Indeed, given

Bouchet’s complementary relationship (Bouchet 1963;

Brutsaert and Parlange 1998), actual evapotranspiration

(ETa) affects AED via the surface sensible and latent

heat fluxes, which are strongly driven by soil water

availability (Seneviratne et al. 2010; Teuling et al. 2013;

Teuling 2018). NCEP–NCARdaily volumetric soil water

content at 0–10 cm below ground level was averaged

for a region including Iberia and France (368–528N, 108W–

88E), where the effect of temperature and precipitation

on SPEI was remarkable. Although this field has some

biases, its long-termmonthly variations have been verified

to yield a reasonable phasing and are correlated to rel-

evant atmospheric variables (Lu et al. 2005). Note also

that we will not discuss the values of soil moisture per se,

but the differences between two subperiods.

Figure 10 shows the resulting P0 and P1 probability

distributions of regional volumetric soil moisture aver-

aged over July 2016–June 2017 and for the four seasons

in that period (from July–September 2016 toApril–June

2017). There is little overlap between the annual dis-

tributions for P0 and P1, with a significant decrease in

soil moisture from the past to the present period (black

boxplots). As such, under similar atmospheric circu-

lation, we can expect a stronger reduction in soil water

FIG. 9. Map displaying the dominant component (shading) of the

12-month SPEI value in June 2017, defined as the one with the

largest difference between the actual SPEI and the SPEI calculated

with 1970–2010 climatological values of that component. Dots in-

dicate the grid points where the second largest component had an

appreciable contribution (SPEI difference below21.0 and at least

70% of that for the dominant component). Colors indicate the

different components: daily-mean temperature (TM), relative hu-

midity (RH), sunshine duration (SD), wind speed (WS), and pre-

cipitation (Prec).
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content now than in the past (i.e., the atmospheric cir-

culation observed during the drought event would have

caused weaker soil water anomalies and a less severe

drought in the past). This is in agreement with a de-

creasing trend in soil water content over that area for

the 1948–2018 reanalysis period. Since precipitation

experiences large interannual variability over the region,

the differences between subperiods are better explained

by temperature trends causing enhanced evapotranspi-

ration and reduced soil water content. Indeed, the larg-

est differences of soil moisture between the two

subperiods occur in summer (red boxplots) and spring

(green boxplots), coinciding with the seasons of max-

imum warming trends (e.g., Stine et al. 2009; Cohen

et al. 2012).

6. Conclusions and discussion

We have analyzed the record-breaking drought that af-

fected most of western Europe during the July 2016–June

2017 period. We have used two indices to character-

ize this event. The standardized precipitation index

(SPI) only considers precipitation, while the standardized

precipitation–evapotranspiration index (SPEI) also takes

into account the atmospheric evaporative demand (AED),

following a robust physical approach based on the FAO-56

Penman–Monteith equation, which considers sunshine

duration, temperature, surface wind speed, and relative

humidity as inputs. The main conclusions can be sum-

marized as follows:

d The analysis of the SPEI proves that this drought was

outstanding in terms ofmagnitude and extension, arising

as themost severe event in western Europe since at least

1979. Such strong anomalies are not so evident from the

SPI values, in particular for southern Europe.
d Unlike previous droughts, which often occur either in

the northwest/center or in the south of the continent,

this event affected both, being the one with the first

and second largest negative SPEI values averaged

south and north of 47.58N, respectively, during the

1979–2017 period.
d The record-breaking Z500 anomalies are the most

relevant dynamical feature of this episode, indicating

weakened zonal circulation and enhanced high pres-

sure systems during the whole episode. Further ana-

lyses reveal a concatenation of subtropical ridges and

high-latitude blocks, which explained the unusual

spatial distribution of this event. Overall, the former

exacerbated the drought event in southern regions,

whereas the latter contributed mostly to the dry condi-

tions in northwestern/central Europe.
d The drought was concurrent with a significant de-

crease in moisture transport from the Atlantic Ocean.

The reduction in the moisture contribution from this

source is also key to explaining the dry conditions in

the northwestern/central European regions, where the

SPI indicates drier conditions than the SPEI. This is

in agreement with a leading role of decreased pre-

cipitation and enhanced sunshine duration (typical

signatures of high-latitude blocks) in the drought

severity over northwestern/central Europe.
d The anomalies in moisture supply cannot fully explain

the dry conditions observed in southern European

regions, suggesting a major role of AED in this area.

This is also evidenced by the stronger sensitivity of

the SPEI to capture the severity of the drought in the

south. Further analyses have revealed that warm tem-

perature anomalies, typically associated with subtropical

ridges, were a major driver of the dry conditions there.

In summary, although drought conditions persisted

over all western Europe during the 2016/17 episode,

drying in southern (northern) subregions was to a large

FIG. 10. Boxplots with the probability distributions of the daily

mean volumetric soil moisture content (dimensionless) within 0–

10 cmbelow ground level, conditional on the atmospheric circulation

during July 2016–June 2017. These have been calculated by using

atmospheric flow analogs from two subperiods: 1948–84 (P0) and

1985–2018, excluding the period of study (P1). The boxes extend

from the lower (Q1) to the upper (Q3) quartile values of the data,

with a horizontal line indicating the median. The whiskers extend

from the box to show the range of the data fromQ121.533 IQR to

Q3 1 1.5 3 IQR, with IQR being the interquartile range. Outliers

are shown with circles. The wide black boxplots are for the entire

year (July 2016–June 2017). The colored boxplots are for the seasons

in that period (July–September 2016: red; October–December 2016:

orange; January–March 2017: blue; April–June 2017: green).
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extent of thermodynamic (dynamic) origin. Overall,

several mechanisms acted differently during the whole

year to produce this record-breaking event, with higher

relevance of the precipitation-related dynamics in cen-

tral Europe and of AED in the south. We also show that

recent trends, including those in temperature, have

exacerbated the severity of the July 2016–June 2017

drought event, and that the role of AED was key in

hitting record values, at least in the south. The 2016/17

drought episode could represent an example of future

European droughts due to the enhanced role of ther-

modynamics (Fischer et al. 2007; Seneviratne et al. 2013;

Teuling et al. 2013; Berg et al. 2016) in altering the

typical north–south dipole pattern of droughts triggered

by dynamical mechanisms (i.e., theNAO; Sherwood and

Fu 2014; Santos et al. 2016; Vicente-Serrano et al. 2018).

Still, our results indicate a key role of dynamics (high-

latitude blocks and subtropical ridges) in driving the

precipitation and temperature anomalies that controlled

drought severity during the 2016/17 drought. In this sense,

future changes in the regional occurrence of high pressure

systems are uncertain (e.g., Woollings et al. 2018 and

references therein). More generally, the confidence in

circulation-related aspects of climate change is low

(Shepherd 2014), due to the large amount of natural

variability on regional scales and inherent model de-

ficiencies (Deser et al. 2012; Christensen et al. 2013).

The intermodel spread in future projections for the

Euro-Atlantic region is partly explained by differ-

ences in Arctic and tropical warming among models

and their competing effects in the eddy-driven jet (e.g.,

Zappa and Shepherd 2017; Peings et al. 2018). Other

important drivers of Euro-Atlantic circulation changes

in model projections include the stratospheric polar

vortex (e.g., Manzini et al. 2014) and North Atlantic

SSTs (e.g., Woollings et al. 2012). These uncertainties

affect the projected changes in the likelihood of unusual,

long-lasting sequences of weather systems, as those re-

ported herein. Therefore, future studies should address

the relative contribution of these drivers to regional dy-

namical changes that are relevant to European droughts.
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