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Abstract Long-lasting and severe droughts seriously threaten agriculture, ecosystems, and society.
Summer 2018 in central Europe was characterized by unusually persistent heat and drought, causing
substantial economic losses, and became a part of a several years long dry period observed across this region.
This study assesses the magnitude of the recent drought within a long-term context and links the increased
drought severity to changes in atmospheric circulation. Temporal variability of drought conditions

since the late 19th century was analyzed at seven long-term stations distributed across the Czech Republic
using the Palmer Drought Severity Index and the Standardized Precipitation Evaporation Index. The Palmer
Z Index and a variation of the Standardized Precipitation Evaporation Index were used to study rapidly
emerging short-term droughts and to link these episodes to atmospheric circulation. Changes in circulation
were analyzed through circulation types calculated from flow strength, direction and vorticity in mean sea
level pressure data from the National Centers for Environmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) reanalysis for 1948-2018. Increasing drought severity across the Czech
Republic with record-low values of the drought indices during 2015-2018 was found. The trend was
distinctive in both vegetation (April-September) and cold (October-March) periods. The tendency toward
more severe droughts in recent decades was linked to changes in frequency of dry and wet circulation types,
highlighting the important role of atmospheric circulation in regional climate. It remains an open
question whether the significantly increasing frequency of dry circulation types in the vegetation period is
related to climate change, or rather represents multidecadal climate variability.

1. Introduction

Drought is a complex hazard that is dangerous through its insidious onset and large spatial extent (Spinoni et
al., 2017). It is usually associated with substantial economic losses especially in agriculture (Ding et al., 2011),
which are often regarded as a precursor of famine and conflicts in the rapidly growing population of the
developing world (UN, 2018). Although impacts of individual drought events on global crop productivity
are difficult to prove, a recent study by Trnka et al. (2019) showed a link between the size of drought-affected
areas and global wheat and cereal prices. Many drought indices relying on various data and methods have
been developed in order to analyze duration and severity of droughts, ranging from the relatively simple
Standardized Precipitation Index (SPI; Guttman, 1998) to advanced satellite- and model-based indices
(WMO & GWP, 2016). The SPI is based on the long-term precipitation record, which is fitted to a probability
distribution and normalized. Its most important advantages are relatively easy calculation and feasible
applicability in various climate zones. Therefore, the WMO has recommended SPI as the main meteorologi-
cal drought index that countries should use to monitor drought conditions (Hayes et al., 2011).

It should be noted, however, that the absence of a temperature component in SPI limits its applicability in
the warming climate, with its higher potential evapotranspiration. The compound nature of drought is better
captured by indices considering changes in evapotranspiration, such as the Palmer Drought Severity Index
(PDST; Palmer, 1965) or Standardized Precipitation Evaporation Index (SPEI; Vicente-Serrano et al., 2010).
Sheffield et al. (2012) showed that PDSI values depend on methods for estimating potential evapotranspira-
tion. Use of the physically based Penman-Monteith algorithm (Allen et al., 1998) resulted in less severe
drought conditions compared to the Thornthwaite (1948) approach, which is based solely on temperature.
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This behavior has been especially evident since the 1980s (Sheffield et al., 2012), when a relatively rapid
increase in global temperature was observed (Hartmann et al., 2013).

By contrast, Dai (2011) concluded that use of the Penman-Monteith algorithm only slightly reduces the dry-
ing trend seen in PDSI with the basic Thornthwaite model and showed increased aridity since 1950 over
many land areas, especially in Africa and Southeastern Asia but also in Europe. Dai (2011) also
demonstrated that the majority of this drying was due to temperature increases. In Europe, drought patterns
varied over regions but a small, continuous increase of the European areas prone to drought from the early
1980s onward was found (Spinoni et al., 2015). The authors showed that Northern and Eastern Europe
exhibited the largest drought frequency and severity from the 1950s to 1970s, while Western and Southern
Europe (especially the Mediterranean) were struck by major droughts from the 1990s to 2010s (considering
the 1950-2012 period). Increasing drought tendency in the Iberian Peninsula over recent decades was shown
also by Vicente-Serrano et al. (2015), who linked this phenomenon to a greater atmospheric evaporative
demand associated with temperature rise. These drier conditions over the Mediterranean are in accordance
with a recent north-south polarization of drought patterns over Europe (Markonis et al., 2018).

The current study focuses on the Czech Republic, in which the shift to drier conditions is also evident. Trnka
et al. (2009) found negative trends in PDSI in this region since the 1940s especially for the growing season
(April-September) and linked them to the increased frequency of warm and dry “southerly”, “easterly”
and “high-pressure system over Central Europe” Hess-Brezowsky circulation types (Werner &
Gerstengarbe, 2010). These findings are in accordance with Brazdil et al. (2015), who studied drought epi-
sodes in the 1805-2012 period using the SPEI and PDSI indices and concluded that while dry episodes in
the 19th century can be attributed mainly to below-average precipitation, the most recent droughts were
associated rather with the increase in temperatures. Both aforementioned studies used the Thornthwaite
approach for estimating potential evapotranspiration. More detailed analyses of droughts between 1961
and 2012 showed a clear decrease of soil moisture content in the top soil layer (1 m depth), using observed
and modeled time series across the Czech Republic (Trnka et al., 2015). The results are in accordance with
more negative PDSI values observed in the past two decades (Brazdil et al., 2015; Trnka et al., 2009) and
support suitability of the Thornthwaite method for analyzing changes in drought patterns in the Czech
Republic.

Across this region, the summer of 2015 was very hot and dry (Hoy et al., 2017; Ionita et al., 2017; Lhotka,
Kysely, & Plavcova, 2018) and this drier period persisted for three more years, peaking in summer 2018,
when substantial crop failures were reported along with major economic losses (EC, 2018). There are con-
cerns whether this drying trend will continue or even accelerate due to projected increase of the global tem-
perature (Collins et al., 2013) and more intense and longer lasting heat waves (Fischer & Schir, 2010;
Lhotka, Kysely, & Farda, 2018), during which the evaporative demand is considerably larger (Miralles et
al., 2014; Stéfanon et al., 2014). The main goals of this study are to analyze severity of the central
European 2015-2018 drought event in the long-term context (since the late 19th century) and study its links
to atmospheric circulation. Although initial studies on severity (Skalak et al., 2019), driving mechanisms
(Benedict et al., 2020), or economic impacts (Stahl et al., 2019) of the recent central European drought have
been performed, we aim to analyze the 2015-2018 drought in the long-term perspective, using a robust set of
data. In addition, more than 70 years of objectively classified daily pressure fields are used to link the 2015-
2018 and previous droughts to atmospheric circulation. The search for drivers of drought and its trends con-
tinues to influence societal discourse in many parts of Europe, and analysis of the underlying causes is highly
relevant for such debate.

2. Data and Methods

2.1. Drought Indices

The severity of droughts was assessed for seven long-term stations located in the Czech Republic, their ele-
vations ranging roughly from 200 to 450 m above sea level (a.s.l.) (Figure 1a). The sites represent weather

stations with the longest daily precipitation and temperature records available within the Czech
Hydrometeorological Institute database. The study applies four drought indices (Table 1).
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Figure 1. (a) Locations of stations used and (b) points for circulation indices' calculation.

PDSI (Palmer, 1965) was one of the first historical attempts to identify droughts using more than just preci-
pitation data. Due to the fact that PDSI was originally calibrated with empirical constants, soil properties,
and climate characteristics derived from nine stations in Kansas and Iowa (USA), its self-calibrated version
(Wells et al., 2004) with a modified snow-melting module (Trnka et al., 2010) was used. In general, PDSI is
based on the water supply-and-demand concept and incorporates precipitation, temperature, and water-
holding capacity of soils (177.8 mm (7 in.] of precipitation was used identically for all stations). First,
anomalies of water balance were calculated based on a difference between precipitation and potential
evapotranspiration. Potential evapotranspiration was estimated through Thornthwaite method that is based
on temperature data and latitude of a station. From the series of water balance and considering the calibra-
tion period (1912-2015), the Palmer Z Index (PZIN) was calculated. Finally, PDSI is then computed directly
from PZIN and shows a time series of cumulative departures (with respect to previous conditions) in atmo-
spheric moisture supply and demand - the complete algorithm is presented in Jacobi et al. (2013). Because
PZIN is calculated directly from the water balance anomalies (not considering previous conditions), it
responds to short-term episodes better than does PDSI and enables identifying rapidly developing drought
conditions (WMO and GWP, 2016).

Another drought index applied is the SPEI (Vicente-Serrano et al., 2010). Analogously to PDSI, it is calcu-
lated based on anomalies in water balance (precipitation minus potential evapotranspiration); however,
SPEI does not consider water-holding capacity of soils. Anomalies of water balance were then aggregated
at 4 and 52 weeks timescales (SPEI-4 and SPEI-52) and modeled using log-logistic statistical distribution.
Full documentation of SPEI is presented in Vicente-Serrano et al. (2010). In addition, a procedure that clas-
sifies precipitation as rain or snow was applied (Trnka et al., 2010). The SPEI-4 index characterizes rather
short-term drought, while SPEI-52 is more suitable for analyzing long-term events.

All drought indices were calculated from temperature and precipitation data as a meteorological input,
because other drought-related meteorological variables (e.g., solar radiation, wind speed, and humidity)
are not available in these historical records. The indices are available in weekly temporal resolution

Table 1
Drought Indices Used
Input

Drought index Abbreviation  variables  Characteristic Reference
Palmer Drought Severity Index PDSI P, T, AWC long-term Jacobi et al. (2013)
Palmer Z Index PZIN P, T short-term
Standardized Precipitation Evaporation Index SPEI-52 1,0 long-term Vicente-Serrano et

(52 weeks) al. (2010)
Standardized Precipitation Evaporation Index SPEI-4 P, T short-term

(4 weeks)

Note. P = precipitation; T = temperature; AWC = available water content.
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Figure 2. Distributions of weekly changes (tendencies) in the drought indices for Prague-Klementinum considering the
vegetation (red) and cold (blue) periods. Drought indices' abbreviations are listed in Table 1.

(52 values per year) from the start of the individual stations’ observation to 2018. The longest records are for
Prague-Klementinum and Tabor (1876-2018, 143 years) while the shortest series at Klatovy starts in 1922
(97 years).

The individual drought indices respond differently to changes in input variables. Distributions of weekly
changes in the drought indices (hereafter referred to as tendencies) are shown in Figure 2 (example for
Prague, the results are analogous for the other stations). The tendencies were calculated separately for the
vegetation period (VEG, weeks 14-39, roughly April-September) and the cold period (COLD, weeks
40-13, approximately October-March). There were significant differences between VEG and COLD in the
shapes of their distributions (according to the Kolmogorov-Smirnov test at the 5% level), except for SPEI-
4. The PDSI, PZIN, and SPEI-52 distributions had lower kurtosis in VEG, indicating higher frequency of
extreme values compared to COLD. In addition, PDSI was positively skewed in both seasons, which sug-
gests, for example, that positive tendencies larger than 0.25 are more abundant than negative tendencies
below —0.25 (Figure 2). This is related to inclusion of the soil water-holding capacity in PDSI. The maximum
soil water-holding capacity can be reached in a relatively short time during heavy rains; however, its deple-
tion is a rather long-term process (Palmer, 1965). As expected, the short-term drought indices (PZIN and
SPEI-4) exhibited larger values of weekly tendencies compared to the long-term ones, and thus, they are
more suitable for linking drought to changes in atmospheric circulation.

2.2. Circulation Indices and Types

Atmospheric circulation over central Europe was characterized by circulation types derived from circulation
indices. The indices (flow strength, direction, and vorticity; Jenkinson & Collison, 1977; Blenkinsop et
al., 2009) were calculated at the daily timescale using sea level pressure at 16 points regularly distributed
across Europe, centered at 50°N and 15°E (Figure 1b). The sea level pressure data were taken from the
National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al., 1996), which is available from 1948 onward. The first circulation index
is a flow strength (STR), which is a vector sum of western (w) and southern flow (s) components:

w = 0.5X (P4 + P5) — 0.5 X (P12 + P13)
§ =1.56 X (P13 + 2 X P9 + P5) — 0.25 X (P12 + 2 X P8 + P4)
STR=w+s
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Figure 3. Frequencies of individual circulation types over central Europe for the vegetation (red) and cold (blue) periods
over 1948-2018.

where P(1-16) indicate sea level pressure value for a given point in hectopascals. The second circulation
index, flow direction (DIR), is calculated using a multivalued inverse tangent function and is given by the
formula:

DIR = atan2(w, s)

The third circulation index is flow vorticity (VORT), which is the sum of its zonal (zw) and meridional (zs)
components and reflects the rotation of an air mass. It indicates anticyclonic (VORT 0) or cyclonic (VORT
> 0) weather conditions and is calculated using the formulas:

zw = 1.08 X [0.5 X (P1 + P2) — 0.5 X (P8 + P9)] — 0.94 x [0.5 X (P8 + P9) — 0.5 x (P15 + P16)]

zs = 1.21 X |0.25 % (P14 + 2 X P10 4 P6) — 0.25 X (P13 + 2 X P9 + P5)
—0.25x (P12 + 2 X P8 + P4) + 0.25 X (P11 + 2 X P7 + P3)

VORT = zw + zs

In the next step, 27 circulation types based on Lamb (1972) catalogue were derived from the STR, DIR, and
VORT indices. This approach was originally introduced by Jenkinson and Collison (1977) and later modified
by Plavcova and Kysely (2011) for central Europe. If STR and VORT values were lower than 4, the pressure
field lacked distinctive features and that day was left unclassified (U). When the absolute value of VORT is at
least five times larger than STR, strongly anticyclonic (A, if VORT 0) or strongly cyclonic (C, if VORT > 0)
type was assigned. If STR was larger than the absolute value of VORT, the day was classified into one of the
eight directional circulation types (N, NE, E, SE, S, SW, W, and NW). The remaining days were assigned to
hybrid circulation types based on their direction and anticyclonic or cyclonic vorticity (e.g., ASW and CW).
This classification was found suitable for linking atmospheric circulation to near surface temperature
(Plavcova & Kysely, 2011), precipitation (Plavcova et al., 2014), and heat waves (Lhotka, Kysely, &
Plavcovd, 2018) in central Europe. Mean sea level pressure patterns related to individual circulation types
are shown in Figures S1-S3 in the supporting information.

Frequencies of the circulation types in VEG and COLD are presented in Figure 3. Overall, strongly cyclonic
and hybrid cyclonic circulation types were less abundant compared to their anticyclonic analogues and
directional circulation types during both seasons. For VEG, the largest frequency was found for the A type
(7.2%), and AW, ANW, W, and U all had frequencies larger than 5%. In COLD, by contrast, advection from
the western quadrant dominates, and ASW, AW, SW, and W circulation types accounted for more than one
third of days in the 1948-2018 period. The pressure field in COLD is generally more distinctive, and therefore
the U circulation type appeared far less frequently in COLD compared to VEG (1.1% vs. 5.3%; Figure 3).

2.3. Linking Drought Indices to Atmospheric Circulation

Relationships between droughts and atmospheric circulation were studied through weekly tendencies of
short-term drought indices (PZIN and SPEI-4), which have larger signal-to-noise ratios due to the larger
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Figure 4. Temporal variability of Palmer Drought Severity Index at seven stations analyzed. Yellow color indicates
moderate, red severe, and dark red extreme drought conditions.

changes between individual weeks (Figure 2). The indices were averaged across all seven stations and
differences between two consecutive values were calculated. A negative tendency suggests drier
conditions compared to the previous week and vice versa. Using actual drought values would not be
straightforward due to a relatively long soil moisture memory (Delworth & Manabe, 1988). The
drought tendencies in weekly resolution, however, cannot simply be linked to circulation types,
which change on shorter timescales (Table S1). In order to overcome this issue, as many as seven
daily circulation types were assigned to one weekly drought tendency value. When a single
circulation type was classified during all days of the given week (which happens rather rarely), it
received a weight of 7. Analogously, if two or more different circulation types occurred in the given
week, they were given weights between 1 and 6 according to their duration in days within that
week. For each circulation type a weighted average of tendencies was calculated for COLD and VEG
in order to analyze its conduciveness to drought.
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Table 2
Linear Trends of the Palmer Drought Severity Index per Decade for Seven Stations Analyzed (Sorted by Length of Available
Data), Considering Four Different Time Periods

Start year Trend

Station of data (whole period)  Trend (1922-2018)  Trend (1948-2018)  Trend (1979-2018)
Prague 1876 —0.28% —0.44% —0.54% —0.96%
Tabor 1876 —-0.13% —0.21% -0.16 —0.63%
Caslav 1877 —0.20% —0.32% —0.43% —0.81%
Ceske Budejovice 1889 -0.18" -0.17° —0.08 +0.09

Brno 1892 —-0.35% —0.44% —0.54% —0.97%
Olomouc 1913 —0.38% —0.38* —0.40% —0.65"
Klatovy 1922 —0.19% —0.19* —0.22% —0.59%

“Denotes trends statistically significant at the 5% level.

3. Results
3.1. Temporal Variability of Drought Events

Using PDSI calculated for seven stations across the Czech Republic, long-term temporal variability of
drought events was analyzed (Figure 4). The most distinctive feature recorded at all stations was the pre-
sence of extreme droughts (PDSI value lower than —4) from the 2000s onward. PDSI dropped below —6 in
2018 at stations Brno and Prague, demonstrating drought conditions unprecedented since the late 19th cen-
tury (Figure 4). In Prague, extreme drought was observed from summer 2015 onward (for more than 3 years),
creating the longest consecutive extreme drought event. Extreme drought episodes were recorded also prior
to the 2000s, but these were not spatially coherent, for example, around 1945 (Klatovy) and 1985 (Ceske
Budejovice).

All stations had negative PDSI trends (considering their whole periods of observation) ranging from —0.13 to
—0.38 per decade, and similar trend values were found in the overlapping 1922-2018 period (Table 2). All
trends were significant at the 5% level according to the modified Mann-Kendall trend test for autocorrelated
data (Yue & Wang, 2004). Larger differences in the PDSI trends were observed during 1948-2018, a period
covered by the NCEP/NCAR reanalysis that provides sea level pressure data for assessing atmospheric cir-
culation. The most pronounced PDSI trends were found in Brno and Prague (—0.54 per decade), while the
trend was close to 0 in Ceske Budejovice due to severe droughts in the 1950s and 1980s (Figure 4). The most
recent 1979-2018 period (its onset corresponding with the beginning of satellite measurements) was charac-
terized by the largest negative PDSI trends (especially in Brno, Prague, and Caslav; Table 2). Analogously to
the earlier period, an indistinct statistically insignificant trend was observed in Ceske Budejovice, mainly
due to the 1980s extreme drought.

In the next step, we analyzed drought episodes in more detail in VEG and COLD. The time series were aver-
aged for all seven stations, and therefore the limited overlapping 1922-2018 period was studied. Considering
PDSI, the 2015-2018 period had by far the lowest values in both seasons (with a minimum of —4.5 in VEG
during 2018 and the same value was found in COLD during 2015/2016, Figure 5). This period fell outside the
confidence interval defined as the 0 + 2 X standard deviation (SD) of mean seasonal PDSI for 1922-1999.
PDSI values below this interval were recorded also in 1991, 2007, and 2008 for VEG and during 1983/1984
and 2008/2009 for COLD. Confidence intervals were calculated analogously for the other drought indices.

A similar pattern was found considering another long-term index, SPEI-52. The last 4 years of observation
were extremely dry especially in VEG, but the record-breaking SPEI-52 value (—2.3) was found for COLD
in 2015/2016. During VEG, the record-breaking SPEI-52 (—1.8) occurred in 2007 but the 2018 season ranked
as the second driest. In general, the PDSI and SPEI-52 indices showed similar temporal variability patterns
for VEG and COLD, mainly due to their long-term nature—the respective seasonal values for VEG were
relatively strongly correlated to those for the previous COLD season (the Pearson correlation coefficient
[r] was 0.85 for PDSI and 0.74 for SPEI-52). In addition, a strong correlation between seasonal PDSI and
SPEI-52 values (Figure S4) suggests a good agreement between these two indices in their ability to capture
long-term drought conditions.
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Figure 5. Temporal variability of drought indices during April-September (VEG) and October-March (COLD) seasons.
The time series (1922-2018) were created by averaging drought indices from the seven stations shown in Figure 1a.
Dark (light) gray zones indicate confidence intervals defined as the 0 + 1 (2) X standard deviation of seasonal means of
the respective drought index for 1922-1999.

Differences between VEG and COLD were more pronounced for short-term indices, and seasonal values of
PZIN for VEG were only weakly related to those for the previous COLD season, as expected (r = 0.37).
Moreover, seasonal SPEI-4 values for VEG were nearly independent of those for COLD (r = 0.16). During
VEG, short-term indices revealed rapidly developing droughts in 1947, 2015, and 2018. These three seasons
were linked to the three lowest values of both PZIN and SPEI-4. The driest COLD was recorded in 1953/1954,
with the PZIN value of —0.7 and SPEI-4 value of —1.0. Only two other years fell outside the confidence inter-
val in COLD as well (2006/2007 and 2013/2014), and there was good agreement between PZIN and SPEI-4,
as shown in Figure S4. The long-term (PDSI and SPEI-52) indices showed significant negative trends for both
seasons (using the Mann-Kendall trend test at the 5% level), which was associated with the extremely dry
recent 2015-2018 period (Figure 5). Considering short-term indices, however, statistical significance was
determined for PZIN in VEG only.

3.2. Links to Atmospheric Circulation

Relationships between drought indices and circulation types were analyzed for the 1948-2018 period, for
which sea level pressure data from the NCEP/NCAR reanalysis were available. These circulation types were
linked to drought tendencies (section 2.3) using short-term PZIN and SPEI-4 indices. Figure 6 shows mean
drought tendency for each circulation type in COLD and VEG, where negative tendencies suggest increase of
dry conditions and positive tendencies correspond to a wetter regime. The anticyclonic circulation types had
negative mean drought tendencies (down to —0.29 considering PZIN and —0.15 for SPEI-4). By contrast, all

LHOTKA ET AL.
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Figure 6. Mean drought tendency for 27 circulation types (CT) using two short-term drought indices, PZIN and SPEI-4.
Red circles represent the vegetation period, while blue ones stand for the cold period. The size of each circle

indicates the given CT frequency of occurrence. Gray guiding lines connect values of seasonal tendencies for each CT for
better readability.

cyclonic circulation types were related to positive mean drought tendencies and their magnitudes were
larger compared to those under anticyclonic circulation types (up to 0.55 considering PZIN and 0.31 for
SPEI-4). The larger absolute values of mean drought tendencies under cyclonic circulation types were
compensated by lower frequencies of these types (Figure 3). Positive drought tendencies were found also
under most directional circulation types except for the easterly (E), southeasterly (SE), and southerly (S)
types (Figure 6). Although a relatively large difference between mean drought tendencies in COLD and
VEG appeared for some circulation types, both values always remained completely within the positive or
negative sector (Figure 6). The only exception was the CS circulation type (with a low frequency of
occurrence) linked to SPEI-4, which had positive mean drought tendency in COLD and slightly negative
in VEG.

Based on these results, 12 circulation types with negative mean drought tendencies (averaged between PZIN
and SPEI-4) were defined. Those were all anticyclonic types (A, AN, ANE, AE, ASE, AS, ASW, AW, and
ANW) and directional types from the southeast quadrant (E, SE, and S; hereafter referred altogether as
dry circulation types). The remaining 15 circulation types, that is, all cyclonic types (C, CN, CNE, CE,
CSE, CS, CSW, CW, and CNW), directional types with northern and/or western component (NE, N, NW,
W, and SW), and undefined type (U), had positive mean drought tendencies and were labeled as wet types.

The annual frequency of dry circulation types during VEG had a statistically significant (at the 1% level,
according to the Mann-Kendall test) positive trend in the 1948-2018 period (roughly 2% per decade), with
the largest value (68%) found in 2015. During the last 30 years, dry circulation types occurred more fre-
quently than wet ones in 23 out of 30 VEG seasons, which is a completely opposite pattern compared to that
observed in the 1950s and 1960s (Figure 7a). The droughts that fell outside the 2 X SD confidence intervals
(section 3.1) occurred in those seasons in which the frequency of dry circulation types was considerably lar-
ger than the frequency of wet types. The only exception was 2007, when the number of dry and wet types was
comparable. According to two-sided Student's ¢ test, the mean frequency of dry circulation types during VEG
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Figure 7. Temporal variability of the frequencies of dry (red) and wet (blue) circulation types with least squares
regression lines, for vegetation period (a) and cold period (b). Orange polygons indicate drought periods that fell
outside the 2 X SD confidence intervals (section 3.1), according to the individual drought indices (black circles).

seasons when a drought occurred was significantly (at the 1% level) larger compared to the overall mean
frequency of dry types in the data set in VEG.

For COLD, the positive trend of dry circulation types' frequency had smaller magnitude (less than 1% per
decade) and was not significant at the 5% level (Figure 7b). The COLD seasons in the 2015-2018 dry period
had average or even below-average frequency of dry circulation types compared to other seasons and there-
fore the 2015-2018 drought probably originated mainly from the dryness during vegetation periods (the fact
that the link between droughts and dry circulation types during COLD was weaker compared to VEG, in
general, could also play a role). Although the mean frequency of dry circulation types in COLD seasons with
a drought was larger than the overall mean frequency of dry types in the data set in COLD, this difference
was not statistically significant.

3.3. Dry Period of 2015-2018

In this section, the dry 2015-2018 period is analyzed in more detail by linking drought indices (averaged over
the stations) to individual circulation types. Prevailing wet conditions of 2013, due to floods during June in
central Europe (Bloschl et al., 2013), were succeeded by a transition to a drier regime by the beginning of
2014, as reflected in the long-term indices (PDSI and SPEI-52). Only a short-term drought was observed in
VEG 2013 (Figure 8), which occurred in July and August simultaneously with heat waves (Lhotka &
Kysely, 2015). The shift to drier conditions was related to unusually large number of anticyclonic and
southwesterly types (A, ASW, AW, and S), at the expense of cyclonic and northerly types (Table 3),
resulting in low PZIN and SPEI-4 values in the beginning of 2014 (Figure 8).

This episode was followed by moister conditions at the end of the year, partially replenishing water availabil-
ity before the extreme episode of 2015. The frequency of cyclonic (anticyclonic) types was higher (lower) in
VEG 2014, compared to the previous COLD 2013/2014 season (Table 3). A noteworthy lack of cyclonic types
occurred in COLD 2014/15 (no C, CNE, and CNW), preceding the major drought that developed in VEG
2015. All four drought indices showed extreme drought conditions in this season and this dry period was asso-
ciated with exceptionally high number of dry circulation types (especially AN, ANE, ASW, ANW, and S),
while the number of cyclonic types remained low (Table 3).
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2013 2014 2015 2016

Figure 8. Temporal development of Palmer Drought Severity Index (PDSI), long-term Standardized Precipitation
Evaporation Index (SPEI-52), Palmer Z Index (PZIN), and short-term Standardized Precipitation Evaporation Index
(SPEI-4) in the 2013-2018 period. Yellow color indicates moderate, red severe, and dark red extreme drought conditions.
Red (blue) bars represent weeks during which dry (wet) circulation types prevailed.

The extreme drought conditions persisted until mid-2016 (according to SPEI-52), or the end of 2016
(considering PDSI). The extreme drought was driven by unusually large abundance of dry ASW and AW
types in COLD 2015/2016 and was related to the record-breaking high temperatures during this season in
Europe (C3S, 2016). The largest discrepancy between the long-term drought indices was found during
2016-2017, when severe drought persisted according to PDSI, but only a short episode of moderate
drought in mid-2017 was found using SPEI-52 (discussed in section 4). In 2016-2017, increased frequency
of strongly anticyclonic (A) type was found in both VEG and COLD (Table 3), suggesting that advective
processes were less important (compared to previous seasons) for maintaining dry conditions in this
period (especially as captured by PDSI; Figure 8).

In the first half of 2018, both long-term indices dropped to severe drought level and drought conditions
peaked in the second half of the year, associated with a high frequency of dry circulation types, comparable
to that observed in the first half of 2015. The PDSI index reached a record-breaking value in 2018, but
drought conditions were more extreme in 2015 according to SPEI-52 (Figure 8). Although the magnitude
of the 2018 drought was comparable to 2015, its main driving mechanism was different. No increment in
anticyclonic southerly to northwesterly types was observed (as in 2015) and the westerly advection was
reduced in general (Table 3). By contrast, the frequency of dry northeasterly types (AN, ANE, AE, and E)
was substantially heightened (together 52 days during VEG 2018, compared to the long-term mean of
30 days), indicating more frequent advection of dry continental air compared to previous years.
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Table 3
Seasonal Numbers of Circulation Types (CT) in the 2013-2018 Period

COLD VEG COLD VEG COLD VEG COLD VEG COLD VEG VEG COLD

CT VEG2013  2013/2014 2014 2014/2015 2015 2015/2016 2016 2016/2017 2017 2017/2018 2018 MEAN MEAN
A *19 *15 10 12 15 9 *24 *24 223 12 *18 13.0 11.9
AN 9 0 6 6 *12 4 *13 4 *13 2 *14 8.6 4.5
ANE *12 3 *13 5 *15 2 4 9 1 *14 8.3 4.2
AE 6 2 2 2 7 5 *8 5 *9 5.9 4.8
ASE 3 3 3 *8 3 5 4 2 4.3 5.0
AS 4 8 7 3 7 *8 6 6 3.8 6.5
ASW *13 *17 *23 *10 *19 *11 12 *11 5 6.9 12.1
AW 9 *25 15 10 *41 *16 19 15 *21 11.1 18.7
ANW 13 7 2 *22 8 6 *15 11 *15 10 11.6 10.5
€ 6 1 *0 *1 6 7 5 4 2 5.7 33
CN 4 2 1 3 *1 1 4 2 2 34 1.3
CNE 2 *0 *0 2 1 2 4 2 2 4.6 1.8
CE *1 2 3 4 *0 5 4 5 2 5.1 33
CSE 2 6 6 *0 8 6 3 2 3 11 4.9 4.4
CS 8 5 8 2 4 *1 8 5 4 4 4.2 53
CSW 4 6 3 *1 3 4 *1 7 34 4.4
CcwW 6 *1 5 3 2 6 2 3 5 *0 3.5 3.5
CNW 2 1 *0 *0 *0 *0 *0 1 *0 2.5 21
N 9 2 3 5 *0 5 2 9 *1 7.6 3.7
NE 8 2 4 *3 9 3 6 3 9.1 3.6
E 8 6 8 3 3 3 *13 *15 7.6 6.7
SE 5 7 *15 4 7 6 4 8 5 6.3 8.5
S 6 *14 12 *10 5 5 4 *8 4 4 5.6 10.0
SW *3 27 15 11 12 *4 14 *4 20 8 7.3 15.0
w 7 14 20 10 20 *3 13 12 24 *6 10.2 17.4
NwW 5 6 5 *4 *4 5 9 13 9 5 7.8 8.9
U 7 1 3 7 3 15 2 7 3 *4 9.7 2.0

Note. Vegetation periods (VEG) and cold periods (COLD) are analyzed separately. Mean seasonal numbers calculated from the whole 1948-2018 period are
shown. Highlighted numbers (bold with asterisk) indicate values larger than the seasonal mean + SD (for dry types A, AN, ANE, AE, ASE, AS, ASW, AW,
ANW, E, SE, S) or lower than the seasonal mean — SD (for wet types C, CN, CNE, CE, CSE, CS, CSW, CW, CNW, N, NE, SW, W, NW, U).

4. Discussion

The analysis demonstrates that the 2015-2018 drought in the Czech Republic was of record-breaking sever-
ity on a centennial scale according to various indices. Although PDSI values indicate extreme drought
condition also during the 1940s and 1980s at some stations, the spatial extent of the 2015-2018 event was
unprecedented since the end of the 19th century. The extreme drought affected all stations simultaneously,
revealing a characteristic homogeneity that did not occur before. These findings are also supported by
empirical studies that confirm positive shifts in summer or annual evapotranspiration in central and eastern
Europe (Bogawski & Bednorz, 2016; Duethman & Bloschl, 2018; Hénsel et al., 2019; Macek et al., 2018;
Pravalie et al., 2019). This shift in drought conditions is coupled with a monotonous increase in the number
of days with anticyclonic conditions and/or dry advection in the vegetation period. The increased frequency
of dry circulation types was observed also during the 2015-2018 drought.

Initiation of the 2015-2018 drought in central Europe coincides with the pan-European 2015 drought event
(Tonita et al., 2017; Laaha et al., 2017). Although the severity of hydrological drought (streamflow levels) was
not very extreme for the larger part of Europe, this was not the case for central Europe. The main reason was
found in the hydrologic preconditions of each catchment (Laaha et al., 2017). According to the local hydro-
graphs, extreme droughts occurred as a consequence of dry preconditions in the preceding winter and/or
spring. In those catchments where wet preconditions prevailed, low streamflow events were less severe.

LHOTKA ET AL.

12 of 17



Ay

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD032269

Our results are in line with this explanation. Dry conditions prevailed at all seven stations analyzed
(Figure 4), and the one with the highest drought intensity in 2015 (Brno) had been experiencing the longest
dry period beforehand.

It should be noted that Feng et al. (2017) reported that severity of droughts in a warmer climate might be over-
estimated when estimates of potential evapotranspiration are based on Thornthwaite temperature-driven
approach. central Europe experienced a rapid increase of summer temperatures recently (Christidis
et al., 2015) and use of the Thornthwaite method might lead to overestimation of the computed exceptional
drought severity in 2015-2018. However, Feng et al. (2017) analyzed a drier and warmer region (the High
Plains, USA) and the overestimation of potential evapotranspiration was found beyond the calibration period
only. As the calibration period used in our study (1912-2015) includes the recent warm period, we firmly
believe that the estimates of potential evapotranspiration are representative. In addition, reliable and consis-
tent data of all input parameters needed for the Penman-Monteith formula application are rarely available
especially for the period prior to 1950. Therefore, the Thornthwaite method is the only option available for
estimating potential evapotranspiration in this study.

In addition, fingerprints of other significant pan-European drought events are represented in our analysis. In
1947, for instance, a well-documented drought had occurred that was followed by other drought events with
lower spatial extent, marking a prolonged period of frequent droughts in Europe ending around 1954
(Moravec et al., 2019; Spinoni et al., 2015). The 1947 event is detected in the PDSI of 4 stations (Figure 4),
while other consequent events are also evident at various stations, with varying initiations, durations, and
terminations. The long-term fingerprint of this period (i.e., 1947-1954) can be seen in Danube streamflow,
as its catchment extends over the majority of the affected regions (Pekarova et al., 2006).

The considerable difference in drought severity between PDSI and SPEI-52 from mid-2016 to mid-2018 is
primarily caused by the inclusion of available soil water content into PDSI. In contrast to SPEI-52, past pre-
cipitation deficit in PDSI therefore propagates into the following weeks until soil moisture recovers to nor-
mal values (WMO and GWP, 2016). Thus, PDSI tends to capture groundwater deficits better (which was
observed also during 2017; Crhova et al., 2018) while SPEI-52 seems to show more realistic drought condi-
tions in upper soil layers during this period. In terms of drought initiation, SPEI-52 appears to better match
the results of Ionita et al. (2017), who detected initiation of the 2015 event in May.

The anticyclonic and southeasterly circulation types were identified as conducive to drought. This is in
accordance with Trnka et al. (2009), who used the subjective Hess-Brezowsky catalogue (Werner &
Gerstengarbe, 2010) for the 1881-2005 period and found increasing abundance of dry circulation types over
central Europe since the mid-20th century (considering the April-June period). The statistically significant
increment in the frequency of dry advection in the vegetation period was observed also in our study, using
updated data series (up to 2018) and objectively classified circulation types. This finding is also in line with
Horton et al. (2015), who showed robust positive trends in the occurrence, persistence, and maximum dura-
tion of summer anticyclonic patterns over Europe in the 1979-2013 period.

A generally good agreement between increased frequency of dry circulation types and occurrence of drought
was found for the vegetation period. The exceptions (e.g., in 1979 and 2007) were probably associated with
simplified representation of large-scale patterns in the classification method used (e.g., absence of frontal
zones; Wilby et al., 1995; no representation of processes in the atmospheric boundary layer or upper tropo-
spheric layers; Miao et al., 2017). By contrast, a weaker link between atmospheric circulation and droughts
was observed during the cold period. This phenomenon may be associated with considerably smaller poten-
tial evapotranspiration in the cold period (e.g., Burn & Hesch, 2007) and therefore lower signal-to-noise ratio
compared to the vegetation period.

The increase of anticyclonic patterns in the vegetation period has a pronounced effect on drought propaga-
tion. Inasmuch as these patterns are related to both lower precipitation and higher temperatures, they accel-
erate soil moisture depletion. This can produce a positive feedback mechanism between soil moisture and
climate (Seneviratne et al., 2006). A decline in soil moisture affects the stability of the boundary layer and
reduces the frontal systems' ability to precipitate, which can exacerbate the duration and intensity of drought
events. In addition, evapotranspiration is directly linked to soil moisture, which in turn impacts the flux of
sensible heat and thus air temperature. A decrease in evapotranspiration means that air closer to the ground
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needs a higher amount of time to cool. These feedback mechanisms are a plausible hypothesis for the link
between low precipitation, increased evaporative demand, and the recent drought during the vegetation per-
iod that has been reported to be extremely severe in a 250-year time window (Hanel et al., 2018).

The persistent circulation patterns are often linked to upper-tropospheric Rossby wave-like structures
(Schubert et al., 2011), which are associated with hot and dry summers over Eurasia (Rothlisberger et
al., 2016). Relationships between characteristics of Rossby waves (e.g., their amplitude or propagation) and
large-scale forcing have been widely discussed, with a view to rapid climate change in the Arctic (Cohen et
al., 2014; Francis et al., 2017), temperature characteristics of the Atlantic Ocean (Duchez et al., 2016;
Sutton & Dong, 2012), or the role of the El Nino-Southern Oscillation (Kang et al., 2014). This variety of inter-
connected factors makes modeling of atmospheric circulation challenging, creating relatively large uncer-
tainties in future weather and climate extremes, including severe droughts (Woolings, 2010).

In the future climate, in general, the hydrological cycle is projected to become more intense in the warmer
atmosphere, potentially resulting in increased frequency of droughts (Dai & Zhao, 2017; Prudhomme et
al., 2014). On the European scale, the largest increment of drought severity is projected over the
Mediterranean due to a combination of lower precipitation and higher temperatures (Spinoni et al., 2018).
By contrast, modeled changes of drought severity over central Europe are inconclusive, mainly due to the
simulated increase in precipitation in cold half-year (Jacob et al., 2014). The negative trends in drought
indices in a warming climate of central Europe, as presented in our study, contradict these scenarios. It
remains challenging for current climate models to simulate changes in atmospheric circulation, which
can propagate into precipitation biases (Kotlarski et al., 2014). Other reported issues involve the lack of a
robust framework for the representation of cloud microphysics (Sherwood et al., 2010), significant biases
in reproducing rainfall intermittency (Trenberth et al., 2017), and the simplified representation of land-
atmosphere feedbacks (Miralles et al., 2019), which may substantially intensify heat waves and droughts
(Teuling, 2018).

5. Conclusions

Using four drought indices calculated at seven stations with long-term records in the Czech Republic, we
studied long-term variability of droughts and their links to atmospheric circulation, with focus on the recent
2015-2018 dry period. The main findings are as follows:

1. Severity of the 2015-2018 drought was record-breaking since the late 19th century, especially when con-
sidering the long-term drought indices. PDSI values below —6 were found during this period, which was
unprecedented in the observational records.

2. The dry 2015-2018 period contributed to statistically significant PDSI trends toward drier conditions over
1922-2018. Analogous results were obtained for the other long-term index, SPEI-52.

3. Short-term drought indices (PZIN and SPEI-4) showed more pronounced negative trends in the vegeta-
tion period compared to the cold period, and the dryness of 2015-2018 originated mainly from drought in
the warm part of year. The two lowest PZIN values for the vegetation period were recorded in 2015 and
2018, and similar results were found for SPEI-4.

4. Frequency of dry (wet) circulation types exhibited a statistically significant positive (negative) trend for
the vegetation period over 1948-2018, and this trend was in line with the observed increasing drought
frequency and severity. Similar but insignificant trends in dry and wet circulation types were found also
for the cold period.

5. The drought in vegetation periods during 2015-2018 was associated with above-average frequencies of
dry circulation types and below-average frequencies of wet ones. The record-high seasonal abundance
of dry circulation types was found in the vegetation period of 2015. Detailed analysis revealed that
enhanced northeasterly advection of dry continental air contributed to advancing of the drought in 2018.

The current study highlights the strong relationship between major droughts and atmospheric circulation,
implying that construction of future drought scenarios should be preceded by thorough evaluation of climate
models’ simulations for the recent climate, with a focus on their ability to represent observed changes in
atmospheric circulation and their links to surface meteorological variables. It remains an open question,
however, whether the changes in circulation patterns and the unusually large number of dry years in the
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