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Abstract: The climate in Central Europe (CEU) during the 20th century is characterized by an overall
temperature increase. Severe and prolonged drought events began occurring towards the end and
these have continued into the 21st century. This study aims to analyze variations in the moisture
supply from the Mediterranean Sea (MDS) during meteorological drought episodes occurring over
the CEU region over the last three decades. A total of 51 meteorological drought episodes (22 with
summer onsets, and 29 with winter) are identified over the CEU during the period 1980–2015 through
the one-month Standardized Precipitation Evapotranspiration Index (SPEI-1), and their respective
indicators, including duration, severity, intensity, and peak values, are then computed. Lagrangian
forward-in-time analysis reveals that negative anomalies of moisture coming from the MDS prevail
in all episodes except seven. Linear regression analysis between variations in the MDS anomalies and
indicators of the drought episodes shows a significant linear relationship between severity, duration,
peak values (winter), and MDS anomalies, which implies that drought episodes last longer and are
more severe with an increase in the negative anomaly of moisture supply from the MDS. Nevertheless,
no linear relationship is found between the intensity and peak values (annual, summer) of drought
episodes and anomalies in the moisture contribution from the MDS.
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1. Introduction

Hydrological cycle elements (precipitation (PRE), evaporation and moisture transport) have
become some of the most important themes in current climate variability research and change
evaluation [1]. Climate change influences not only average temperatures, but also the frequency
of extreme events affecting natural and human systems [2]; the Intergovernmental Panel on Climate
Change (IPCC) assessment report [1] on extreme events confirmed that climate change would cause
changes in the intensity, severity and duration of extreme events, and would thus present severe
risks to both humans and the environment. In this respect, several studies have highlighted the
role of recent climate change in increasing the probability of occurrence of extreme events, such as
drought [3–5]. Europe is likely to experience diverse impacts on response to climate change, such as
temperature increases and variability in extreme events [6], and many European countries have
experienced episodes of drought over the past 30 years that have caused significant ecological and
economic damage [7]. Droughts are difficult to predict due to the complexity of contributions to their
occurrence, but continuous drought monitoring is imperative.

Several authors have shown that a PRE deficit combined with high evapotranspiration typically
leads to drought [8–11], and PRE deficits in some areas have been found to be related to changes in

Atmosphere 2018, 9, 278; doi:10.3390/atmos9070278 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-0432-8842
https://orcid.org/0000-0002-8984-0959
http://www.mdpi.com/2073-4433/9/7/278?type=check_update&version=1
http://dx.doi.org/10.3390/atmos9070278
http://www.mdpi.com/journal/atmosphere


Atmosphere 2018, 9, 278 2 of 15

moisture transport [8,12,13]. Therefore, it is important to examine mechanisms responsible for PRE
deficits over sinks, or mechanisms related to any reduction in evaporation from the source that causes
drought in certain regions.

Many drought indices have been developed to monitor, predict, and assess the severity of
drought, such as the Reconnaissance Drought Index (RDI) [14], the Streamflow Drought Index
(SDI) [15], the Palmer Drought Severity Index [16], the Standardized Precipitation Index (SPI) [17],
the Standardized Precipitation Evapotranspiration Index (SPEI) [18], the Standardized Indices through
Non-Parametric Rescaling (SINRes) [19]. Computations of the SPEI and SINRes consider both PRE
and potential evapotranspiration (PET). Indirectly, temperature is taken into account, given that it is
used in the computation of potential evapotranspiration. The SPEI has been extensively applied in
studies around the world, such as in America [20,21], Asia [22,23], Africa [24,25] and Europe [26–30].

Several studies have investigated the relationship between sources and sinks of moisture and
drought in specific regions [24,31–33] The Lagrangian techniques have been widely utilized for
identifying the sources of atmospheric moisture for continental areas (e.g., [34–37]). In comparison
to the other approaches, such as the Eulerian technique “numerical water vapor tracers” [38,39],
“analytical and box models” [40,41], and “physical water vapor tracers” (isotopes) [42], the Lagrangian
approach [36,37,43,44] is one of the most suitable tools for establishing a source–sink relationship of
the atmospheric moisture transport, as pointed out by Gimeno et al. [34].

Previous authors investigated the origin and destination of moisture over the Mediterranean
region using different techniques. Fernandez et al. [45] applied a Eulerian method by integrating
the vertical moisture flux over the Mediterranean Basin and Southern Europe using meteorological
reanalysis from the National Centers for Environmental Prediction (NCEP). However, this method
cannot provide information about the origin of moisture reaching the basin and the destination from it.
Applying a Lagrangian approach over a 5-year period of data, Nieto et al. [46] and Schicker et al. [47]
computed the budget of evaporation minus PRE in air masses tracked backward-in-time from
the Mediterranean Basin to identify the main moisture sources; and also computed the moisture
contribution from this region to surrounded continental regions by tracking forward-in-time air
masses. Drumond et al. [48] extended the work of Nieto et al. [46] by focusing on the seasonal
variations in moisture sources for different Mediterranean target regions during drier and wetter years.
The long-term variability of the main climatological moisture sources for eight target regions in the
Mediterranean Basin was investigated by Gómez-Hernández et al. [49] using the ERA-40 reanalysis
dataset. Applying a different Lagrangian approach, Sodemann et al. [50] analyzed seasonal and
interannual variability of the moisture sources for the Alpine PRE during 1995–2002, showing the
importance of the Mediterranean as the source of moisture for PRE events.

The Mediterranean Sea (MDS) was identified as the main moisture source for Central and Eastern
Europe (CEU, Figure 1) and the surrounding basin area, and changes in its moisture supply have
an impact on dryness conditions in regions where moisture sinks [33,38,45,47,50–52]. Using the
Lagrangian approach developed by Stohl and James [36,37], Drumond et al. [33] investigated whether
severe dry conditions accumulated during the extended winter and summer seasons over the
climatological moisture sinks of the MDS were associated with changes in moisture transport from the
basin. Focusing on meteorological droughts, Stojanovic et al. [13] recently investigated anomalies in
the moisture supply during the 2003 episode in Europe. However, further and deeper exploration is
required to determine the existence of a climatological relationship between changes in the moisture
supply from the MDS and meteorological drought episodes over the CEU.

The CEU region, according to the definition proposed in the 5th Assessment Report (AR5) of
the IPCC [4] (Figure 1), comprises Germany, Switzerland, Liechtenstein, Austria, Poland, the Czech
Republic, Slovakia, and Hungary. The climate is humid continental-type with cool summers. This is a
region, where Atlantic, Mediterranean, and continental influences meet and complex orography has a
significant impact on the climate and meteorology in the region [53].
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Figure 1. Central and Europe region (CEU, grey) with boundaries defined from the 5th Assessment
Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC), with the Mediterranean
Sea (MDS, purple color) source identified using a backward-in-time experiment according to
Stojanovic et al. [13].

This study therefore analyzes variations in the moisture transport from the MDS during
meteorological drought episodes over the CEU (Figure 1) for the period (1980–2015), and aims to
determine whether anomalies of this contribution have different effects on episodes with onsets during
winter and summer seasons. The main goals are: (1) to identify meteorological drought episodes over
the CEU during 1980–2015 through the one-month Standardized Precipitation Evapotranspiration
Index (SPEI-1) [18]; (2) to use Lagrangian methodology to analyze the anomalous contribution from
the MDS to the CEU region during drought episodes [36,37], and to check possible links between
variations in moisture supply and indicators of selected episodes through linear regression analysis.
This study focuses on the meteorological droughts episodes over the CEU, therefore differing from the
previous analysis of dry conditions accumulated during the extended seasons over the Mediterranean
sinks, which was developed by Drumond et al. [33]. Section 2 explains the data and methods; Section 3
presents results and discussion; and Section 4 provides conclusions.

2. Data and Methodology

2.1. Data

The analyses were carried out using a climatology of 36 years (1980–2015). The Lagrangian model
is forced by the ERA-Interim global reanalysis dataset from the European Centre for Medium-Range
Weather Forecasts (ECMWF) [54], which is available at a spatial resolution of 1◦ × 1◦ on 61 vertical
levels from the surface to 0.1 hPa. The dataset can be retrieved at (https://www.ecmwf.int/en/
forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim). Lorenz and Kunstmann [55]
found that the ERA-Interim reanalysis data provide a superior performance in reproducing the
hydrological cycle and a relatively reasonable closure of the terrestrial and atmospheric water
balance, compared to reanalysis datasets, such as Modern Era Retrospective-Analysis for Research
and Applications (MERRA) [56], and Climate Forecast System Reanalysis (CFSR) [57]. These findings
thus support the use of ERA-Interim datasets for our study, since the Lagrangian model requires
high-quality data for wind and humidity [58].

Datasets of PRE and PET were available at a spatial resolution of 0.5◦ from the Climate Research
Unit (CRU) Time-Series (TS) Version 3.24.01 [59]. We calculated the time series of PRE and PET over
the CEU, information required to compute the SPEI. Data are available at https://crudata.uea.ac.uk/
cru/data/hrg/cru_ts_3.24.01/cruts.1701201703.v3.24.01/.

The climatological annual cycle of PRE, PET and the moisture contribution from the MDS to
the CEU during 1980–2015 (Figure 2) revealed that the contribution from the MDS to the CEU was

https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-datasets/era-interim
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_3.24.01/cruts.1701201703.v3.24.01/
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higher from September to December. In terms of the climatological annual cycle of the freshwater flux
(PET–PRE), PRE prevailed over PET during the winter season (from October to March), indicated as
(PET–PRE) < 0, while the inverse pattern was configured as (PET–PRE) > 0 during summer (from April
to September).
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Figure 2. Climatological annual cycle of precipitation (PRE, ×10 green line), potential evapotranspiration
(PET, ×10 red line) (data from the Climatic Research Unit (CRU) (TS3.24.01) (scale: mm/day) values
integrated over the CEU), with the moisture contribution from the MDS (purple color (mm/day) values
integrated over the CEU) to the CEU obtained via the forward experiment.

Evaporation data for the calculation of monthly anomalies of the evaporation rate over the MDS
were obtained from the Objectively Analyzed air–sea Heat Fluxes (OAFlux) project [60], while monthly
anomalies of vertical velocity (omega) at 500 hPa averaged during each meteorological drought episode
identified over the CEU were calculated using the ERA-Interim dataset [54].

2.2. Standardized Precipitation Evapotranspiration Index (SPEI)

The SPEI is based on the monthly climatic water balance (PRE minus PET) calculated at various
time scales (i.e., accumulation over given time intervals), and the resulting values are adjusted to a
log-logistic probability distribution to convert original values to standardized units that are comparable
in space and time at different SPEI timescales [18]. Other probability distributions could be applied,
for instance, based on general extreme values (GEV) [61,62], but SPEI’s developers recommended
the use of the first one, due to the fact that the differences between both distributions are marginal
for climate analysis [63]. For the purpose of this study, the crucial advantage of SPEI over other
commonly used drought indices (such as the PDSI [16] and the SPI [17]) is the role of temperature,
which is considered through PET values. In addition, the multiscalar characteristics of SPEI permit
the identification of different types of drought [64,65], and a complete comparison of indices has been
provided in previous studies [18,66,67].

This study used the one-month Standardized Precipitation Evapotranspiration Index (SPEI-1) to
identify meteorological drought episodes occurring over the CEU region during the period 1980–2015.
The SPEI at different timescales corresponds to different drought types, such as 1–2-month SPEI for
meteorological drought (e.g., [18]). Following Liu et al. [68] the SPEI-1 was chosen in this study because
we were interested in the variability of water vapor transport, which is closely related to meteorological
drought. Several works used SPEI-1 or SPI-1 for the same aim of this short note over other areas, as in
Southwest China [68] and Europe (e.g., [69,70]). In SPEI-1, respective values were accumulated during
a one-month period, and the drought index was calculated using monthly CRUTS 3.24.01 data of PRE
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and PET averaged over the CEU region. We have also calculated the SPI-1 time series for the CEU
during 1980–2015 with the same CRU data. The temporal evolution of SPEI-1 and SPI-1 was similar
(not shown), with a coefficient of correlation of 0.96. Although the SPI showed slightly higher peaks,
the onset and dismissal of drought episodes identified through both series were the same.

Episodes were identified in concordance with the criteria of McKee et al. [17]: the start of an
episode was determined when the SPEI-1 value first fell below zero followed by a value of −1 or
less, and the end was decided when the SPEI-1 value returned to a positive value. After identifying
events, their indicators were computed with respect to severity, duration, intensity and peak values,
where severity represents the absolute value of the sum of all SPEI values during the episode,
duration signifies the number of months between the first and last months of the episode, intensity is
calculated as the ratio between severity and duration and peak values are the most negative values
registered [71,72]. Because the purpose of this study was to analyze the relationship between the
indicators of the episodes and the MDS moisture contribution under a climatological perspective,
this period was classified as a drought event, even when the SPEI remained negative only for a month.
The episodes were also organized into two groups according to their onset: summer (April–September)
and winter (October–March).

2.3. The Lagrangian Approach

The Lagrangian FLEXible PARTicle dispersion model (FLEXPART) developed by Stohl and
James [36,37] was used to investigate anomalies in the moisture supply from the MDS during drought
episodes occurring over the CEU during 1980–2015.

In the FLEXPART simulation, the atmosphere is divided uniformly into approximately 2 million
particles over the entire globe. A constant mass is considered for each particle as it is transported
using 3D wind fields. Particles are identified every six hours, and the transport time is limited to
10 days, which reflects the mean water vapor lifetime in the global atmosphere [73]. The moisture
variations presented by a particle during its trajectory can be calculated through variations in specific
humidity: e − p = m(dq/dt), where m is the mass of the particle and (e − p) (evaporation minus
PRE) represents the freshwater flux associated with the particle. Knowing the specific humidity in
every time step, it is possible to identify particles that lose moisture through PRE (p), or obtain it
through evaporation (e). Adding (e − p) for all the particles residing in an atmospheric column over
the area, it is possible to obtain the total freshwater flux (E − P). The trajectory of the particles can be
advected using backward-in-time analysis with the aim of determining the sources of moisture for the
target region (E − P > 0) or forward-in-time analysis to investigate where moisture sinks after being
transported by particles (E − P < 0). More detailed information about the functionalities of FLEXPART
can be found in Stohl and James [36,37] and Gimeno et al. [34].

The main advantage of the model is that it enables backward and forward tracking of air masses
over time, and enables an analysis of the water balance in the atmospheric column along the trajectories.
Nevertheless, this approach has two main limitations, according to Stohl and James [36,37]: the first is
that it is not possible to individually diagnose E and P, and the second is that results are highly reliant
on input data quality. In addition, fluctuations in specific humidity (q) along trajectories may occur
for nonphysical reasons, due to the interpolation of q or trajectory errors; however, this limitation can
be compensated for by the large numbers of particles that are contained in an atmospheric column
over a given area. A more detailed description of backward and forward analyses can be found in
a number of studies that have applied this model to estimate humidity changes along trajectories
and identify sources of moisture and sinks in many different regions worldwide, such as the Danube
River Basin [74], the Congo River Basin [32], Central America [75], the Mediterranean region [48],
Iceland [76], the Fertile Crescent region [24] and the Indus, Ganges, and the Brahmaputra River
Basin [77]. Furthermore, Stojanovic et al. [13] recently applied this method to investigate anomalies in
the moisture supply during the 2003 drought episode in Europe.
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In this study, we considered the MDS as the source of moisture for the CEU (Figure 1) and
calculated the anomalous contribution from this source to the CEU region during drought episodes
identified in the period 1980–2015. The monthly anomaly was computed as the difference of the
monthly average with respect to the respective monthly climatological mean. Then, the monthly
anomalies were accumulated during each episode. Forward analysis was used to calculate monthly
anomalies (accumulated during each episode) from the MDS integrated over the CEU region.

2.4. Linear Regression Analysis

Using Simple Linear Regression, we calculated the coefficient of determination (R2) with the linear
regression equation, which represents the proportion of the variance in the dependent variable (severity,
duration, intensity, and peak values of drought) that is predictable with respect to the independent
variable (contribution from the MDS source). The linear regression analysis was conducted to verify
whether variations in the contribution from the MDS to the CEU may affect the indicators of drought
episodes. The student t-test and the Spearman rank correlation coefficient [78] at a 95% significance
level were also applied to confirm the statistical significance of the regression coefficient.

3. Results and Discussion

3.1. Analysis of Drought

Figure 3 shows the SPEI-1 time series for the CEU during the period 1980–2015, in which the
negative values (red bars) represent dry conditions and the positive ones (blue bars) represent wet
conditions. We identified 51 meteorological drought episodes (22 with onsets during summer and
29 with winter onsets) and ranked these according to severity, duration, intensity and peak values.
The results are shown in Table S1 in Supplementary Materials, from which it is evident that the
most severe drought episode occurred from February to June 2003 (with a value of 7.1). The second
most-severe event occurred in June–October 2015 (6.45), during which time the maximum peak
was reached. Furthermore, the longest drought episode lasted for seven months from June to
December 1983, while the most intense occurred during October 1995 (2.16) and lasted for only
one month.
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Figure 3. Time series of one-month Standardized Precipitation Evapotranspiration Index (SPEI-1)
for the CEU region during 1980–2015. Blue and red bars represent positive and negative
values, respectively.

3.2. Monthly Anomalies of Evaporation, Vertical Velocity (Omega) and Moisture Supply

Monthly anomalies of evaporation, vertical velocity (omega) and moisture contribution from
the MDS to the CEU region accumulated during each drought episode identified in 1980–2015 are
shown in the Figure 4. Results showed that the signal of the anomalies of evaporation over the MDS
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varied during the episodes, although there was a predominance of the negative anomalies (Figure 4,
black line). From the 51 episodes selected, 31 events were associated with reduced evaporation over
the MDS (60.8% of the cases), in contrast to the 20 events related with increasing evaporation over
the MDS (39.2 % of the cases). Regarding some seasonal patterns, from the 29 drought episodes with
onsets during winter, a reduction in the evaporation over the MDS was evident in 19 events, while
only 10 presented increased evaporation in the basin. Nevertheless, this reduction was not so evident
for the episodes with onset in summer: from the 22 events, 12 were associated with reduction in the
MDS evaporation, and 10 were related with increasing evaporative conditions over the MDS.

Based on the contribution from the MDS to the CEU, we could see that with the exception
of seven drought episodes (red bars) occurring in November 1982, May 1990, July–August 1995,
December 1995–January 1996, October 2000, March–April 2010, and June–October 2015, negative
anomalies of MDS prevailed for almost all drought episodes (blue bars). Only the episode occurring
from June to October 2015 was one of the five longest and most severe episodes of all recorded,
whereas the remaining six drought episodes had severity rankings between the 14 least severe
episodes ever recorded in the period (Table S1, Supplementary Materials). The most intensely negative
anomalies of moisture supply from the MDS occurred during January–June 2011 (103.55 mm/day),
January–December 1983 (100.7 mm/day), September–December 2006 (92.08 mm/day), February–June
2003 (91.95 mm/day) and August–November 2011 (89.92 mm/day) drought episodes. These drought
episodes were among the 11 longest and most severe episodes of all recorded. Except for one case
with conditions associated with inhibition of local PRE (Figure 4, green line), anomalous atmospheric
subsidence prevailed over the CEU during the episodes.
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Figure 4. Monthly anomalies of the evaporation rate over the MDS (*10 mm/day, black line), the vertical
velocity (omega) at 500 hPa (/1000 Pa/s, green line) and the moisture supply from the MDS (mm/day,
blue and red bars) accumulated during each meteorological drought episode identified over the CEU
during the period 1980–2015.

Although we were not able to verify possible alternative destinations of the moisture evaporated
over the MDS from this analysis, it is evident that the moisture supply from the MDS to the CEU was
reduced during the CEU meteorological episodes, which may be associated with the reduction in the
MDS evaporation, particularly during the cases with onsets during winter. It is known from previous
works (e.g., [33] and references therein) that the regions most affected by moisture transport from
the MDS are the CEU and the Eastern Mediterranean, and it would be of further interest to analyze
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how the moisture transport towards these climatological sinks was affected during the meteorological
drought episodes of the CEU.

3.3. Linear Regression Analysis

To determine the existence of a linear relationship between the different indicators of drought
episodes (severity, duration, intensity and peak values) and variations in contributions from the
MDS, a Simple Linear Regression analysis was conducted using the Least Squares Method (Figure 5).
Analysis was conducted for the entire period and was then repeated for events with onsets in winter
(October–March) and in summer (April–September). The coefficient of determination was computed
to determine representativeness of the analysis, and the student t-test at a 95% confidence interval was
applied to the regression coefficient to determine statistical significance. Table 1 shows the significance
(a significance level of 95%), slope, intercept and coefficient of determination (R2) for the severity,
duration, intensity and peak values with MDS anomalies on annual, winter and summer scales.

According to the student t-test statistic applied here, a significant linear relationship was
shown to exist between the severity, duration, peak value (winter season) and the MDS anomalies.
This implied that episodes, which were more severe and longer, and had peaks that were more
intensive, were associated with more intensively negative moisture supply anomalies from the MDS
(accumulated during the episode). However, no linear relationship was determined between the
intensity and peak value of drought episodes (the whole period, summer season) and moisture
contribution anomalies from the MDS. The highest coefficient values of determination (R2) occurred
between severity and MDS anomalies during winter (0.53), which meant that 53% of variability in
the severity of drought episodes could be explained by variations in moisture supply anomalies
from the MDS. Although R2 for the severity of drought episodes for the whole period (0.38) and
severity of episodes beginning during summer (April–September) (0.22) were less than those for
episodes beginning in winter (October–March), the analysis showed a significant linear relationship.
The duration of episodes was also associated with variations in MDS supply anomalies with R2

of 0.35 for the entire period; R2 was increased slightly to 0.39 for episodes with summer onsets
only; and R2 was reduced to 0.31 for winter episodes. Results from a Spearman’s rank correlation
analysis (not shown) corroborated the regression analysis presented here through a non-parametric
approach [79].

The Simple Linear Regression analysis was repeated after classifying droughts as a short and a
medium terms based on duration (duration less than or equal to 3 months is a short-term episode,
while duration greater than 3 months corresponds to a medium-term event), and also as mild and
severe/extreme based on peaks (peaks that are less intensive than −1.5 are mild, and peaks that
are more intensive than −1.5 are severe/extreme [17]), and results are shown in Tables S2 and S3
of Supplementary Materials. Although the occurrence of medium-term episodes prevailed over the
short-term ones (40 and 11, respectively), the linear association between the severity and moisture
supply was mainly preserved for the short-term episodes. Only the severity of the medium-term
episodes with onsets in winter was linearly associated with the variability in the moisture supply.
The linear association between the duration and moisture supply was preserved for all short-term
episodes observed during the year, and also for the short-term ones with onsets in summer. For the
remaining properties of the episodes (intensity and peak), only the intensity of the medium-term
episodes with onsets in summer was linearly associated with variations in the moisture supply from the
MDS. Concerning the episodes classified based on peaks, the occurrence of severe/extreme episodes
prevailed over the mild ones (39 and 12, respectively), and the linear association between the severity,
as well as duration, and moisture supply persisted only for the severe/extreme episodes, given all
severe episodes, as well as the ones with onsets during winter were considered.
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Figure 5. Scatterplot: moisture supply anomalies from the MDS (x-axis, mm/day) and the severity (a);
duration (b); intensity (c) and peak values (d) of drought episodes at the annual (entire period shown by
both blue and red dots), onsets in winter (March–October) (blue dots) and summer (April–September)
(red dots) scales. Corresponding regression lines are also shown: RLA (S) represents Regression
Line Annual Significant; RLW (S) represents Regression Line Winter Significant; RLS (S) represents
Regression Line Summer Significant; RLA (NS) represents Regression Line Annual Nonsignificant;
RLW (NS) represents Regression Line Winter Nonsignificant; and RLS (NS) represents Regression Line
Summer Nonsignificant.
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Table 1. The significance (a significance level of 95%), slope, intercept and coefficient of determination
(R2) for severity, duration, intensity and peak values with respect to MDS anomaly on annual,
winter and summer scales. Underlined bold numbers represent a significant linear relationship with
MDS anomaly.

Annual Winter Summer

Slope Intercept R2 Slope Intercept R2 Slope Intercept R2

Severity ×
MDS anomaly −0.0286 1.7580 0.3860 −0.0328 1.5150 0.5314 −0.0222 2.1310 0.2276

Duration ×
MDS anomaly −0.0284 1.7420 0.3508 −0.0281 1.6650 0.3167 −0.00282 1.8570 0.3987

Intensity ×
MDS anomaly 0.0004 1.1120 0.0018 −0.0007 1.0890 0.0044 0.0023 1.1640 0.0520

Peak values ×
MDS anomaly 0.0023 −1.4200 0.0487 0.0036 −1.3730 0.1354 0.0005 −1.4920 0.0020

4. Conclusions

This study investigated the relationship between moisture supply anomalies from the MDS and
the severity, duration, intensity, and peak values of meteorological drought episodes occurring over
the CEU during the period 1980–2015.

A total of 51 drought episodes were identified through the one-month SPEI-1 (22 episodes with
onsets during summer (April–September) and 29 events in winter (October–March)). Winter was
climatologically characterized by a surplus of PRE in comparison to PET in the freshwater flux and by
a peak in the moisture contribution from the MDS into the CEU.

Lagrangian forward analysis was used to investigate possible changes in the moisture contribution
from the MDS to the CEU during these drought episodes. The accumulated monthly moisture supply
anomaly was calculated for each drought episode, and the results obtained showed that a contribution
from the MDS to the CEU for 44 cases out of the 51 episodes analyzed was negative.

A Simple Linear Regression analysis was then conducted to determine the existence of any
dependent relationship between different drought episodes indicators (severity, duration, intensity,
and peak values) and the contribution from the MDS. Results indicated a significant linear relationship
between severity, duration, peak values (winter season), and MDS anomalies. This implied that
episodes that were longer, more severe, and had a peak that was more intensive, might be associated
with intensification in the moisture supply deficit from the MDS during such episodes. The highest
coefficient of determination (R2) was found between severity of a drought episode and MDS anomalies,
particularly for episodes with onsets in winter, the season when (climatologically) PRE prevailed
over PET. These results showed that the severity of episodes might be modulated by variations in
the moisture supply from the MDS. Nevertheless, no linear relationship was determined between
the intensity and peak values (the whole period, summer season) of drought episodes and moisture
contribution anomalies from the MDS.

Our findings are in agreement with previous studies that identified the MDS as the important
moisture source for Europe and showed that changes in its moisture supply have an impact on dryness
conditions over the region in regions where moisture sinks [33,47,50]. Focusing on the six-month
accumulation period instead of the one-month applied here, Drumond et al. [33] have also verified
a significant reduction in the moisture contribution from the MDS towards its climatological sinks
(including the CEU region) during the summer and winter dry periods. In their results, anomalies in
MDS evaporation presented seasonal contrasts, i.e., a reduction in winter and an increase in summer
dry conditions.

The approach applied here is generally suitable for identification of linear relationships between
the variability of the moisture contribution of MDS and the characteristics of the meteorological
drought episodes over the CEU, which consists with the aim of this study. However, if one looks for a
more realistic relationship model (e.g., for prediction purposes), it is interesting to check whether a
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non-linear relationship would fit better, as well as to consider the contribution of other sources besides
the MDS.

It is important to state that for this climatological analysis, we focused on the domain-scale
episodes affecting the CEU, a climatically homogeneous region defined by the IPPC, and on the impact
of the MDS contribution (as a whole) for the CEU. The approach of deriving the SPEI from data
averaged over the entire domain for climatological large-scale studies has been satisfactorily applied
in some past studies (e.g., [33,69,79]). However, because each drought event is unique in terms of its
temporal and spatial development, a grid point analysis would reveal not only areas more affected by
dry conditions during a particular episode, but also regions particularly prone to the MDS moisture
contribution. Thus, considering the intra-domain variability would be more appropriated for a detailed
spatial–temporal analysis of a case.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/9/7/278/s1,
Table S1: Drought events that occurred over Central Europe during 1980–2015; Table S2: The significance
(a significance level of 95%), slope, intercept and coefficient of determination (R2) for severity, duration, intensity
and peak values with respect to MDS anomaly on annual, winter and summer scales of episodes classified
based on duration; Table S3: The significance (a significance level of 95%), slope, intercept and coefficient of
determination (R2) for severity, duration, intensity and peak values with respect to MDS anomaly on annual,
winter and summer scales of episodes classified based on peaks.
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