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ABSTRACT

Quantification of large-scale climate drivers of drought is necessary to understand better and manage these
spatially extensive and often prolonged natural hazards. Here, this issue is advanced at the continental scale for
Europe. Drought events are identified using two indices—the 6-month cumulative standardized precipitation and
standardized precipitation evapotranspiration indices (SPI-6 and SPEI-6, respectively)—both calculated using the
gridded Water and Global Change (WATCH) Forcing Dataset for 1958-2001. Correlation of monthly time series
of the percentage of European area in drought with geopotential height for 1958-2001 indicates that a weakening
of the prevailing westerly circulation is associated with drought onset. Such conditions are linked to variations in
the eastern Atlantic/western Russia (EA/WR) and North Atlantic Oscillation (NAO) atmospheric circulation
patterns. Event-based analysis of the most widespread European droughts reveals that a higher number are
identified by the SPEI-6 than the SPI-6, with SPEI-6 drought events showing a greater variety of spatial locations
and start dates. Atmospheric circulation drivers also vary between the two types of events, with EA/WR-type
variation associated most frequently with SPEI-6 drought, and the NAO associated with SPI-6. This distinction
reflects the sensitivity of these drought indices to the underlying drought type (meteorological water balance
versus precipitation, respectively) and associated differences in their timing and location (Europe-wide year
round versus northern Europe winter). As such, this study provides new insight into both the identification of
Europe-wide drought and patterns of large-scale climate variation associated with two different drought indices.
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1. Introduction

Droughts are a recurrent natural hazard, character-
ized by below natural water availability (Tallaksen and
van Lanen 2004) with widespread environmental and
societal consequences (e.g., Ji and Peters 2003; Monk
et al. 2008; Tsakiris et al. 2010; Vicente-Serrano et al.
2012; Haslinger et al. 2014). Much attention has been
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given to the identification of past and potential future
trends in drought events; this has also been the subject of
some debate. For example, reports of increases in the
severity and/or magnitude of droughts in recent decades
(e.g., Dai 2013) have been questioned by others (e.g.,
Seneviratne 2012; Sheffield et al. 2012a). Despite the
uncertainty over recent trends, it seems accepted widely
that with a more intense hydrological cycle under cli-
mate change (Held and Soden 2006), increased drought
occurrence is probable (Sheffield and Wood 2008), with
increased magnitude of drought events particularly in
more arid regions such as southern Europe (Orlowsky
and Seneviratne 2013).

Given the likelihood of increased drought hazard and the
need to mitigate drought impacts, improved understanding
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of the controls on drought occurrence is vital. Such
knowledge is critical to enable improved detection and
prediction of drought onset. Previous studies have
sought to establish the atmospheric controls on drought
occurrence at the European (or sub-European) scale,
for both meteorological and streamflow drought in-
dicators. Several researchers have focused on the role of
atmospheric circulation patterns, such as the North At-
lantic Oscillation (NAO). For example, Lopez-Moreno
and Vicente-Serrano (2008) investigated the European
scale response of the 12-month standardized precipitation
index (SPI) to the NAO and found opposing NAO-SPI
relationships between northern and southern Europe
(positive relationship in the north; inverse relationship
in the south). Similar results were obtained using a re-
gionalized SPI for Europe (Hannaford et al. 2011). Al-
though most studies focus on the role of the NAO
during winter, the summer NAO (Folland et al. 2009)
has been linked also to European-scale drought varia-
tion (Linderholm et al. 2009), defined in this instance
using the Palmer drought severity index (PDSI). As with
the studies of L6pez-Moreno and Vicente-Serrano (2008)
and Hannaford et al. (2011), a dipolar influence of the
summer NAO on meteorological drought was found
between northern and southern Europe. The NAO was
also identified as an important driver of hydrological
drought events across Europe by Parry et al. (2012).

The key role of the NAO for drought occurrence is
unsurprising given that it is the primary mode of atmo-
spheric circulation in the extratropical Northern Hemi-
sphere, and in particular the North Atlantic region
(Barnston and Livezey 1987). However, there remains
uncertainty over the connections in the process cascade
that link such large-scale climate diagnostics to large-
scale atmospheric variation and, in turn, precipitation
deficits. For example, although van der Schrier et al.
(2006) showed strong regional correlation between the
NAO and PDSI across Europe, this correlation did not
map clearly onto the leading spatial modes of variability
identified in the PDSI. Similarly, Bordi and Sutera
(2001) identified one of the leading modes of the
Europe-wide 24-month SPI to be similar in spatial pat-
tern to the NAO, but not in terms of time series variation.
Complexities in NAO-hydrological drought relationships
have also been identified. For example, the event-based
analysis of Parry et al. (2012) showed that the 1995-97
European drought was associated with a positive, fol-
lowed by a negative, NAO state. Furthermore, the 1975/
76 event, one of the most severe European droughts on
record, was found to have only a weak connection to the
NAO (Parry et al. 2012).

In part, the lack of clarity in NAO-drought relation-
ships is linked to the limitations of correlation-based
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analysis using fixed-point NAO indices, rather than
gridded circulation data over the study domain. Al-
though circulation pattern indices are powerful poten-
tial descriptors of large-scale climate variation, it is not
always straightforward to understand the subtleties of
the connection between a circulation index and physical
climate dynamics (Kingston et al. 2006). Reflecting this
complexity, connections between circulation indices,
local climate, hydrological variation (including drought)
are often more complex than can be described ade-
quately through index-based approaches—as demon-
strated by analyses based on gridded climate fields (e.g.,
Kingston et al. 2009, 2013; Lavers et al. 2010, 2013; Parry
et al. 2012). Furthermore, circulation patterns other
than the NAO have been shown to be influential for
European-scale drought, notably the Scandinavian (SCAN)
and eastern Atlantic/western Russia (EA/WR) patterns
(Hannaford et al. 2011; Parry et al. 2012). Indeed, the
SCAN pattern has been shown to modulate the char-
acteristic climate signal of the NAO (Comas-Bru and
McDermott 2014). Despite their apparent influence on
European climate, the role of these other circulation
patterns has gained relatively little attention in com-
parison to the NAO. It may be hypothesized that the
influence of other circulation patterns may be a con-
tributing factor to the varied results of previous studies
of NAO-European drought relationships.

A further potential source of uncertainty in atmo-
spheric circulation—drought relationships is related to
the method used to identify drought. Different drought
indices are sensitive to drought development over varying
time scales and to drought in different parts of the
atmosphere—land surface system (e.g., meteorological, soil
moisture, or hydrological drought). For example, the
SPI may be calculated at multiple temporal resolutions
(i.e., it is multiscalar) and is comparable across different
climate zones because it is normalized relative to local
climatology. However, it is based on precipitation only
and so ignores both the evaporation component of the
climatic water balance and terrestrial stores and fluxes.
The more recently proposed standardized precipitation
evapotranspiration index (SPEI; Vicente-Serrano et al.
2010) is formulated following the same statistical
method as the SPI; but it is based on climatic water
balance, defined as precipitation minus potential evapo-
transpiration. Climatic water balance, as defined origi-
nally by Thornthwaite (1948), has been used as an index
of climate change (Crimmins et al. 2011) and can be used
for drought monitoring. By calculating accumulated cli-
matic water balance deficit, the SPEI may provide in-
formation on soil moisture and hydrological droughts,
too. However, such information remains approximate
owing to the reliance on potential evapotranspiration,



15 JANUARY 2015

which by definition does not account for terrestrial
limiting conditions (i.e., available water). Notwith-
standing this limitation, the SPEI can be viewed as
a pragmatic measure based on the commonly used cli-
mate water balance simplification that incorporates the
effects of increased air temperature or heat waves, while
avoiding the need for extensive soil and land cover data
used for the full terrestrial water balance modeling. A
third commonly used drought index is the PDSI, which is
based on precipitation and potential evaporation in com-
bination with a simplistic soil moisture routine (Palmer
1965). However, a series of problems have been identi-
fied with the PDSI associated with its fixed time scale
and the difficulty of application across different phys-
iographic environments (Alley 1984; Guttman 1998;
Seneviratne 2012). So, while the PDSI and SPEI both
add a terrestrial dimension to estimates of water avail-
ability, their varying data requirements and underlying
assumptions result in different indices. In combina-
tion with the sole focus of the SPI on precipitation, it
is not surprising that analyses based on these three
indices have resulted in varying relationships with
atmospheric circulation patterns. Because a compre-
hensive mathematical definition of drought is im-
practical (Lloyd-Hughes 2014), it is important to
understand what a particular drought index is mea-
suring when attempting to assess links with atmo-
spheric circulation.

Given the above research gaps, there is a clear need
for improved understanding of atmospheric circulation
drivers of European-scale meteorological drought, and
of the sensitivity of such drivers to the way in which
drought is characterized. The analyses presented here
address this research gap by identifying European-scale
droughts and investigating the relationship between
drought events and large-scale atmospheric circulation.
These aims are achieved as follows: 1) the SPT and SPEI
are used to identify precipitation and meteorological
droughts, respectively; 2) the correlation of the percent
area in drought based on the two drought indices with
large-scale atmospheric fields over the whole study pe-
riod (1958-2001) is investigated; and 3) meteorological
variation associated with the onset of individual large-
scale drought events is studied. The correlation analysis
provides a more detailed evaluation of the processes
linking large-scale atmospheric variation to European
meteorological drought occurrence than has been pre-
sented before. Meanwhile, the event-based approach
provides additional information on the causes of initia-
tion of the most widespread European drought events,
and the extent to which these vary from the general
relationships identified by the first approach. The man-
uscript is structured as follows: section 2 presents the
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data and methods used; section 3 the results, which
are then discussed in section 4. Section 5 presents the
conclusions.

2. Data and methods
a. Data and drought indices

A monthly time series of the percentage area of
Europe in drought was developed using the Water and
Global Change (WATCH) Forcing Dataset (WFD;
Weedon et al. 2010), a bias-corrected version of the 40-yr
European Centre for Medium-Range Weather Fore-
casts (ECMWF) Re-Analysis (ERA-40) dataset cover-
ing the period January 1958-December 2001 with a
0.5° X 0.5° grid resolution. The underlying ER A-40 dataset
has been used widely for investigating global climatic
changes through the twentieth century (e.g., Déry and
Wood 2005; Gedney et al. 2006; Simmons et al. 2004).
Bias correction of the WFD is based on the University
of East Anglia Climatic Research Unit (CRU) global
0.5° monthly time series, version 2.1 (CRU TS 2.1;
Mitchell and Jones 2005) and the Global Precipitation
Climatology Centre version 4 (GPCC v4; Schneider
et al. 2008) observations, with temperature corrections
for elevation, monthly average, and diurnal tempera-
ture range. Bias correction for precipitation includes
number of wet days, gauge catch corrections, monthly
totals, and the ratio of rainfall: snowfall. Validation of the
WFD with FLUXNET stations (Weedon et al. 2010)
shows satisfactory agreement for subdaily variations,
but very good agreement with monthly observations
for temperature and precipitation. The European do-
main is defined here as the region between 34°-72°N
and 13°W-32°E, resulting in 3950 land grid cells of
the University of East Anglia CRU land surface
mask.

Drought is defined for each grid cell using the SPI and
SPEI normalized for that cell. The SPI, outlined by
McKee et al. (1993) and Guttman (1999), measures
normalized anomalies in precipitation accumulated over
a given number of months. The SPEI (Vicente-Serrano
et al. 2010) uses the same technique to describe anom-
alies, but for the climatic water balance (precipitation
minus potential evapotranspiration). The SPI has been rec-
ommended by several government organizations as a key
drought indicator (World Meteorological Organization
2006; Hayes et al. 2011) to examine historical character-
istics of drought (Lloyd-Hughes and Saunders 2002), to
identify links with atmospheric conditions (Hannaford
et al. 2011; Bordi and Sutera 2001), and to monitor
progression of drought in real time (Hayes et al. 1999;
Quiring 2009). The more recently developed SPEI
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(Vicente-Serrano et al. 2010) has yet to be applied
widely, but in theory provides a more comprehensive
description of water availability than the SPI.

The SPI (SPEI) is computed by summing pre-
cipitation (precipitation minus potential evapotranspi-
ration) over k months, termed the accumulation period,
and fitting the accumulated values to a parametric sta-
tistical distribution from which nonexceedence proba-
bilities may be transformed to the standard normal
distribution (u = 0, ¢ = 1) (Guttman 1999; McKee et al.
1993). Hence, SPI (SPEI) values represent the number
of standard deviations from typical accumulated pre-
cipitation (climatic water balance) for the location and
temporal resolution of calculation (i.e., 0.5° grid cell and
monthly resolution in this instance).

The SPI and SPEI datasets were generated following
the methodology outlined in Stagge et al. (2014, man-
uscript submitted to Int. J. Climatol.), using a 6-month
accumulation period (SPI-6 and SPEI-6) and the rec-
ommended two-parameter gamma and generalized
extreme value (GEV) distributions to normalize SPI
and SPEI values, respectively. Potential evapotrans-
piration was derived using the Food and Agriculture
Organization (FAO-56) Penman-Monteith equation
with the Hargraves—Samani simplification for net ra-
diation (Hargreaves and Samani 1985), as described in
Allen et al. (1998) and Stagge et al. (2014). Index values
were normalized relative to the WMO standard period
1970-99, and limited to the range from —3 to 3 to en-
sure reasonableness. This range was set one standard
deviation beyond the limits of the historical data series,
corresponding to a return period of approximately
700yr, at the far reaches of reasonable extreme hy-
drological event analyses. A 6-month accumulation
period was selected following comparison with other
accumulation periods (1, 3, 9, and 12 months). Use of
a 6-month period is considered reasonable in terms of
physical processes, as it represents a typical seasonal
drought within Europe, capturing both ‘‘classical
rainfall deficit droughts’ in summer and ‘‘snow-based
droughts” in winter (Van Loon and Van Lanen 2012).
In addition, the 6-month accumulation period is well
correlated with hydrological droughts in both rapidly
recharging headwaters and more hydrologically buff-
ered lowland basins (Lopez-Moreno et al. 2013).
Monthly SPI-6 and SPEI-6 values below —0.84 (cor-
responding to a 20% nonexceedence frequency) were
taken as indicative of drought conditions. The 20%
nonexceedance level was selected, similar to previous
studies (Tallaksen and Stahl 2014; Sheffield et al.
2012b), as a compromise between retaining enough
events for a robust analysis and ensuring those events
are deemed extreme.
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b. Atmospheric circulation—-drought analyses

Relationships between atmospheric circulation and
the percent area in drought based on SPI-6 and SPEI-6
were explored using correlation analysis. As the SPI-6
and SPEI-6 are based on precipitation and climatic
water balance, respectively, accumulated over a 6-month
period, these indices were correlated with meteorological
fields averaged over the same 6-month accumulation
period (e.g., May SPI-6 was correlated with December—
May mean climate fields). Meteorological fields
chosen as possible drivers of drought were 500- and
1000-hPa geopotential height and wind vector, all
sourced from the ERA-40 dataset (following Kingston
et al. 2007, 2013).

In addition to the general relationship between the
percentage of Europe experiencing climatic water bal-
ance drought and atmospheric circulation, individual
major widespread drought and their atmospheric drivers
were investigated. Unlike correlation analysis, which
relates a continuous time series of area in drought and
associated meteorological drivers, this analysis focuses
on the onset of exceptionally widespread drought
events, analyzing only the 6-month period preceding the
onset of a small subset of major SPI-6 or SPEI-6 drought
events. Here, a major widespread drought event was
defined as a multimonth event where >40% of the Eu-
ropean land surface area had SPI/SPEI values below
—0.84 for at least two consecutive months, or two
months where >40% of Europe had SPI/SPEI values
below —0.84 separated by no more than one <40%
month. Sensitivity to variation (*+5%) in the spatial
threshold of 40% was investigated; although the number
of drought events changed, the atmospheric circulation
drivers of drought differed little.

The event-based approach is adopted to permit
analysis of the full range of atmospheric conditions
leading to the onset of the most extreme drought events
in terms of spatial coverage, and to determine the extent
to which such conditions vary between events and the
more general time series relationships identified by the
correlation analysis. Individual extreme events, rather
than composites of extreme events, are analyzed as the
generation of composites may provide an unrealistic
indication of the drivers of meteorological drought given
the multiple drivers of European drought identified
previously (e.g., Parry et al. 2012). Event-based analysis
is a useful approach because it allows for consideration
of the location of areas in drought, information that is
not considered in the area-based correlation analysis
described above. For example, the dominant drivers of
drought may vary between different regions of Europe
(e.g., Fleig et al. 2011; Kingston et al. 2013). To maintain
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FIG. 1. Correlation of May SPI-6 with December-May mean
500-hPa geopotential height.

consistency with the correlation analysis, the climate
conditions are examined for the 6-month period over
which the extreme (area in drought >40%) SPI-6 and
SPEI-6 drought events are initiated.

3. Results
a. Correlation with meteorological fields

Correlation of percent area in drought for both the
SPI-6 and SPEI-6 indices with 6-month mean 500-hPa
geopotential height and sea level pressure indicates
relationships between European drought extent and
hemispheric-scale atmospheric circulation. Statistically
significant correlation occurs in every month of the year;
but correlation is strongest for the SPI-6 and SPEI-6
from March to June. The spatial pattern of correlation is
virtually identical for the SPI-6 and SPEI-6, and forms
a meridionally orientated dipole over the eastern North
Atlantic/western Europe, with positive correlations
centered over southern Scandinavia, and negative cor-
relations centered to the southwest of the Iberian Pen-
insula near the position of the Azores high (exemplified
in Fig. 1 for the SPI-6). These results indicate a weaker
meridional pressure gradient over western Europe
during drought events. This change in circulation is re-
inforced by the pattern of correlation between the
drought indices and the zonal and meridional compo-
nents of the 500-hPa wind field (Fig. 2), which shows an
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inverse relationship between the area in drought and the
strength of the westerly circulation.

When the pattern of correlation between SPI-6 and
SPEI-6 and geopotential height is considered at the
hemispheric scale, additional negative correlation cen-
ters are apparent over the Caspian/Aral Sea region of
Eurasia and the Canadian Arctic (Fig. 1), primarily from
March to June. Combined with the pattern of changes in
the zonal and meridional components of wind (Fig. 2),
these correlation centers suggest a large-scale modifi-
cation in the nature of hemispheric circulation associ-
ated with drought development in Europe.

As an aid to interpretation of the spatial pattern of
correlation centers, time series of the SPI-6 and SPEI-6
are correlated with circulation pattern indices whose
spatial expression resembles Fig. 2, that is, the NAO,
EA/WR, and SCAN (Table 1). Other leading Northern
Hemisphere circulation pattern indices (as defined by
Barnston and Livezey 1987) were also considered, but
with no statistically significant relationships identified.
The SPI-6 is correlated moderately with the EA/WR
pattern (coefficient of 0.33), and weakly with the NAO
and SCAN patterns. The SPEI-6 is correlated moder-
ately with the NAO (0.30), weakly with the EA/WR, but
not with the SCAN.

b. Meteorological control of widespread drought
events

In total, six SPI-6 drought events were identified
within the 1958-2001 time period that covered >40% of
the European continent for a multimonth period (Fig. 3,
Table 2). Notably, four of these events begin in March
(i.e., indicating precipitation deficits from October to
March). A higher number of widespread multimonth
SPEI-6 events occur (i.e., eight; Fig. 3 and Table 2).
There are two major SPI-6 drought events that are not
SPEI-6 events, whereas there are four SPEI-6 events
that are not SPI-6 events. In contrast to the major SPI-6
events, there is little consistency in the month of onset of
major SPEI-6 events.

As might be expected for individual observations
compared to summary statistics, the atmospheric circu-
lation drivers for individual SPI-6 and SPEI-6 drought
events display some variability from the spatial corre-
lation of the drought indices with climate fields (i.e.,
section 3a; Fig. 1). Specifically, there are two typical
patterns of atmospheric circulation anomalies evident in
the six months over which the major SPI-6 and SPEI-6
drought events develop. The first pattern (referred to
hereafter as the “dipole pattern’) comprises a near
meridionally orientated dipole of geopotential height
anomalies in the mid- to eastern Atlantic, with the
positive anomaly center to the north and the negative
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FIG. 2. Correlation of May SPI-6 with December-May mean 500-hPa (a) meridional and
(b) zonal wind.

center to the south (as exemplified in Fig. 4a). As such,
these anomalies have some similarity to the spatial
correlation analysis results (Fig. 1) as they show drought
to be associated with a relatively weak geopotential
height Atlantic dipole (Fig. 4b) in comparison to the
long-term average (Fig. 4c). The 1963, 1964, and 1995/96
droughts can be classified as dipole-driven events (Table 2).
The remaining drought events (Table 2) are instead
associated with a large positive geopotential height
anomaly centered over western Europe (Fig. 5a). The
pressure and wind fields associated with this anomaly
demonstrate that these changes are associated with an
Azores high that extends farther north and east than its
climatological average (Figs. 5b,c). As such, this second
pattern is referred to hereafter as the “Azores high
pattern.” In turn, a weaker westerly circulation over
Europe (Fig. 5b) compared to the long-term average

(Fig. 5c) is observed. Over larger spatial scales, this
anomaly sometimes forms part of a wider zonal pattern
of positive and negative anomalies across from the At-
lantic to Eurasia. In this respect, the Azores high pattern
also displays some similarity to the spatial correlation
analysis results (Fig. 1).

The two general patterns of geopotential height
anomalies described above can be related to different

TABLE 1. Correlation coefficients between the percent area in
drought (SPI-6 and SPEI-6) and various circulation pattern indices.
Only coefficients significant at p < 0.05 are given.

Circulation pattern SPI-6 SPEI-6
NAO 0.18 0.30
EA/WR 0.33 0.19
SCAN 0.11 —
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FI1G. 3. Time series of the proportion of European land area in drought based on the SPI-6 and SPEI-6 indices.

spatial patterns of drought occurrence. Meridional dipole-
driven droughts are associated with drought focused in
northern Europe, typically extending from Britain to the
eastern limit of Europe (e.g., 1963, Fig. 6a). The spatial
pattern of drought associated with the stronger Azores
high varies depending on the exact position of the positive
height anomaly; but it is typically less focused in northern
Europe than dipole-driven droughts and so also includes
the Iberian and Mediterranean regions of Europe (e.g.,
1976, Fig. 6b). Notably, Azores high-driven Europe-wide
droughts comprise the greatest proportion of SPEI-6
drought events, including several events not identified by
the SPI (Table 2).

4. Discussion

Overall, the results indicate a series of patterns of large-
scale climate variation that are physically consistent with

the spatial extent of European drought and with the
onset of major European drought events. Considering
only the proportion of the European land surface area in
drought at any given time (and regardless of the exact
location of drought), year-round links to atmospheric
circulation occur in the form of centers of correlation in
the Canadian Arctic, eastern Atlantic, and Eurasia
(Fig. 1). As evidenced by the associated changes in the
wind field (Fig. 2), these correlation centers appear
physically consistent with the changes in precipitation
delivery mechanisms (i.e., reduced incidence of moist
maritime Atlantic weather systems) that may be ex-
pected to lead to precipitation deficits and excess
evaporation.

The spatial pattern of opposing correlation centers from
northern Europe into Eurasia (Fig. 1) is similar to the
centers of action of the EA/WR atmospheric circulation
pattern (Barnston and Livezey 1987). The direction of the

TABLE 2. Timing and driver of major multimonth European SPEI-6 and SPI-6 droughts (where driver is determined by the mean 500-hPa
geopotential height field over the 6-month period of drought development).

Timing

SPEI-6 SPI-6 Driver
July-November 1959 July and September—-November 1959 Azores high

— March-May 1963 Dipole

February-June 1964 March—June 1964 Dipole
— December-March 1971/72 Azores high
December 1975, February—-March and June—-August 1976 March-October 1976 Azores high
November-December 1983 — Azores high
February-June 1989 — Azores high
March-August 1990 — Azores high
July-December 1994 — Azores high

December—January 1995/96 and March—April 1996 March-May 1996 Dipole
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correlation indicates that a positive EA/WR is associ-
ated with drought. The positive phase of this pattern is
associated with above-average temperatures and below-
average precipitation in western and central Europe,
due to a weaker maritime influence on climate—as in-
dicated by Figs. 1 and 2, and previous studies (Krichak
and Alpert 2005; Climate Prediction Center 2013). As
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F1G. 5. Exemplar geopotential height and wind fields for Azores
high-driven drought: (a) October-March 500-hPa geopotential
height anomaly for 1975/76, (b) October—-March 1000-hPa geo-
potential height and wind field for 1975/76, and (c) October-March
1958-2001 mean 1000-hPa geopotential height and wind field.

such, the apparent link to the EA/WR is physically
consistent with the development of drought conditions
as recorded by the SPI-6 and SPEI-6. Furthermore,
previous studies have highlighted the importance of this
circulation pattern for European rainfall (Krichak and
Alpert 2005) and for individual European drought
events (Hannaford et al. 2011; Parry et al. 2012).
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F1G. 6. Exemplar spatial patterns of drought for (a) dipole-driven
and (b) Azores high—driven drought.
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In addition to the similarity of the correlation pattern
in Fig. 1 to the EA/WR signature in geopotential height,
the opposing correlation centers between northern Europe
and the Azores region strongly suggest the influence of
the NAO. The sign of these correlation centers indicate
a negative NAO is associated with European drought,
which corresponds to the findings of previous studies as
discussed in the introduction.

The spatial correlation patterns displayed in Fig. 1
(and so the apparent relationship between drought and
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the EA/WR and NAO) are strongest from March to June,
indicating precipitation or meteorological water balance
deficits from October to June. The increased strength of
this link during the winter half-year is likely to be associ-
ated with the greater spatial coherence in large-scale at-
mospheric circulation during the winter half-year making
large-scale atmospheric circulation patterns generally
stronger and easily distinguished at this time of year.

Despite the similarity of the spatial patterns of cor-
relation presented in Figs. 1 and 2 to those associated
with the EA/WR and NAO, correlation of the SPI-6 and
SPEI-6 time series with the EA/WR and NAO is weak
(although statistically significant; Table 1). A possible
interpretation of this seeming contradiction is that the
principal component analysis (PCA)-based EA/WR and
NAO indices are imperfect descriptors of variation in
these circulation patterns (as noted previously for the
NAO; Kingston et al. 2006), and of relationships be-
tween these circulation patterns. For example, accord-
ing to the PCA definition of these patterns the NAO and
EA/WR time series are statistically independent, yet it
has also been shown previously that circulation patterns in
this region are not independent of each other (Comas-Bru
and McDermott 2014). The combination of the EA/WR
and NAO (and SCAN for the SPI-6) in a stepwise re-
gression to predict the SPI-6 or SPEI-6 does result in
higher predictive power, but the increase in the R? value
for the resultant multiple regressions is relatively small
(from 0.09 to 0.11 for the SPEI-6 and from 0.11 to 0.14
for the SPI-6). The small increase in shared variation
further suggests some similarity in terms of drivers of
European drought between the three circulation pat-
terns. However, the disparity between the strength of
the spatial versus time series correlation statistics re-
mains a matter for further research.

Results from the analysis of meteorological conditions
associated with the onset of individual major European
drought events permit some distinction to be made be-
tween the apparent influence of the EA/WR and NAO
circulation patterns on European drought, and in par-
ticular drought onset. Specifically, the dipole pattern of
geopotential height anomalies associated with drought
onset resembles the NAO atmospheric circulation pat-
tern, and the Azores high pattern resembles the spatial
signature of EA/WR. As noted in the results, the Azores
high pattern is more frequently associated with SPEI-6
drought events. However, Table 1 indicates that the
SPEI-6 is better correlated with the NAO in comparison
to EA/WR. This apparent contradiction may be because
the correlations are based on the entire time series of
percent area in drought, while the event-based analysis
focuses only on the subset of events with the most spa-
tially extensive drought.
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This variation in atmospheric drivers of the onset of
individual major drought events, and variation in at-
mospheric drivers of SPEI-6 versus SPI-6 events, may be
explained partially by differences in the drought loca-
tion and the type of drought that is being measured. For
example, it is shown that the dipole pattern (i.e., NAO)
is associated primarily with drought conditions in north-
ern Europe, whereas Azores high—driven (i.e., EA/WR)
droughts are more variable and widespread in location
(Figs. 4-6). This difference in location of drought oc-
currence is consistent with the climatological implica-
tions of a geopotential height dipole such as that in Fig. 4,
which would be expected to result in opposing pre-
cipitation anomalies over northern and southern Europe
(e.g., Lavers et al. 2013).

In addition to spatial variation in the impacts of spe-
cific circulation patterns, there are different climatic
causes of drought onset such as rainfall deficits and high
evapotranspiration losses, which can help to explain the
difference in drought forcing patterns between SPI and
SPEI events. The choice of drought index defines the
type of drought event measured (Lloyd-Hughes 2014);
therefore, it follows that the specific atmospheric drivers
may differ. Dipole-driven droughts are captured by both
the SPI and SPEI, but there are no SPEI-only droughts
caused by the dipole pattern. With such a small sample
size it is not possible to be definitive, but this result may
indicate that dipole (and so SPI) droughts are associated
primarily with precipitation deficits rather than exces-
sive evapotranspiration. This is physically consistent
given the northern European location of the dipole
droughts, the onset of most of these events following
water deficits over the winter half-year and the relatively
cool and wet climate experienced in this region at this
time of year (potential evapotranspiration will be small,
similar to actual losses).

Given the different immediate causes of drought (i.e.,
precipitation versus climatic water balance deficit), the
SPEI is likely to be preferable to the SPI as a meteoro-
logical drought indicator in southern Europe or in lo-
cations where abnormally high evapotranspiration may
drive soil moisture or hydrological droughts. The in-
clusion of 1990 and 1994 as drought events by the SPEI
and not the SPT highlights the improved climatic water
deficit detection capability of the SPEI in southern
Europe, as the period between 1990 and 1995 is con-
sidered one of the driest in the century for the Iberian
Peninsula (Sheffield et al. 2012a) and produced severe
drought impacts across the Mediterranean region
(Llamas 2000). Despite this capability, because of the
SPETI’s dependence on potential evapotranspiration it
should always be viewed as a measure of accumulated
climatic water balance which only approximates the true
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terrestrial water balance. In contrast, both indices (SPI
and SPEI) are equally effective in identifying climatic
water deficits (and so drought) in the cooler northern
regions of Europe.

5. Conclusions

This study has presented two time series of European
drought extent based on two meteorological drought
indices: the SPI and SPEI. A series of physically con-
sistent atmospheric circulation controls on drought
events at the European spatial scale has also been
revealed. A combination of the NAO and EA/WR cir-
culation patterns are found to be the most important
drivers of the proportion of European land area
experiencing drought on a monthly time scale.

Controls on the onset of individual drought events
vary according to the location of drought within Europe,
emphasizing the importance of the additional informa-
tion provided by the event-based approach. Notably, the
most widespread multimonth drought events fall rela-
tively neatly into two categories in terms of spatial extent
and atmospheric circulation drivers. Typically, the onset
of major droughts centered in northern Europe is asso-
ciated with an Atlantic meridional dipole circulation
anomaly resembling the NAO. Initiation of major
droughts that are centered elsewhere in Europe are as-
sociated primarily by a northeastward expansion of the
Azores high and associated anomalies that resemble the
EA/WR. Thus, the more varied relationships associated
with onset of individual major events (cf. the overall
drought-area time series) reflect the variability in cli-
mate situations that can cause drought in different parts
of Europe. As a result of the apparent dual causes of
major drought development, creating a uniform com-
posite of drivers of drought is challenging. Similarly, this
duality offers an explanation as to the relative absence of
straightforward linear relationships between atmospheric
circulation pattern indices and drought indices in previous
studies. Despite the complexity shown here in the process
cascade from large-scale climate to European-wide drought,
these analyses provide new information on the climatic
processes associated with the occurrence of different
types of meteorological drought (precipitation and cli-
matic water balance deficit) across the range of European
climate regions, and so provide vital context for ongoing
studies of the predictability of European drought.
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