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Abstract. Recent climate projections suggest pronounced changes in European drought frequency. In the north,
increased precipitation volumes are likely to reduce drought occurrence, whereas more frequent droughts are
expected for southern Europe. To assess whether this pattern of changes in drought frequency can already be
identified for the past decades, we analyse trends in a recently developed pan-European drought climatology that
is based on the Standardized Precipitation Index (SPI). The index is derived on multiple time scales, ranging from
1 to 36 months, which allows the assessment of trends in both short term and multi-year droughts. Trends are
quantified using the Theil-Sen trend estimator combined with an extension of the Mann—Kendal test (p < 0.05)
that accounts for serial correlation. Field significance is assessed on the basis of techniques that control the false
discovery rate in a multiple testing setting. The trend analysis indicates that changes in drought frequency are
more pronounced on time scales of one year and longer. The analysis also reveals that there has been a tendency
for decreased drought frequency in northern Europe in the past decades, whereas droughts have likely become

more frequent in selected southern regions.

1 Introduction

Climate change projections repeatedly indicate that water
availability in Europe will change as a consequence of an-
thropogenic greenhouse gas emission. Overall, model simu-
lations suggest that there will be a tendency of wetting in the
north of the continent, whereas more frequent droughts are to
be expected in the south (Orlowsky and Seneviratne, 2013).
In recent years, several studies have indicated that similar
spatial patterns of wetting and drying can be found in the ob-
servational record of water cycle variables, including precip-
itation (Klein Tank and Kénnen, 2003) and streamflow (Stahl
et al., 2010, 2012). However the identified signals are weak.
With respect to drought analysis, Bordi et al. (2009) found
that strong inter-annual variability of pan-European drought
indicators can render a clear identification of drought trends
difficult. This is also reflected in the conclusion of a recent
synthesis report on the influence of climate change on ex-
tremes, which states that there is only medium confidence
of an increasing drought hazard in southern Europe (Senevi-
ratne et al., 2012).

This study aims at reassessing the patterns of changes in
European drought frequency, by analysing the most com-

prehensive observed precipitation grids for Europe (Haylock
et al., 2008). Drought is quantified using the Standardized
Precipitation Index (SPI, McKee et al., 1993; Gudmundsson
and Seneviratne, 2015) that allows assessing changes in the
occurrence frequency of precipitation amounts on different
time scales. Trends are quantified on a grid-cell level and the
field-significance of the emerging spatial trend patterns is as-
sessed. Finally, the results are discussed with respect to past
drought impacts.

2 Data

This study is based on the E-OBS (version 10) dataset (Hay-
lock, 2008f), which provides comprehensive information on
precipitation in Europe. The E-OBS dataset interpolates ob-
served precipitation time series and is available at daily res-
olution on a 0.5° grid. Prior to any other computation, the
daily precipitation grid is aggregated to monthly means. For
the presented study, data in the domain ranging from 12° W-
43° E and 34° N-72° N are considered.
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3 Methods

3.1 The Standardized Precipitation Index

Drought is quantified on the basis of the Standardized Pre-
cipitation Index (SPI, McKee et al., 1993), which has also
been recommended by the WMO for drought monitoring
(Hayes et al., 2010). The first step of the SPI transformation
is to apply a backward looking moving average with a win-
dow length t to the monthly precipitation series, resulting in
time series of accumulated precipitation. In the literature, t
is commonly referred to as time scale. Here we consider time
scalesof t =1, 7=3,7=6, t=12, t=24 and t =36
months. In the remainder of this paper we use the notation
SPI-7 to refer to index values calculated for time-scale t. In
a second step, the accumulated precipitation series are stan-
dardized for each calendar month separately. For this, data
from one calendar month in a base period (e.g. all July values
in 1961-1990) are assembled and a gamma-distribution is fit-
ted to the data. Subsequently, the parameters of the gamma
distribution are used to transform all the values of the corre-
sponding months to take values of the standard normal dis-
tribution (see Stagge et al. (2015) for computational details).
For this study we use the 1961-1990 base period, which is
consistent with recommendation of the Expert Team on Cli-
mate Change Detection and Indices (ETCCDI, Klein Tank et
al., 2009).

SPI was computed using the recently developed Standard-
ized Climate Indices (SCI) package, which is an open source
extension to the R software (Gudmundsson and Stagge,
2014). Details on the implementation as well as a systematic
assessment of the distributional assumptions can be found in
Stagge et al. (2015).

The interpretation of SPI is time-scale dependent. For ex-
ample SPI-1 is suitable to analyse high frequency fluctua-
tions in monthly precipitation whereas SPI-3 captures pre-
cipitation anomalies accumulated over three months. This
property can be used to analyse changes in the occurrence
frequency of accumulated precipitation in specific seasons.
For example, SPI-3 values in August capture precipitation
anomalies in the three summer months (June, July and Au-
gust). Similarly, SPI-12 in December captures annual precip-
itation anomalies.

Due to the statistical transformation SPI has also a prob-
abilistic interpretation (Gudmundsson et al., 2014). As the
index takes units of the standard normal distribution, specific
values can be interpreted with respect to their exceedance
frequencies. For example, if there is no trend in the under-
lying time series an index value smaller than —1 in a spe-
cific month is expected to occur with a probability of 0.16
(or 16 % of all times). Consequently, decreasing trends in SPI
indicate an increasing drought frequency, whereas increasing
trends suggest a reduction of droughts.
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Figure 1. Fraction of grid-cells with significant (ctjocal < 0.05)
trends in SPI-z, where t refers to the time-scale. Trends are eval-
uated for each calendar month separately. Field-significance is de-
clared only if the fraction of significant grid-cells is larger than 0.05
(aglobal < 0.05, horizontal dashed line). See text for details.

3.2 Trend analysis

SPI trends are analysed for all considered time scales, al-
lowing to assess changes in both short term and multi-year
droughts. Potential seasonality is accounted for by perform-
ing the trend analysis for each calendar month separately.

Trends in SPI are first assessed on the grid-cell level. Trend
magnitude is quantified using the Theil-Sen slope (Theil,
1950; Sen, 1968). The change rates are reported in standard
deviations per decade. The significance of change is assessed
using an extension of the Mann-Kendall test that accounts for
serial correlation (Yue and Wang, 2004). As the trend analy-
sis is performed for each grid-cell individually, there is an in-
creased probability that the considered test falsely rejects the
null hypothesis of no trend. To control this False Discovery
Rate the p values of the trend test are modified according to
Benjamini and Hochberger (1995). This step is based on the
recommendations of Ventura et al. (2004) and Wilks (2006)
who found good performance of this procedure in a clima-
tological context. Trends in SPI at the grid-cell level are de-
clared significant if the modified local p values fall below a
critical value (ajocal < 0.05).

At the selected local p value 5% of the trend tests are ex-
pected to falsely identify trends in the considered time se-
ries. Therefore the emerging spatial trend-pattern is only in-
terpretable if more than 5 % of the stations exhibit significant
trends. In this case, the spatial trend pattern is declared field-
significant (agiobal < 0.05) (Wilks, 2006).

4 Results and discussion

Figure 1 reports the fraction of grid cells with significant
trends in SPI for all calendar months and different time
scales, allowing to assess the significance of emerging spa-
tial trend patterns. Overall there is a tendency for an increas-
ing number of significant trends in SPI with increasing time
scale. For SPI-1, only a low fraction of the grid-cells in Eu-
rope exhibits significant trends in droughts and field signifi-
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Figure 2. Seasonal patterns in SPI-3 trends. Trend patterns are
evaluated for four months, of which the accumulation time cov-
ers the respective season. For Winter (DJF), SPI-3 is evaluated for
the month of February, which accounts for accumulated precipita-
tion in the three winter months (December, January, February). For
Spring (MAM), SPI-3 is evaluated for the month May, accounting
for accumulated precipitation in March, April and May. For Sum-
mer (JJA), SPI-3 is evaluated for August, accounting for accumu-
lated precipitation in June, July and August. For Autumn (SON),
SPI-3 is evaluated for the month of November, accounting for accu-
mulated precipitation in September, October and November. Trends
are expressed in units of standard deviations per decade. Stippling
indicates local significance («jocar < 0.05). Field significance is re-
ported in Fig. 1.

cance is only found for January, February, April, May, Octo-
ber, November and December. The fraction of grid-cells with
significant trends increases for SPI-3, for which field signifi-
cance is found for all months except August and September.
For SPI-6 field significance is found for all months. Interest-
ingly, there is a pronounced seasonal pattern in the fraction of
significant grid-cells for SPI with time scales ranging from 1
to 6. In general the largest fraction of grid-cells with signifi-
cant trends is found in SPI values that represent precipitation
anomalies in the cold season. In the warm season, changes in
drought frequency are less pronounced. This pattern changes
for SPI-12, SPI-24 and SPI-36. For these time scales about
40 % of the grid-cells exhibit significant changes in drought
frequency irrespective of the season. The fact that trends in
SPI become more significant with increasing time scales sug-
gests that long-term changes in pan-European drought fre-
quency may be masked by the large synoptic variability of
monthly precipitation on short time scales.
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Figure 3. Spatial pattern of SPI-12 trends in December. Colours
and symbols are equivalent to Fig. 2.

Figure 2 maps spatial trend patterns of SPI-3 for February,
May, June and November, representing changes in drought
frequency in the four seasons. For all months the fraction
of grid-cells with significant trends is larger than 0.05, indi-
cating the field-significance of the associated spatial pattern
(Fig. 1). For all four seasons significant decreases in drought
frequency are found in the north of the continent. In the south
only few significant changes are found. There is, however a
notable tendency of an increased number of negative trends
in southern Europe.

This pattern is similar for long time scales, as exemplified
for the December trends in SPI-12 (Fig. 3). Again, the trend
analysis reveals a pronounced decline in drought frequency
in northern Europe. In central Europe no systematic changes
in drought frequency are found. In Southern Europe the ma-
jority of grid cells with significant trends indicate an increase
in drought frequency in the past decades. The spatial patterns
of trend in SPI-24 and SPI-36 are close to the pattern shown
in Fig. 3 (not shown).

In general the observed patterns of drought trends reflect
previous assessments of observed changes in European wa-
ter availability (Klein Tank and Kénnen, 2003; Stahl el al.,
2010, 2012), with a tendency of wetter conditions in the
South and dryer conditions in the north. The similarity to
drought changes in climate change projections (Orlowsky
and Seneviratne, 2013) raises the question whether the ob-
served pattern is already a consequence of anthropogenic
climate change. While a detailed assessment of this ques-
tion lies beyond the scope of the present study, it shall be
noted that zonal precipitation trends have been formally at-
tributed to anthropogenic greenhouse gas emissions (Zhang
et al., 2007). Similarly the consistency of observed trends
in winter precipitation with climate change projections has
been formally demonstrated (Bhend and von Storch, 2008).
However, it is also important to note that there is only a weak
drying signal in Southern Europe, indicating that the emerg-
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ing signal is only barely distinguishable from internal climate
variability.

5 Summary and conclusion

In conclusion, the presented analysis confirms previous find-
ings suggesting that northern Europe has become wetter,
whereas southern Europe has become drier in the past
decades. The results imply a weak increase in drought
frequency in the South of the continent, which is most
pronounced on long time scales. Although the increasing
drought signal in southern Europe is only weak, its similarity
to projected drought changes suggests that it may be a con-
sequence of anthropogenic climate change. This may have
larger implications, as drought has been shown to signifi-
cantly increase the probability of impacts on industry, farm-
ing, water supply (Blauhut et al., 2015) as well as on wild
fire dynamics (Gudmundsson et al., 2014).
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