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Abstract 20 

We have analyzed the record-breaking drought that affected western and central Europe 21 

from July 2016 to June 2017. It caused widespread impacts on water supply, agriculture 22 

and hydroelectric power production, and was associated with forest fires in Iberia. 23 

Unlike common continental-scale droughts, this event displayed a highly unusual spatial 24 

pattern affecting northern and southern European regions. Drought conditions were 25 

observed over 90% of central-western Europe, hitting record-breaking values (with 26 

respect to 1979-2017) in 25% of the area. Therefore, the event can be considered as the 27 

most severe European drought at continental scale since at least 1979. The main 28 

dynamical forcing of the drought was the consecutive occurrence of blocking and 29 

subtropical ridges, sometimes displaced from their typical locations. This led to 30 

latitudinal shifts of the jet stream and record-breaking positive geopotential height 31 

anomalies over most of the continent. The reduction in moisture transport from the 32 

Atlantic was relevant in the northern part of the region, where decreased precipitation 33 

and increased sunshine duration were the main contributors to the drought. On the other 34 

hand, thermodynamic processes, mostly associated with high temperatures and the 35 

resulting increase in atmospheric evaporative demand, were more important in the 36 

south. Finally, using flow circulation analogues we show that this drought was more 37 

severe than it would have been in the early past.  38 

  39 
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1 Introduction 40 

Droughts are among the main hydroclimatic hazards, but they are very difficult to 41 

quantify and spatially map (Wilhite and Pulwarty, 2017). They cause large economic 42 

losses, water scarcity and some ecological impacts such as decreases in gross primary 43 

production (e.g. Ciais et al., 2005) and the occurrence of forest fires (e.g. Pausas, 2004). 44 

In Europe, the economic losses associated with droughts are increasing since the early 45 

2000s, with an average of 6,758 million € per year (Strosser et al., 2012). Drought 46 

forecasting presents strong limitations in Europe (Mishra and Singh, 2011), mostly due 47 

to the complex mechanisms and interactions that control these events and their limited 48 

representation in the models used for seasonal predictions (Christensen et al., 2013).   49 

Dynamics and land-atmosphere feedbacks play a key role in European drought severity 50 

(Seneviratne et al., 2010; Sousa et al., 2011; Vicente-Serrano et al., 2015), with slowly-51 

varying components such as sea surface temperature (SST) anomalies being often less 52 

important (Schubert et al. 2016). Large part of the atmospheric variability over the 53 

Euro-Atlantic sector is controlled by the North Atlantic Oscillation (NAO) and the 54 

associated shifts of the eddy-driven jet (Woollings et al., 2010). Due to its leading role 55 

in European precipitation, large-scale drought episodes in the continent are often 56 

associated with the NAO, whose distinctive north-south dipole signature promotes 57 

droughts in either northern or southern regions. Other important weather patterns in the 58 

region are atmospheric blocking (e.g. Barriopedro et al., 2010) and subtropical ridges 59 

(e.g. Santos et al., 2009), which pertain to high-pressure systems in northern and 60 

southern Europe, respectively.   61 

The aforementioned circulation systems modulate the storm-tracks over the North 62 

Atlantic and the associated moisture fluxes towards the continent on synoptic time 63 

scales, therefore exerting a strong influence on precipitation anomalies. As precipitation 64 
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in a region originates from local evaporation and externally advected moisture sources 65 

(Bisselink and Dolman, 2008), the assessment of source-sink relationships of 66 

atmospheric water vapor constitutes an important tool to diagnose drought episodes. 67 

Using different techniques, recent studies have identified the local and remote moisture 68 

sources of several European regions (e.g. Bisselink and Dolman, 2008; van der Ent et 69 

al., 2010; Gimeno et al., 2012; Nieto et al., 2014), allowing to investigate their role in 70 

regional drought events (e.g. Drumond et al., 2017; Stojanovich et al., 2017). 71 

In addition to precipitation-related dynamical mechanisms, drought severity also 72 

depends on atmospheric evaporative demand (AED), which is determined by both 73 

radiative and thermodynamic components (McVicar et al., 2012). AED may reinforce 74 

drought under low soil moisture levels (Hirschi et al., 2011), given suppression of 75 

evapotranspiration, and subsequent reduction of latent heat fluxes and enhancement of 76 

sensible heat fluxes (Seneviratne et al., 2010; Miralles et al., 2014). Positive feedbacks 77 

via increased AED may further reinforce drought severity (Miralles et al., 2018; 78 

Teuling, 2018).  79 

In this sense, recent studies suggest an increase in drought severity over large regions of 80 

southern Europe, associated with a precipitation decline (Hoerling et al., 2012) and 81 

mainly increased AED (Vicente-Serrano et al., 2014; Spinoni et al., 2015, 2017). 82 

Recently, Stagge et al. (2017) reported regional divergences in the likelihood of 83 

droughts over Europe as measured by two drought indices that account for precipitation 84 

and the additional role of AED, respectively. They showed that European-wide upward 85 

trends in AED over the last decades, driven by increasing temperatures, have enhanced 86 

droughts in southern Europe and counteracted the effects of increased precipitation in 87 

the north. Gudmundsson et al. (2017) also suggested a possible effect of anthropogenic 88 

forcing in the diverging trends of water resources between northern and southwestern 89 
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Europe, with AED playing a major role. These results suggest the emergence of a 90 

climate change signal on the occurrence of European droughts.  91 

In this context, during 2016-2017 most of western Europe, from Iberia to the UK, 92 

southern Scandinavia and Italy, suffered a major drought event. Associated impacts 93 

were reported in most of these countries. Crops were severely affected by the resulting 94 

reduction in agricultural production, especially for cereals, olives, tomatoes, wine 95 

grapes and almonds in Spain and Italy (Reuters, 2017). The agricultural association 96 

Coldiretti estimated losses of at least two billion € for this latter country, where water 97 

supply was also a main problem. In fact, eleven of twenty Italian regions asked for an 98 

emergency declaration to fight against the drought (BBC, 2017a). France also took 99 

serious measures to face the drought, since water restrictions affected 74 out of 96 100 

departments in July 2017 (The Connexion, 2017). In Portugal, devastating fires led to 101 

the evacuation of thousands of people (BBC, 2017b) and caused human fatalities (DW, 102 

2017). Hydroelectric power production in Spain reached a historical minimum in 103 

October (El País, 2017a), accumulating a ~50% decrease for the first nine months of 104 

2017 (El País, 2017b). This coincided with minimum wind energy production and 105 

contributed to raising the electricity bill to historical maxima. These adverse conditions 106 

were accompanied by outstanding anomalies in regional atmospheric circulation and 107 

near-surface fields (temperature, precipitation and soil moisture) for most seasons from 108 

mid-2016 to mid-2017, as reported by different monitoring centers (e.g. ECMWF, 109 

2017) and regular Bulletins, such as those released by the WMO RA VI Regional 110 

Climate Centre on Climate Monitoring (RCC-CM; www.dwd.de/rcc-cm) and the 111 

American Meteorological Society (Bissolli et al. 2017, 2018).  112 

The main goals of this work are: (i) to characterize the temporal and spatial extent of the 113 

2016-2017 drought in Europe, (ii) to investigate the role played by the atmospheric 114 

http://www.dwd.de/rcc-cm
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circulation, including the analysis of specific weather systems, and (iii) to address the 115 

relative contribution of precipitation (including anomalies in the water vapor supply 116 

from moisture sources) vs. AED, with emphasis on the role of thermodynamic 117 

processes to explain the severity of this event. 118 

The paper is structured as follows. Section 2 introduces the data and methods employed 119 

in this study. Section 3 characterizes the drought event, considering its severity and 120 

spatio-temporal evolution in a historical context. Section 4 describes the regional 121 

atmospheric circulation and the prevailing weather systems, with special emphasis on 122 

the periods of maximum drought severity. Section 5 addresses the relative roles of 123 

precipitation- and AED-related anomalies in the drought severity, and places the event 124 

in the context of the ongoing climate change. Finally, Section 6 summarizes the main 125 

conclusions.  126 

 127 

2 Data and methods 128 

2.1 Drought indices 129 

As precipitation is the main variable determining the onset, spatial extent, duration, 130 

intensity and end of droughts, this variable was originally included in most drought 131 

indices (e.g. Heim, 2002). In particular, the standardized precipitation index (SPI) 132 

(McKee et al., 1993) has been widely used. This index captures well the multi-scalar 133 

character of droughts compared to other indices like the Palmer drought severity index 134 

(PDSI; Palmer, 1965) or its modified self-calibrated version (Wells et al., 2004). 135 

However, it only relies on precipitation data and therefore ignores the contribution of 136 

evaporative loss in the terrestrial water balance. To overcome this limitation while 137 

keeping the multi-scalar character of the SPI, we also employ the standardized 138 
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precipitation-evapotranspiration index (SPEI; Vicente-Serrano et al., 2010). The SPEI is 139 

based on precipitation and AED, being equally sensitive to both factors (Vicente-140 

Serrano et al., 2015). It is calculated by means of a climatic water balance (precipitation 141 

minus AED), which is adjusted with a three-parameter log-logistic distribution 142 

(Vicente-Serrano and Beguería, 2016). The values can be accumulated at different time 143 

scales, following the same approach used for the SPI, and converted to standard 144 

deviations with respect to average values.  145 

Here the SPEI has been obtained on a monthly basis at a spatial resolution of 0.25º from 146 

1979 to 2017. Precipitation data are based on the GPCC dataset (Schneider et al., 2011), 147 

which was bilinearly interpolated to 0.25º from the original 0.5º spatial resolution. As a 148 

measure of AED, we have calculated the reference evapotranspiration (ETo) at the same 149 

resolution through the FAO-56 Penman-Monteith equation (Allen et al., 1998) by using 150 

maximum and minimum temperature from the E-OBS dataset (Haylock et al., 2008) 151 

and the remaining variables (10 m wind speed, dew temperature and sunshine duration) 152 

from the ERA-Interim reanalysis (Dee et al., 2011). For comparative purposes and to 153 

determine the possible role of AED on the drought severity, we also calculated the 154 

monthly SPI at different time scales following the same approach as that used for the 155 

SPEI but considering precipitation data only.  156 

 157 

2.2 Moisture sources 158 

The main moisture sources were identified through the use of the FLEXPART v9.0 159 

Lagrangian model (Stohl et al. 2005).  The methodology by Stohl and James (2004, 160 

2005) offers an effective way to characterize the moisture transport and it has been 161 

widely used in the literature to analyze droughts for different regions of Europe 162 
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(Drumond et al., 2017; Stojanovic et al., 2018; Trigo et al., 2013). FLEXPART can 163 

track the air masses residing over a target region backwards and forwards in time. To 164 

this aim, the atmosphere is homogeneously divided into approximately 2 million parcels 165 

(air masses), which are followed along their trajectories every 6 hours using 3-166 

dimensional wind information. The model employs ERA-Interim reanalysis data at 6 167 

hour intervals (00:00, 06:00, 12:00, and 18:00 UTC), with 1º × 1º horizontal resolution 168 

and 61 vertical levels, from 0.1 to 1000 hPa. The rate of change in the water vapor 169 

content of a parcel along its trajectory, i.e. moisture increases (evaporation, e) minus 170 

moisture decreases (precipitation, p), is measured as the change in specific humidity 171 

with time, keeping constant the mass of the parcel. The net flux of the atmospheric 172 

column (E-P) is obtained by adding the (e-p) values for all particles within the column 173 

from 0.1 to 1000 hPa. This budget is integrated into cycles of ten days, (E-P)i10, which 174 

is the average residence time of water vapor in the atmosphere (Numaguti, 1999).  175 

We first performed a backward experiment from the target region affected by the 176 

drought to identify its moisture sources, defined as those regions where (E-P)i10>0  for 177 

the 1980-2016 period. Following Drumond et al. (2017), a threshold (the 90th percentile 178 

of the (E-P)i10>0 values) was used to delimit the source regions where the moisture 179 

uptake is most intense. The so-identified sources include continental and oceanic 180 

regions. Then, the air parcels over each individual source were tracked forward in time 181 

for 1980-2017. The moisture loss over the region of interest accounted for by a given 182 

source is given by the absolute value |(E-P)i10<0|, which can be considered the 183 

contribution of the source to precipitation in the region. For each source and month of 184 

the drought period, the moisture loss over the sink was compared to its corresponding 185 

climatological value, also derived from the forward experiment. Negative anomalies of 186 
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|(E-P)i10<0| indicate a reduction in the loss of atmospheric moisture supplied by a given 187 

source over the region of interest and hence an expected precipitation deficit.  188 

 189 

2.3 Atmospheric circulation data 190 

Daily mean fields of zonal wind (925-700 hPa) and 500 hPa geopotential height (Z500) 191 

were extracted from the ERA-Interim reanalysis with 0.75° × 0.75° resolution for the 192 

1979-2017 period. They have been used to characterize the atmospheric circulation 193 

anomalies during the drought event. In addition, we have derived several catalogues and 194 

indices for the same period to better link the drought event to specific weather regimes.    195 

Firstly, the daily latitude of the North Atlantic eddy-driven jet stream, which is 196 

associated with the location of the storm tracks, has been determined by applying the 197 

method presented by Woollings et al. (2010). This algorithm zonally averages the daily 198 

low-level (925-700 hPa) zonal wind over a longitudinal sector (0° to 60° W) for 199 

latitudinal bands between 15° N and 75° N. Then the resulting zonal-mean wind field is 200 

10-day low-pass filtered to remove features associated with individual synoptic systems. 201 

Finally, the daily latitude of the jet is identified as the latitude at which this filtered wind 202 

field maximizes. 203 

Anomalies in the jet latitude are often associated with specific weather systems, 204 

including high-latitude blocks and subtropical ridges, which push the jet stream 205 

southwards and northwards of its climatological location (e.g. Woolings et al., 2010; 206 

Sousa et al., 2018). While occurring at different latitudes, high-latitude blocks and 207 

subtropical ridges are associated with mid-tropospheric high pressure systems and 208 

weakening of the low-level atmospheric flow. Atmospheric blocking disrupts the 209 

prevailing zonal circulation and produces a split of the storm-track north and south of 210 
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the blocking system, often yielding positive precipitation anomalies in southern Europe 211 

and negative anomalies in northern and central areas of the continent (Sousa et al., 212 

2017). Subtropical ridges manifest as narrow bands of positive geopotential height 213 

anomalies from subtropical to mid-latitude regions and are typically associated with 214 

southern European droughts (Santos et al., 2009). Sousa et al. (2018) detail the 215 

differences between these two weather patterns. We have used daily Z500 fields and 216 

applied a simplified version of the method described by Barriopedro et al. (2006) to 217 

detect high-latitude blocks, as well as the methodology of Santos et al. (2009) and 218 

Sousa et al. (2018) for the identification of subtropical ridges. High-latitude blocks are 219 

defined as large-scale (12.5° longitude) reversals in the meridional Z500 gradient with a 220 

persistence of at least 5 days, while subtropical ridges are detected as regional 221 

departures of Z500 above a predefined threshold (the 80th percentile of the 31-day 222 

moving climatology). For the analyses presented here, we only consider blocks and 223 

ridges occurring within the Euro-Atlantic sector (30˚ W – 30˚ E). By construction, there 224 

are no days in these catalogues with simultaneous occurrence of high-latitude blocks 225 

and subtropical ridges.  226 

 227 

3 Description of the drought event 228 

Monthly SPEI data are used to characterize the spatial extent, duration and time scale of 229 

the drought event. Our assessment is impact-oriented, focusing on the extended period 230 

with the largest water imbalance rather than on hydrological years (the period from 1 231 

October to 30 September), whose definition is biased towards precipitation. Negative 232 

SPEI values were registered for all analyzed time scales (from 1- to 12-month) between 233 

mid-2016 and mid-2017 over large areas of western and central Europe. The driest 234 

conditions occurred from 34.5°N to 60.5°N and from 11.5°W to 18.5°E (Figure 1, top 235 
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panels). Figure 1 (bottom) shows the monthly evolution of the SPEI averaged over that 236 

region from January 2015 to August 2017 for different time scales. Negative SPEI 237 

values propagate from short (i.e. meteorological drought) to long (hydrological drought) 238 

scales with a time lag of several months. Accordingly, hydrological droughts are 239 

characterized by steady declines in the 12-month SPEI values.  240 

The largest negative SPEI value considering all time scales occurred at the 12-month 241 

scale in June 2017 (-1.24, equivalent to the 9-month SPEI in May 2017) and identifies 242 

July 2016 - June 2017 as the driest 12-month period. The weaker SPEI anomalies on 243 

shorter time scales indicate that the drought was prominently hydrological, in agreement 244 

with the outstanding impacts in water resources (see Introduction). Dry conditions 245 

initiated in July 2016 (the 12-month SPEI equals zero in that month, indicating normal 246 

conditions on average over the whole domain for August 2015 - July 2016; Fig. 1a) and 247 

lasted one year, as shown by the steady decline in 12-month SPEI until July 2017 (the 248 

absolute minimum) and some recovery afterwards (Fig. 1e). These results indicate that 249 

the event can be categorized as a hydrological drought persisting from July 2016 to June 250 

2017 (Fig. 1c). The October 2015 – September 2016 (Fig. 1b) and October 2016 – 251 

September 2017 (Fig. 1d) hydrological years are also shown here for comparison 252 

purposes. We note that the October 2016 – September 2017 hydrological year yields 253 

weaker 12-month SPEI anomalies than the July 2016 - June 2017 period, therefore 254 

missing the dry spell in August-September 2016 (Fig. 1c,d).  255 

While the severity of the drought event varied in space and time, snapshots of the 12-256 

month SPEI reveal widespread dry conditions for all months of the analyzed period, 257 

without prominent regional events (not shown, but see Fig. 1a-d). The spatial pattern of 258 

12-month SPEI values in June 2017 indicates that the drought covered most of the 259 

continent (Figure 2a): 91.7% of the area of study presented negative SPEI values, 260 
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25.3% of which were record-breaking (with reference to 1979-2017). The drought 261 

episode was particularly severe over northern Iberia, some parts of Italy, France, 262 

Germany, the Benelux and northwestern Ireland (areas bounded by contour lines in Fig. 263 

2a).  264 

To put this event in perspective, we have represented the evolution of the accumulated 265 

1-month SPEI averaged over the land area displayed in Fig. 2 for the six July - June 12-266 

month periods with most severe droughts, together with the July 1981 - June 2010 267 

climatology, referred to hereafter as 1981-2010 climatology (Figure 3a). The July 2016 268 

- June 2017 period is the driest one, breaking previous SPEI records by a wide margin. 269 

Accumulated 1-month SPEI values were below -5 at the end of the period of study, 270 

whereas in the following driest years they were around -3, clearly marking the 271 

exceptionality of the event. Figure 3a shows that the drought was also outstanding in 272 

terms of persistence, with the accumulated values of almost all months in the period 273 

laying below the 10th percentile of the climatological distribution. To identify the short-274 

term periods that contributed the most to the long-lasting drought event, the monthly 275 

evolution of the 1-month SPEI is shown in Fig. 3c. The period of analysis is 276 

characterized by values lower than the 30th percentile (three months below the 10th 277 

percentile) of their climatological distribution, except for November 2016, February and 278 

March 2017. Although those three months displayed near-normal and even wet 279 

conditions, they were unable to overwhelm the dry conditions on longer time scales 280 

(Fig. 1e). Three main dry spells occurred during the drought event: August - September 281 

2016, December 2016 - January 2017 and April - June 2017.  For brevity, these periods 282 

will also be referred to as summer 2016, winter 2017 and spring 2017.  283 

The main difference with other European droughts (not shown) is that it affected a great 284 

range of latitudes, covering most of the area displayed in Fig. 2. In fact, individual 285 
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countries of northwestern/central and southern Europe, in particular France and, to a 286 

lesser extent, Spain or Germany, simultaneously registered record-breaking negative 287 

values of SPEI (Figure S1). To stress this unusual pattern, we have divided the area of 288 

study into two halves (north and south of 47.5° N, indicated by the dashed line in Fig. 289 

2a). These areas respectively represent northwestern/central Europe and southern 290 

Europe, but we will often refer to them as northern and southern sub-regions. The 12-291 

month SPEI has been averaged over both of them separately. This drought is 292 

outstanding in both areas, as it ranks as the first and second most severe 1-year drought 293 

event in the southern and northern sub-regions, respectively, in terms of negative SPEI 294 

values. The monthly evolution of the 12-month SPEI is also similar in these sub-regions 295 

(Figure S2). As the simultaneous occurrence of northern and southern droughts is 296 

uncommon in Europe, our results confirm the unusual spatial distribution of this event. 297 

A more detailed inspection of this unusual spatial distribution and the underlying causes 298 

requires an assessment of the atmospheric circulation, which is provided in the next 299 

section.       300 

 301 

4 Atmospheric circulation 302 

Figure 4a illustrates that the standardized anomalies of Z500 during the drought event 303 

were significantly positive at the 95% confidence level over most of the region, 304 

indicating an unusual recurrence and/or amplitude of high-pressure systems. Record-305 

breaking values are concentrated in an area encompassing Great Britain to the north and 306 

Iberia to the south, and extending eastward to Poland. This pattern is associated with an 307 

extreme weakening of the atmospheric circulation, as indicated by the persistent 308 

negative zonal wind speed anomalies found in the lower troposphere over the same 309 

domain and period (not shown). Different synoptic structures could have contributed to 310 
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the anomalously weak circulation over the area. In fact, similar analyses for each season 311 

of the 2016/2017 drought event reveal a variety of regional circulation patterns (Figure 312 

S3). With the possible exception of the dry spell in summer 2016, which featured an 313 

outstanding positive phase of the summer Northern Annular Mode (NAM, Ogi et al. 314 

2004), the large-scale modes of atmospheric variability did not display prominent 315 

seasonal anomalies for the driest periods of the event (not shown). These results stress 316 

the need for a regional assessment on a monthly basis. Previous studies have also 317 

reported that the atmospheric circulation patterns associated with severe European 318 

droughts vary across seasons and regions (Fleig et al. 2011) and among individual 319 

events (Schubert et al. 2016).  320 

To uncover the nature of the weather systems responsible for the conspicuous Z500 321 

anomalies, we first focus on the North Atlantic jet stream. Figure 5a illustrates the 322 

evolution of the monthly mean jet latitude during the drought event. Overall, the jet 323 

displayed substantial meridional displacements from its climatological position, and 324 

large intermonthly variability, with recurrent alternating shifts to northward and 325 

southward locations. Meridional excursions of the jet on monthly time-scales have been 326 

related to the occurrence of specific anomalous weather systems. In particular, high-327 

latitude blocks involve northward and more commonly southward shifts of the jet (e.g. 328 

Woollings et al. 2018), while subtropical ridges are more often associated with 329 

northward jet migrations (e.g. Sousa et al. 2018).  330 

Therefore, we next turn our attention to ridges and blocks. Figures 5b and 5c display the 331 

monthly frequencies of blocks and ridges during the drought event, together with their 332 

respective climatologies. Blocks exhibited high variability with monthly frequencies 333 

ranging from 0 to exceeding the 90th percentile. Excluding the summer months, when 334 

blocks are climatologically rare in the region, their monthly frequency was close to or 335 
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even above the 70th percentile throughout the rest of the period, with the exception of 336 

April 2017. On the other hand, ridges were consistently present over the region during 337 

the whole event, with seven months above the 70th percentile and record-breaking 338 

occurrence during August 2016. Although blocks and ridges were recurrent through the 339 

analyzed period, the former dominated the winter dry spell, and the latter were 340 

relatively more frequent during summer 2016 and spring 2017.  341 

Therefore, several weather systems were involved in the drought event and their 342 

distinctive latitudinal signatures further suggest different dynamics behind the dry 343 

conditions in the northern and southern sub-regions. To test this hypothesis (i.e. that 344 

blocks / ridges played a dominant role in northern / southern sub-regions), we have 345 

examined the driest months for each sector separately (Table S1). The months with 346 

prevailing southern European drought are considered as those with average 1-month 347 

SPEI below -0.55 only in the southern region (August 2016, April 2017 and June 2017), 348 

while the months with northwestern/central European drought are those with SPEI 349 

below that value only in the northern region (September 2016 and January 2017). Only 350 

two months (December 2016 and May 2017) show extreme drought conditions 351 

simultaneously in both sub-regions. Although in general drought severity was more 352 

pronounced over the northern (southern) sub-region in winter 2017 (summer 2016 and 353 

spring 2017), there are no successive months with severe drought in only one region, 354 

indicating that the event cannot simply be explained as the superposition of independent 355 

regional droughts.      356 

Figure 6a-c displays the Z500 anomalies (contour lines) and SPEI composites (shaded 357 

areas) for the months with extreme drought in northern, southern and both sub-regions, 358 

respectively. Note that, as there is considerable intermonthly variability in the 359 

atmospheric circulation over the Euro-Atlantic sector, the Z500 anomalies have first 360 
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been calculated with respect to the 1981-2010 climatology of each month and then 361 

averaged over the months considered. The results are similar if these anomalies are 362 

normalized by the inter-annual standard deviation of each month (not shown). Figure 6a 363 

reveals a typical blocking pattern for the months with northern drought, with the center 364 

of the positive Z500 anomalies north of 50° N. For the months with southern drought, 365 

the Z500 anomalies display a subtropical ridge pattern, but with the maximum positive 366 

anomalies slightly displaced northwards from its usual latitude (e.g. Sousa et al. 2018). 367 

The frequency of blocks (ridges) was over the 90th percentile of its climatological 368 

distribution for months with prevalent northern (southern) drought, as shown in Fig. 6d 369 

(Fig. 6e). Severe drought conditions occurring simultaneously in both regions were 370 

associated with positive Z500 anomalies over most of the continent, with their center 371 

too northerly for ridges and too southerly for blocks (Fig. 6c), in agreeement with an 372 

enhanced occurrence of (and/or transitions between) both systems (Fig. 6f). Some of 373 

these weather systems were record-breaking in persistence and/or intensity, triggerring 374 

other exceptional extremes such as the June 2017 mega-heatwave (Sánchez-Benítez et 375 

al. 2018).  376 

Therefore, drought severity in the southern region is well explained by the high 377 

frequency of subtropical ridges, while recurrent high-latitude blocks largely accounted 378 

for the drought conditions in the north. A detailed monthly analysis (Table S1) 379 

confirmed the link between drought severity in the northern (southern) region and high-380 

latitude blocks (subtropical ridges), with only few exceptions. The most prominent 381 

examples occurred in October 2016 and March 2017. In the former, the increased 382 

blocking frequency was not associated with anomalously negative SPEI values for the 383 

northern sub-region (Table S1) because the blocking center was displaced significantly 384 

northwards from its climatological location (Figure 7c), yielding positive Z500 385 
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anomalies over Scandinavia (Fig. 7a). On the other hand, March 2017 was characterized 386 

by increased frequencies of blocking and ridges, but comparatively weak negative SPEI 387 

values in the northern and southern sub-regions. This is explained by a highly transient 388 

and contrasting behavior during this month, characterized by weak subtropical ridges 389 

(Fig. 7d) and blocks, alternating with other patterns that displayed small positive Z500 390 

anomalies over the affected area (not shown). All in all, this resulted in relatively small 391 

monthly mean anomalies (Fig. 7b).  392 

As a consequence, the western European drought event largely resulted from an unusual 393 

alternating monthly sequence of subtropical ridges and high-latitude blocks, favoring 394 

drought conditions in the southern and northern sub-regions. Atmospheric dynamics is 395 

known to play a major role in extreme events, as it provides the immediate forcing for 396 

triggering near-surface anomalies. In particular, these weather regimes drive 397 

precipitation and temperature anomalies over large areas of Europe, as well as 398 

departures in other fields relevant for SPEI drought conditions, such as incoming 399 

sunshine radiation (Sousa et al. 2017, 2018). In the following section we disentangle the 400 

relative roles of precipitation and AED in the drought event.     401 

 402 

5 The roles of precipitation and AED 403 

5.1 Precipitation-related anomalies 404 

As a first approach to account for the contribution of precipitation anomalies to the 405 

drought event, we repeated the previous analyses for the SPEI presented in Figs. 2 and 406 

3, but using the SPI instead. The results indicate some appreciable differences. Firstly, 407 

despite the similar spatial distribution, overall the drought signal is reduced for the SPI 408 

(Fig. 2b). Although July 2016 - June 2017 remains as record-breaking in terms of SPI 409 
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through most of the 12-month period (Fig. 3b), the difference in the accumulated 1-410 

month SPI between June 2017 and the second driest year is not as large as found for the 411 

SPEI. The driest months of the drought are the same for SPI and SPEI, but their 412 

monthly anomalies diverge (Fig. 3, c and d). In particular, the SPI indicates remarkably 413 

wetter conditions than the SPEI in some of the warm months (e.g. September 2016 and 414 

June 2017) and relatively drier conditions in some cold months (e.g. December 2016). 415 

In spite of these differences, the results confirm an important role of precipitation in the 416 

SPEI when the entire region is considered. Note, however, that the SPI indicates drier 417 

conditions in the northern than in the southern half of the domain, as opposed to the 418 

SPEI, thus suggesting a larger contribution of precipitation deficits to the drought 419 

severity in northwestern/central Europe (Figs. 2a, b).  420 

To better understand the origin of the precipitation anomalies during the drought event, 421 

we analyzed the moisture loss over the target region (TR), herein defined as those areas 422 

with 12-month SPEI ≤ -1.65 (the regions bounded by contours in Fig. 2a). This 423 

threshold identifies regions where droughts of that severity would recur with a 424 

probability of 5%, i.e. once every 20 years. In addition, we have selected two additional 425 

boxes (Fig. 2a) of similar size but with different precipitation regimes and moisture 426 

sources. The southern box is located over the Iberian Peninsula (5.0°W - 2.5°W, 40°N - 427 

42°N) and the northern box comprises an area between France and Germany (4.0°E - 428 

6.5°E, 49°N - 51°N). The choice of these regions is further supported by the differences 429 

between their SPEI and SPI values, as the northern box displays drier conditions in the 430 

SPI than in the SPEI, while the opposite occurs for the southern one (Figs. 2a, b).  431 

We first determined the annual-mean climatological moisture sources for these three 432 

regions. The annual cycles of the moisture contribution from each source (in percentage 433 

with respect to total moisture from all sources) are shown in Figure S4. For all regions, 434 
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the oceanic moisture supply is higher than the continental one, and the Atlantic Ocean 435 

represents the dominant source. However, there are some differences between the small 436 

boxes, with the continental and Mediterranean (Atlantic) contribution being much 437 

higher in the southern (northern) box. As for the TR, the Atlantic Ocean accounts for 438 

more than 60% of the total moisture input, followed by the Mediterranean Sea, with 439 

climatological contributions below 15%. 440 

Figure 8 shows the accumulated monthly anomalies of |(E-P)i10<0| over the drought 441 

period for selected moisture sources of the three areas. Negative (positive) anomalies of 442 

|(E-P)i10<0| should be interpreted as a reduced (enhanced) moisture loss of the 443 

atmospheric column over the region of interest, as compared to climatology, i.e. 444 

precipitation deficit (surplus). The evolution of the accumulated 1-month SPEI averaged 445 

over each region is also shown in bars.  For the TR, the results indicate a marked 446 

reduction in the moisture supply from the Atlantic Ocean, with accumulated values at 447 

the end of the period as low as 67% of those expected from the climatology (blue 448 

squares in Fig. 8a). Most of the remaining sources also displayed an anomalous but 449 

much weaker decrease in their moisture input to TR. For example, the contribution of 450 

the Mediterranean (the second most important climatological source for TR) was around 451 

90% of its climatological value. Interestingly, the accumulated moisture anomalies from 452 

the Atlantic and their evolution are in good agreement with those of the 1-month SPEI 453 

averaged over TR (Fig. 8a, bars). For example, the largest deficit in moisture supply 454 

from the Atlantic occurred in December 2016, when the SPEI averaged over TR 455 

reached its minimum value. Actually, the Atlantic is the source with the largest 456 

correlation between the non-accumulated series of moisture anomalies and 1-month 457 

time scale SPEI during the drought period (r=0.69, p<0.02), stressing the major control 458 

of this source.   459 
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The Atlantic also played a dominant contribution to the moisture loss in the northern 460 

and southern boxes, but they displayed some remarkable differences. For the northern 461 

box, the Atlantic source experienced a dramatic reduction in moisture input of more 462 

than 60% when integrated over the period of analysis (Fig. 8b). This accounted for more 463 

than 95% of the net moisture anomalies in that region (not shown). On the other hand, 464 

the net Atlantic moisture supply to the southern box was 90% of that expected from the 465 

climatology (Fig. 8c) and the remaining sources are not able to explain the extreme 466 

SPEI in this region either (not shown). Indeed, the monthly evolution of SPEI during 467 

the drought does not follow that of the moisture anomalies for any source of the 468 

southern box, including the Atlantic one (Fig. 8c). There are several possible 469 

explanations for this lack of agreement. First, precipitation does not only depend on 470 

moisture availability (i.e. precipitable water) but also on the occurrence of favorable 471 

dynamical conditions triggering precipitation. Thus, the dynamics (e.g. the above 472 

reported recurrence of subtropical ridges) could have prevented precipitation in the 473 

region, as expected, despite the presence of available moisture. Second, moisture gains 474 

by enhanced evapotranspiration within the region could have partially offset the 475 

moisture losses associated with precipitation (recycling), which can be very relevant 476 

even on dry environments and conditions (Miralles et al., 2016).   477 

In summary, the drought severity in northwestern/central Europe is in agreement with 478 

the reported deficits in the moisture supply from the Atlantic, which are translated into 479 

precipitation decreases and stronger responses in the SPI therein. On the contrary, the 480 

dry conditions in the south are not fully explained by reduced supply from moisture 481 

sources. As the SPEI is controlled by both precipitation and AED, these results suggest 482 

a primary role of precipitation in the former region and of AED in the latter one.   483 

 484 
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5.2 AED-related anomalies 485 

The SPEI adds information about AED to the precipitation anomalies already accounted 486 

for by the SPI. As such, the difference between SPEI and SPI provides a rough estimate 487 

of the contribution of anomalies in the atmospheric evaporative demand (e.g. Stagge et 488 

al. 2017). This difference is shown in Fig. 2c for the drought event, displaying negative 489 

values over southern Europe (i.e. SPEI values considerably more negative than SPI 490 

values). In fact, the difference between the SPEI and SPI was record-breaking for Iberia 491 

and southern France (Fig. 2c), revealing a prominent role of enhanced AED in 492 

exacerbating the drought severity over southwestern Europe. Under the stable warm 493 

conditions associated with high-pressure systems (Section 4), AED was probably 494 

reinforced by land-atmosphere feedbacks via suppressed latent heat fluxes and enhanced 495 

sensible heat fluxes, contributing to exacerbating the drought, as suggested by previous 496 

studies (Seneviratne et al., 2010; Hirschi et al., 2011; Teuling, 2018).  497 

Since the atmospheric evaporative demand used for the calculation of the SPEI is 498 

affected by different components (temperature, wind, insolation, relative humidity), we 499 

have analyzed their standardized anomalies for the drought event. Temperature emerges 500 

as the variable with the largest anomalies, reaching record values for the period 1979-501 

2017 over a large area of Iberia (Fig. 4b) where the difference between SPEI and SPI is 502 

maximum (Fig. 2c). The standardized anomalies are not so high for the rest of SPEI 503 

components (not shown), but eventually important in some regions. It should be 504 

stressed that these components do not contribute equally to AED given the non-linear 505 

character of the FAO-56 Penman-Monteith equation and the differences in AED 506 

sensitivity to the atmospheric variables as a function of the climate conditions. This 507 

makes it difficult to quantify the role of each SPEI component from its observed 508 

anomalies.    509 
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Therefore, we have designed a partitioning approach to understand the role of the 510 

different evapotranspiration components in the severity of this drought. For each 511 

component, we have used its climatological values to recalculate the 12-month SPEI 512 

during the drought event. The contribution of a given component is defined as the 513 

difference between the actual SPEI and that inferred from the climatology. Figure 9 514 

summarizes the dominant component (i.e. the one with largest contribution to the 515 

negative SPEI during the drought event) for each grid point of the region. The results 516 

reveal that precipitation, mean temperature and sunshine duration were the SPEI 517 

components which contributed the most to the magnitude of the observed drought 518 

severity (see the separate contribution of each component in Figure S5). It must be 519 

stressed that in some areas, several components played an appreciable and similar role 520 

(stippling in Fig. 9). For instance, eastern Europe was mainly affected by increased 521 

mean temperature and sunshine duration, whereas the contribution of precipitation 522 

together with these two components was quite relevant in France and southern 523 

Scandinavia. Nevertheless, there is a clear spatial distribution for the dominant 524 

component. Precipitation was the main driver of drought severity over the west of the 525 

British Isles, the Benelux as well as large parts of France, Germany and Switzerland, in 526 

agreement with the results derived from the SPI (Fig. 2b). The drought in the 527 

northernmost part of the domain was mainly dominated by the radiative component 528 

(measured here by means of the sunshine duration). With the exception of Italy, 529 

temperature was the variable with the largest impact in southern Europe, including most 530 

of Iberia and southern France, as well as in some areas of eastern Europe. This stresses 531 

the key role of the thermodynamic component in the drought severity over southern 532 

Europe.  533 
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The fingerprint and varying influence of each component across Europe are in good 534 

agreement with the dynamical signatures described in Section 4. The key role of 535 

precipitation deficit and increased radiation in the drought severity over 536 

northwestern/central Europe is well explained by the enhanced occurrence of high-537 

latitude blocks, which divert the storm-tracks all year round, thus leading to clear skies 538 

and precipitation reductions beneath the blocking high (Sousa et al. 2017). Conversely, 539 

the blocking signal in temperature varies depending on the season and the 540 

characteristics of the block (Sousa et al. 2018). On the other hand, subtropical ridges are 541 

more transient than blocks and tend to occur in southern regions, where precipitation 542 

totals are scarce as compared to those in central Europe. As a consequence, their most 543 

striking signature is an outstanding localized increase in temperature irrespective of the 544 

season when they occur (Sousa et al. 2018), in agreement with a more decisive role of 545 

temperature anomalies in the southern drying.   546 

According to Stagge et al. (2017), the role of the AED in European droughts has 547 

increased since the 1980s and this trend is expected to continue, mostly due to global 548 

warming. In this context, we have assessed whether recent trends may have exacerbated 549 

this event. To do so, we have followed the analogue method, as described by Wilcox et 550 

al. (2017) and references therein. We first computed analogues of the atmospheric 551 

circulation over a region with significant circulation anomalies [20˚ W - 30˚ E, 40˚ N - 552 

65˚ N] for each day of the July 2016 - Jun 2017 period, by using daily Z500 anomalies 553 

from two separate sub-periods: 1948 - 1984 (P0, hereafter) and 1985 - 2018 (P1, 554 

excluding July 2016 - June 2017). Note that the NCEP/NCAR reanalysis (Kalnay et al., 555 

1996) was used for these analyses given that it covers a longer period than that of ERA-556 

Interim. The best 20 analogues of each day were selected based on the root mean square 557 

differences. From these flow analogues, we reconstructed the target variable for each 558 
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day between July 2016 and June 2017 by randomly picking one of the best 20 analogues 559 

of Z500 in the two sub-periods. Hence we simulated "uchronic" trajectories of the target 560 

variable for two sub-periods, both consistent with the atmospheric circulation that 561 

prevailed in 2016-2017. Those trajectories were then averaged over the period between 562 

July 2016 and June 2017. The process was repeated 10,000 times, allowing us to build 563 

the probability distributions of the target variable conditioned on the observed 564 

atmospheric circulation. By using flow analogues from different sub-periods, we can 565 

evaluate how the simulated target variable under present conditions (P1) would have 566 

been in the past (P0).  567 

Due to the lack of daily SPEI values, we used soil moisture content as the target 568 

variable, which is also affected by both precipitation and AED. Indeed, given Bouchet’s 569 

complementary relationship (Bouchet 1963; Brustaert and Parlange 1998), actual 570 

evapotranspiration (ETa) affects AED via the surface sensible and latent heat fluxes, 571 

which are strongly driven by soil water availability (Seneviratne et al., 2010; Teuling et 572 

al., 2013; Teuling, 2018). NCEP/NCAR daily volumetric soil water content at 0-10 cm 573 

below ground level was averaged for a region including Iberia and France [36˚ N - 52˚ 574 

N, 10˚ W - 8˚ E], where the effect of temperature and precipitation on SPEI was 575 

remarkable. Although this field has some biases, its long-term monthly variations have 576 

been verified to yield a reasonable phasing and are correlated to relevant atmospheric 577 

variables (Lu et al., 2005). Note also that we will not discuss the values of soil moisture 578 

per se, but the differences between two sub-periods.  579 

Figure 10 shows the resulting P0 and P1 probability distributions of regional volumetric 580 

soil moisture averaged over July 2016 - June 2017 and for the four seasons in that 581 

period (from July - September 2016 to April - May 2017). There is little overlap 582 

between the annual distributions for P0 and P1, with a significant decrease in soil 583 
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moisture from the past to the present period (black boxplots). As such, under similar 584 

atmospheric circulation, we can expect a stronger reduction in soil water content now 585 

than in the past (i.e. the atmospheric circulation observed during the drought event 586 

would have caused weaker soil water anomalies and a less severe drought in the past). 587 

This is in agreement with a decreasing trend in soil water content over that area for the 588 

1948 - 2018 reanalysis period. Since precipitation experiences large inter-annual 589 

variability over the region, the differences between sub-periods are better explained by 590 

temperature trends causing enhanced evapotranspiration and reduced soil water content. 591 

Indeed, the largest differences of soil moisture between the two sub-periods occur in 592 

summer (red boxplots) and spring (green boxplots), coinciding with the seasons of 593 

maximum warming trends (e.g. Stine et al. 2009, Cohen et al. 2012). 594 

 595 

6 Conclusions and Discussion 596 

We have analyzed the record-breaking drought that affected most of western Europe 597 

during the July 2016 - June 2017 period. We have used two indices to characterize this 598 

event. The standardized precipitation index (SPI) only considers precipitation, while the 599 

standardized precipitation-evapotranspiration index (SPEI) also takes into account the 600 

atmospheric evaporative demand (AED), following a robust physical approach based on 601 

the FAO-56 Penman-Monteith equation, which considers sunshine duration, 602 

temperature, surface wind speed and relative humidity as inputs. The main conclusions 603 

can be summarized as follows:  604 

- The analysis of the SPEI proves that this drought was outstanding in terms of 605 

magnitude and extension, arising as the most severe event in western Europe since at 606 
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least 1979. Such strong anomalies are not so evident from the SPI values, in particular 607 

for southern Europe. 608 

- Unlike previous droughts, which often occur either in the northwest/center or in the 609 

south of the continent, this event affected both, being the one with the first and second 610 

largest negative SPEI values averaged south and north of 47.5˚N, respectively, during 611 

the 1979 - 2017 period.  612 

- The record-breaking Z500 anomalies are the most relevant dynamical feature of this 613 

episode, indicating weakened zonal circulation and enhanced high-pressure systems 614 

during the whole episode. Further analyses reveal a concatenation of subtropical ridges 615 

and high-latitude blocks, which explained the unusual spatial distribution of this event. 616 

Overall, the former exacerbated the drought event in southern regions, whereas the latter 617 

contributed mostly to the dry conditions in northwestern/central Europe.  618 

- The drought was concurrent with a significant decrease in moisture transport from the 619 

Atlantic Ocean. The reduction in the moisture contribution from this source is also key 620 

to explaining the dry conditions in the northwestern/central European regions, where the 621 

SPI indicates drier conditions than the SPEI. This is in agreement with a leading role of 622 

decreased precipitation and enhanced sunshine duration (typical signatures of high-623 

latitude blocks) in the drought severity over northwestern/central Europe.  624 

- The anomalies in moisture supply cannot fully explain the dry conditions observed in 625 

southern European regions, suggesting a major role of AED in this area. This is also 626 

evidenced by the stronger sensitivity of the SPEI to capture the severity of the drought 627 

in the south. Further analyses have revealed that warm temperature anomalies, typically 628 

associated with subtropical ridges, were a major driver of the dry conditions there.  629 



27 

 

In summary, although drought conditions persisted over all western Europe during the 630 

2016/2017 episode, drying in southern (northern) sub-regions was to a large extent of 631 

thermodynamic (dynamic) origin. Overall, several mechanisms acted differently during 632 

the whole year to produce this record-breaking event, with higher relevance of the 633 

precipitation-related dynamics in central Europe and of AED in the south. We also 634 

show that recent trends, including those in temperature, have exacerbated the severity of 635 

the July 2016 - June 2017 drought event, and that the role of AED was key in hitting 636 

record values, at least in the south. The 2016/2017 drought episode could represent an 637 

example of future European droughts due to the enhanced role of thermodynamics 638 

(Fischer et al., 2007; Seneviratne et al., 2013; Teuling et al., 2013; Berg et al., 2016) in 639 

altering the typical north-south dipole pattern of droughts triggered by dynamical 640 

mechanisms (i.e. the NAO; Sherwood and Fu, 2014; Santos et al., 2016; Vicente-641 

Serrano et al., 2018). Still, our results indicate a key role of dynamics (high-latitude 642 

blocks and subtropical ridges) in driving the precipitation and temperature anomalies 643 

that controlled drought severity during the 2016/2017 drought. In this sense, future 644 

changes in the regional occurrence of high pressure systems are uncertain (e.g. 645 

Woollings et al. 2018 and references therein). More generally, the confidence in 646 

circulation-related aspects of climate change is low (Shepherd, 2014), due to the large 647 

amount of natural variability on regional scales and inherent model deficiencies (Deser 648 

et al. 2012; Christensen et al., 2013). The inter-model spread in future projections for 649 

the Euro-Atlantic region is partly explained by differences in Arctic and tropical 650 

warming among models and their competing effects in the eddy-driven jet (e.g. Zappa 651 

and Shepherd, 2017; Peings et al. 2018). Other important drivers of Euro-Atlantic 652 

circulation changes in model projections include the stratospheric polar vortex (e.g. 653 

Manzini et al. 2014) and North Atlantic SSTs (e.g. Woollings et al. 2012). These 654 
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uncertainties affect the projected changes in the likelihood of unusual, long-lasting 655 

sequences of weather systems, as those reported herein. Therefore, future studies should 656 

address the relative contribution of these drivers to regional dynamical changes that are 657 

relevant to European droughts. 658 
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Figures 944 

 945 

Figure 1. a-d) 12-month SPEI in: a) July 2016; b) September 2016; c) June 2017 and d) 946 

September 2017. Panels b) and d) represent the accumulated conditions for the 2016 947 

and 2017 hydrological years, respectively. Panel c) corresponds to the period of study, 948 

while panel a) roughly represents the previous year for comparison purposes. Stippling 949 

indicates regions with record-breaking values when compared with the period 1979 - 950 

2017. e) Monthly evolution of the SPEI averaged over the area of study shown in panels 951 

a-d) from January 2015 to August 2017 (x-axis) and for time scales ranging from 1-952 
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month (bottom row) to 12-month (top row). The t-month SPEI value of the month m 953 

represents the water imbalance for the period (m-t+1, m).   954 

 955 

Figure 2. a) SPEI; b) SPI and c) the difference between them for June 2017 with a 12-956 

month time scale. Stippling indicates regions with record-breaking values when 957 

compared with the period 1979 - 2017. The horizontal dashed line at 47.5° N marks the 958 

division between northwestern/central and southern Europe (also referred to as northern 959 

and southern sub-regions of the drought event). Areas bounded by contours in Figure 2a 960 
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correspond to regions with SPEI ≤ -1.65. These regions and those bounded by the two 961 

black squares have been selected for the analysis of moisture sources in Fig. 8. 962 

 963 

Figure 3. a, b) Mean evolution of the accumulated 1-month time scale a) SPEI and b) 964 

SPI averaged over the area displayed in Fig. 2a for the 12-month July - June periods of 965 

1981 - 2010 (boxes), and the six years with the most severe droughts in terms of these 966 

indices during the 1979 - 2017 period (colored lines). The lines represent the 967 

accumulated monthly value starting from the respective July. The boxes extend from the 968 

lower (Q1) to upper (Q3) quartiles, with a horizontal line indicating the median. The 969 

whiskers extend from the boxes to show the range of the data, from the 10th to 90th 970 

percentiles. c, d) Climatological (1981 - 2010) annual cycle of monthly c) SPEI and d) 971 

SPI averaged over western Europe, with the dark (light) shaded areas comprising the 972 

10th - 90th (30th - 70th) percentiles, and the median in between. The red lines represent 973 

the time series of monthly SPEI and SPI for the July 2016 - June 2017 period (left y-974 
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axis), and the bars show the differences of those monthly values with respect to their 975 

climatological means (right y-axis). 976 

 977 

Figure 4. Standardized anomalies (dimensionless) of a) 500 hPa geopotential height 978 

(Z500) and b) 2-m temperature during July 2016 - June 2017 with respect to the 979 

climatology (July 1981 - June 2010). Anomalies are shown only when they are 980 

significant at the 95% confidence level (two-tailed t test). Stippling indicates record 981 

breaking values for the 1979 - 2017 period. Data sources: ERA-Interim for Z500 and E-982 

OBS for 2-m temperature. 983 

  984 
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 985 

Figure 5. Climatological (1981 - 2010) annual cycle of a) the jet latitudinal position and 986 

the monthly frequencies of b) high-latitude blocks and c) subtropical ridges, with the 987 

dark (light) shaded areas comprising the 10th - 90th (30th - 70th) percentiles and the 988 

median in between. The red lines represent the time series of the monthly mean jet 989 

latitude and the monthly frequencies of blocks/ridges for July 2016 - June 2017. Green 990 

(yellow) shading is used to highlight the months with the most severe drought 991 

conditions, according to the SPEI, in the northern (southern) half of the region shown in 992 

Fig. 2a (see also Table S1). 993 
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 994 

Figure 6. a, b, c) Mean Z500 anomalies (m, contours) for the months with prevalent 995 

drought severity in a) northern (September 2016 and January 2017), b) southern 996 

(August 2016, April and June 2017) and c) both northern and southern (December 2016 997 

and May 2017) sub-regions. Anomalies are calculated with respect to the 1981 – 2010 998 

climatology of Z500 for such months. Shading displays the mean 1-month time scale 999 

SPEI for the same months. c, d, f) Average frequencies of ridges and blocks during the 1000 

months with prevalent drought severity in c) northern, d) southern and f) both northern 1001 

and southern regions (red dots). Boxplots show the frequency distribution for the same 1002 

months during the 1981 – 2010 period. The boxes extend from the lower (Q1) to upper 1003 

(Q3) quartiles, with a horizontal line indicating the median. The whiskers extend from 1004 

the boxes to show the range of the data, from the 10th to the 90th percentiles. 1005 
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 1006 

Figure 7. a, b) Monthly anomalies with respect to the 1981-2010 climatology of Z500 1007 

(m, lines) and monthly precipitation percentage of the 1981-2010 normals (colored 1008 

shading) for a) October 2016 and b) March 2017. Precipitation data come from GPCC 1009 

(Global Precipitation Climatology Centre) and are only shown for areas with 1010 

climatological monthly rainfall amounts above 20 mm. c, d) Synoptic conditions for c) 1011 

October 2016, d) March 2017. Contours depict the 1981 - 2010 climatology of Z500 1012 

(m) for days with c) blocks and d) ridges. Shading displays the mean Z500 anomalies 1013 

with respect to that climatology for days with such patterns during the mentioned 1014 

months. Stippling indicates regions where anomalies are statistically significant at the 1015 

95% confidence level (determined through a 1000-trial bootstrap resampling method). 1016 

  1017 
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 1018 

 1019 

Figure 8. Evolution of the accumulated monthly anomalies of |(E-P)i10<0| (in mm day-1020 

1) during July 2016 - June 2017 for a) the target region (TR, delimited colored regions 1021 

in Fig. 2a), b) northern European box and c) southern European box (Fig. 2a). Colored 1022 

symbols and lines respectively represent the different oceanic and continental moisture 1023 

sources of each region: TR (target region), AF (Northern Africa), EU (continental areas 1024 

over Europe), BS (Baltic Sea), NS (Nordic Seas), MS (Mediterranean Sea) and ATL 1025 

(Atlantic). Note that the TR sink is also detected as a moisture source. Bars indicate the 1026 



49 

 

corresponding evolution of the accumulated 1-month time scale SPEI averaged over the 1027 

given region.   1028 

 1029 

Figure 9. Map displaying the dominant component (shading) of the 12-month SPEI 1030 

value in June 2017, defined as the one with the largest difference between the actual 1031 

SPEI and the SPEI calculated with 1970 - 2010 climatological values of that 1032 

component. Dots indicate the grid points where the second largest component had an 1033 

appreciable contribution (SPEI difference below -1.0 and at least 70% of that for the 1034 

dominant component). Colors indicate the different components: daily-mean 1035 

temperature (TM), relative humidity (RH), sunshine duration (SD), wind speed (WS) 1036 

and precipitation (Prec).  1037 
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 1038 

Figure 10. Boxplots with the probability distributions of the daily mean volumetric soil 1039 

moisture content (dimensionless) within 0-10 cm below ground level, conditional on the 1040 

atmospheric circulation during July 2016 - June 2017. These have been calculated by 1041 

using atmospheric flow analogues from two sub-periods: 1948-1984 (P0) and 1985-1042 

2018, excluding the period of study (P1).  The boxes extend from the lower (Q1) to the 1043 

upper (Q3) quartile values of the data, with a horizontal line indicating the median. The 1044 

whiskers extend from the box to show the range of the data from (Q1-1.5·IQR) to (Q3 + 1045 

1.5·IQR), with IQR being the interquartile range. Outliers are shown with circles. The 1046 

wide black boxplots are for the entire year (July 2016 - June 2017). The colored 1047 

boxplots are for the seasons in that period (July-September 2016: red; October-1048 

December 2016: orange; January-March 2017: blue; April-June 2017: green). 1049 


