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Abstract
The study evaluates ability of regional climate models (RCMs) to reproduce relationships between large-
scale heavy precipitation events (LHPEs) over the Czech Republic and atmospheric circulation. We use an
ensemble of 32 RCM simulations with the 0.11° resolution from the Euro-CORDEX project, and compare
the historical simulations (1951–2005) against observations from the E-OBS data set. A novel selection
criterion for LHPEs is proposed, de�ning these as days with at least 70% of all grid boxes over a given
area with precipitation amounts exceeding the 90th grid-speci�c percentile of the seasonal distribution of
daily amounts. The association with atmospheric circulation is investigated through circulation types
derived from sea level pressure using air�ow indices (direction, strength and vorticity). The majority of the
RCMs capture that the frequency of days with LHPEs is higher in winter than summer, but almost all
underestimate the occurrence of LHPEs in both seasons. In winter, the observed LHPEs are connected
mainly with cyclonic types and westerly supertype; the role of nonwesterly and cyclonic-nonwesterly
supertypes is signi�cant only in the eastern part, where the Atlantic in�uence is weaker. In summer, the
importance of cyclonic and nonwesterly types in producing LHPEs increases compared to winter. The
RCMs reasonably well reproduce these links, including differences between seasons and regions, if their
ensemble mean is evaluated, but large variations occur among individual simulations mainly in summer.
The importance of cyclonic vorticity is overestimated in the RCMs, while westerly advection of moist air
plays a smaller role in models than in observations.

1. Introduction
During recent decades, several destructive �oods hit Central Europe (e.g., the 1997 Oder �ood, and the
2002 and 2013 Elbe �oods; Müller et al. 2015). The primary cause of large-scale �oods within the major
river basins in Central Europe is intense, large-scale and long-lasting heavy rain. Therefore, it is important
to better understand underlying physical mechanisms leading to large-scale heavy precipitation and how
they are reproduced in climate models.

Previous studies have analysed large-scale heavy precipitation in Central Europe using several methods.
Kašpar and Müller (2008) used daily areal precipitation amounts in prede�ned sub-regions to identify the
most extreme rainfall events; Wypych et al. (2018) evaluated extreme precipitation events related to
�oods by daily mean areal precipitation totals exceeding 100 mm; and Gvoždíková et al. (2019) selected
heavy precipitation by the weather extremity index, re�ecting simultaneously the spatial extent and the
return periods of daily precipitation totals.

Large-scale heavy precipitation in mid-latitudes is associated mainly with extra-tropical cyclones and
atmospheric fronts. A close relationship between atmospheric circulation and heavy precipitation events
over Europe has been investigated by a large number of authors (e.g., Bárdossy and Filiz 2005;
Prudhomme and Genevier 2011; Irannezhad et al. 2017). An often-discussed issue is the in�uence of low-
pressure systems of Mediterranean origin (cyclones with Vb track) on summer extreme precipitation in
Central Europe (Mudelsee et al. 2004; Messmer et al. 2015). Hofstätter et al. (2018) revealed that 45% of
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all Vb cyclones are connected to heavy precipitation in summer over the Czech Republic and eastern
Austria. Niedźwiedź et al. (2015) showed that the occurrence of intense precipitation in the Tatra
Mountains (on the Poland/Slovakia border) is strongly related to three circulation types: cyclonic north,
cyclonic northeast, and cyclonic trough with varying air �ow direction. These situations are associated
with cyclones following the Vb track.

Regional climate models (RCMs) driven by global climate models (GCMs) are the tools most frequently
used for simulating scenarios of climate change at regional and local scales. A number of papers (e.g.,
Kyselý et al. 2011; Plavcová et al. 2014; Svoboda et al. 2017; Beranová et al. 2018) have analysed RCM
simulations of precipitation indices including extremes over Central Europe. Rajczak and Schär (2017)
evaluated CORDEX RCMs and found that they perform generally well in the qualitative (i.e., seasonal and
geographical variations) and quantitative (i.e., absolute numbers) characterization of the European
precipitation climate. They noted that extremes seem to be better captured than is the mean, which
obviously suffers from a systematically too high wet-day frequency.

Several studies dealing with validation of control RCM outputs have demonstrated biases in simulating
atmospheric circulation in Central Europe. Plavcová and Kyselý (2011) reported too strong advection and
overestimation of westerly �ow at the expense of easterly �ow in most RCMs, which is linked to similar
rather general drawbacks in their driving GCMs. The relationships between circulation and precipitation in
RCMs have rarely been studied, and this holds true especially when focusing on large-scale heavy
precipitation events.

The �rst goal of this paper is to propose a selection criterion for large-scale heavy precipitation events
(LHPEs) that considers both precipitation amounts and the extent of the affected area. Then we
investigate characteristics of LHPEs over the Czech Republic and their relationships to circulation types.
Finally, the ability of CORDEX RCMs to capture the basic circulation-to-precipitation links is examined,
including differences between the western and the eastern parts of the examined area that are related to
distinct roles of Atlantic and Mediterranean in�uences on heavy precipitation.

2. Data And Methods

2.1 Observed and simulated data
Version 21.0e of the high-resolution European gridded data set (E-OBS; Cornes et al. 2018) is used to
represent the observed precipitation. The data set covers the period back to 1950 and provides gridded
�elds with resolution 0.1° in regular latitude/longitude coordinates. Station density varies signi�cantly
over the domain, and also over time. E-OBS works together with 106 stations in the Czech Republic (53 of
them with data since 1950, and 93 with data since 1961). Altogether there are 1090 grid boxes over the
Czech Republic; for purposes of the study, we have divided the area into the western (557 points, 40
thousand km2) and the eastern (533 points, 38.5 thousand km2) parts alongside latitude 15.3°E (Fig. 1).
Similar division of the area was used in previous studies on precipitation and its trends (e.g. Kyselý
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2009); it is approximately in accordance with main catchments, the Elbe river basin in the western part
and Oder and Danube river basins in the eastern part, and re�ects spatially varied roles of Atlantic and
Mediterranean in�uences on heavy precipitation in Central Europe (Messmer et al. 2015).

Simulated daily precipitation data are taken from the Coordinated Regional climate Downscaling
Experiment project (CORDEX; https://cordex.org/). We study historical simulations for the European
domain (EURO-CORDEX) at the 0.11° resolution (EUR-11; Jacob et al. 2014). Seven different RCMs with
six driving GCMs are used; together we evaluate 32 RCM simulations (not all RCM-GCM combinations are
available) for the 1951–2005 period. The RCMs are listed in Table 1. All RCMs except for ALADIN have
the same grid con�guration, with 617 grid boxes over the Czech Republic (319 in the western part and
298 in the eastern part). ALADIN has 579 grid boxes (294 in the western part and 285 in the eastern part).
Orography and distribution of the grid boxes between the western and the eastern parts of the Czech
Republic are shown in Fig. 1. The ability of RCMs to capture the basic features of the European climate,
including its variability, was assessed by Kotlarski et al. (2014).

Table 1
List of RCMs and their driving GCMs

Institute RCM Driving GCMs

Climate Limited-area Modelling Community
(CLM)

CCLM CNRM, HadGEM, ICHEC, MPI

National Centre for Meteorological Research
(CNRM)

ALADIN CNRM, HadGEM, MPI, NCC

Danish Meteorological Institute (DMI) HIRHAM CNRM, HadGEM, ICHEC, IPSL, MPI,
NCC

Institute for Atmospheric and Climate Science
(ETH)

COSMO HadGEM, ICHEC, MPI, NCC

Institute Pierre Simon Laplace (IPSL) WRF CNRM, HadGEM, ICHEC, IPSL, NCC

Royal Netherlands Meteorological Institute
(KNMI)

RACMO CNRM, HadGEM, ICHEC, IPSL, MPI,
NCC

Max Planck Institute for Meteorology (MPI) REMO CNRM, IPSL, NCC

The NCEP/NCAR reanalysis (Kalnay et al. 1996) is used to represent the observed sea level pressure
(SLP) data to calculate circulation indices (see Section 2.3).

2.2 Criterion for large-scale heavy precipitation event
LHPEs are investigated separately for winter (DJF) and summer (JJA) seasons. Heavy precipitation is
de�ned as daily precipitation amount exceeding the 90th percentile of the distribution of all days in a
season over the whole examined period (1951–2005); the thresholds (the 90th percentile) are calculated
separately for every grid box, given season, and dataset (E-OBS, RCM simulations).
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After several preliminary analyses, LHPEs are then de�ned as days with at least 70% of all grid boxes
over the examined area (the western or the eastern part of the Czech Republic) with heavy precipitation. In
some days, such events occur simultaneously in both regions (Fig. 2). Using the threshold of 70% of grid
boxes, approximately two-thirds of all days with heavy precipitation (in a given grid box) are related to
large-scale events and this yields a su�ciently large sample of days for further analysis.

2.3 Atmospheric circulation
Daily atmospheric circulation characteristics are derived from circulation indices (Jenkinson and Collison
1977). Flow direction, strength and vorticity were calculated from the gridded SLP over Central Europe
according to the methodology by Plavcová and Kyselý (2011). Using these indices, we de�ne 27
circulation types: cyclonic (C), anticyclonic (A), 8 straight (directional) types, 16 hybrid types (combination
of C and A types with the 8 straight types), and one unclassi�ed (U). Straight types are divided according
to �ow direction into eight sectors: northeast (NE) 22.5–67.5°, east (E) 67.5–112.5°, southeast (SE)
112.5–157.5° and so forth. The observed circulation types were calculated from the NCEP/NCAR
reanalysis SLP data; simulated circulation types were obtained from SLP �elds in individual RCMs. For
better visualization and comprehension of relationships between LHPEs and atmospheric circulation, 6
supertypes were created (Table 2). Types C, A and U are not joined into supertypes.
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Table 2
De�nition of circulation supertypes and their frequencies in the NCEP/NCAR reanalysis

Supertypes and
types C, A, U

Frequency
[%] DJF |
JJA

Assigned types

westerly
(DIR_west)

24.3 14.2 southwest (SW), west (W), northwest (NW)

cyclonic-
westerly
(C_west)

3.6 2.6 cyclonic southwest (CSW), cyclonic west (CW), cyclonic northwest
(CNW)

anticyclonic-
westerly
(A_west)

12.1 8.6 anticyclonic southwest (ASW), anticyclonic west (AW),
anticyclonic northwest (ANW)

nonwesterly
(DIR_other)

17.4 18.4 north (N), northeast (NE), east (E), southeast (SE), south (S)

cyclonic-
nonwesterly
(C_other)

4.1 4.8 cyclonic north (CN), cyclonic northeast (CNE), cyclonic east (CE),
cyclonic southeast (CSE), cyclonic south (CS)

anticyclonic-
nonwesterly
(A_other)

6.7 9.1 anticyclonic north (AN), anticyclonic northeast (ANE), anticyclonic
east (AE), anticyclonic southeast (ASE), anticyclonic south (AS)

cyclonic (C) 6.8 9.3 cyclonic (C)

anticyclonic (A) 24.2 26.0 anticyclonic (A)

unclassi�ed (U) 0.8 2.5 unclassi�ed (U)

3. Results

3.1 Basic precipitation characteristics
Before assessing the ability of RCMs to simulate LHPEs, it is important to evaluate how the RCMs
reproduce basic characteristics of precipitation in the examined area. The seasonal precipitation
amounts and seasonal 90th percentiles are presented in Fig. 3; the values for the western (eastern) part
are displayed by circles (squares), and the colour indicates the driving GCM.

Winter precipitation amounts in E-OBS range between 64 and 333 mm depending on grid box. Mean over
the grid boxes is 121 mm and this is almost the same in the western and the eastern parts. The spatial
mean of the winter 90th percentile of daily amounts is 4.2 mm, with a range from 2.3 to 11.8 mm. All
RCMs, excluding RACMO_ICHEC and REMO_CNRM, overestimate both seasonal precipitation amounts
and the 90th percentile in winter. The overestimation probably relates to the large number of rainy days in
RCMs (in some RCMs almost twice as many as in E-OBS, not shown) and enhanced intensity of
precipitation (Prein et al. 2016).
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In summer, the precipitation amounts and 90th percentiles are higher than in winter in E-OBS, ranging
from 178 to 432 mm and from 6 to 14 mm, respectively, depending on grid box. The spatial pattern
shows higher values in the eastern than the western part, which is not captured in some RCMs (e.g.,
CCLM). The difference is larger for the 90th percentile (7.9 mm in the western part while 8.6 mm in the
eastern part in E-OBS), and this may be attributed to the more signi�cant role of cyclones of
Mediterranean origin in the eastern region. There are signi�cant differences between the individual RCMs;
several RCMs substantially underestimate both the precipitation amount and the 90th percentile (e.g.,
CCLM_HadGEM, COSMO_HadGEM) while WRF overestimates them. Overall, there is no general pattern of
the bias for seasonal precipitation amounts, and the 90th percentile tends to be underestimated rather
than overestimated by RCMs (Fig. 3).

3.2 Large-scale heavy precipitation events
The frequency of days with LHPEs is shown in Table 3 and their spatial structure in Fig. 4. The events
occurring only in the western (eastern) part are displayed by circles (squares), while events occurring
simultaneously in both regions are displayed by triangles.
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Table 3
Seasonal frequency of days with LHPEs

  Frequency [%]

DJF | JJA

  Frequency [%]

DJF | JJA

E-OBS 6.9 6.3 RCM mean 5.2 4.7

CCLM_CNRM 6.4 4.4 WRF_CNRM 5.4 2.2

CCLM_HadGEM 6.5 5.9 WRF_HadGEM 4.8 2.3

CCLM_ICHEC 6.2 5.4 WRF_ICHEC 5.3 2.7

CCLM_MPI 6.2 5.3 WRF_IPSL 4.9 2.0

ALADIN_CNRM 5.7 5.7 WRF_NCC 6.0 2.4

ALADIN_HadGEM 5.5 5.8 RACMO_CNRM 5.7 5.3

ALADIN_MPI 5.8 6.4 RACMO_HadGEM 5.8 5.5

ALADIN_NCC 5.9 5.7 RACMO_ICHEC 5.6 6.0

HIRHAM_CNRM 4.1 5.2 RACMO_IPSL 5.6 5.5

HIRHAM_HadGEM 3.9 5.1 RACMO_MPI 5.9 5.9

HIRHAM_ICHEC 4.2 5.5 RACMO_NCC 5.7 5.4

HIRHAM_IPSL 3.6 5.0 REMO_CNRM 4.0 2.6

HIRHAM_MPI 4.2 5.0 REMO_IPSL 3.5 3.4

HIRHAM_NCC 4.1 4.6 REMO_NCC 5.0 2.8

COSMO_HadGEM 5.8 5.7 COSMO_MPI 6.5 5.4

COSMO_ICHEC 5.7 5.3 COSMO_NCC 5.9 4.6

In E-OBS, the winter frequency of all LHPEs is 6.9% and it is higher than in summer. This is associated
with greater importance of frontal stratiform precipitation in the cold part of the year. All RCMs
underestimate the frequency of LHPEs, the mean over all RCM simulations being 5.2%. The largest biases
are found in HIRHAM simulations (3.6–4.2%, depending on the driving GCM) and for REMO driven by
CNRM (4.0%) and IPSL (3.5%). If we look into the spatial structure in observations, there are fewer days
with LHPEs occurring only in the eastern part (2.1%) than only in the western (2.4%) or simultaneously in
both parts (2.4%). This may be due to a decreasing role of frontal precipitation related to Atlantic
in�uences towards the east. All RCMs capture this pattern and simulate fewer LHPEs in the eastern than
western part. The biases in winter are largest for events occurring simultaneously in both regions, the
frequency of which is underestimated in all RCMs, most signi�cantly in HIRHAM and REMO. This
suggests that the RCMs tend to underestimate the spatial extent of LHPEs in Central Europe.
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Summer frequency of all LHPEs is 6.3% in E-OBS (Table 3), and all RCMs except for ALADIN_MPI
underestimate it. The lowest values are found in WRF (2.0–2.7%, less than half of the E-OBS values) and
REMO (2.6–3.4%). All HIRHAM and some ALADIN simulations (driven by HadGEM and MPI) provide
higher percentage of days with LHPEs in summer than in winter. Overall, this pattern, which contradicts
observations, is found in 9 out of the 32 RCM simulations.

The spatial distribution of summer LHPEs in observations is as follows (Fig. 4): 2.7% occurring in the
western part, 2.4% in the eastern part, and 1.2% simultaneously in both regions. All RCMs capture the
relatively small percentage of events affecting the whole area simultaneously. However, some RCM
simulations lead to more events in the eastern than in the western part (e.g., ALADIN, HIRHAM_HadGEM,
HIRHAM_IPSL, WRF_IPSL, RACMO_NCC).

3.3 Atmospheric circulation types
Boxplots of the frequencies of circulation types are shown in Fig. 5. In the NCEP/NCAR reanalysis the
most frequent winter circulation types or supertypes (cf. Section 2.3 and Table 2) are westerly (DIR_west,
24%), anticyclonic (A, 24%), nonwesterly (DIR_other, 17%), and anticyclonic-westerly (A_west, 12%). All
RCMs overestimate the frequency of the westerly supertype. In RCM simulations driven by IPSL and NCC,
the westerly supertype occurs on 35–40% of all days. On the other hand, the frequency of nonwesterly
supertype is underestimated by all RCMs, with the largest underestimation found again in those RCMs
driven by IPSL and NCC. De�ciencies, although with different magnitudes or sometimes even with
different signs, were found also in frequencies of anticyclonic (A) and cyclonic (C) types. Some models
underestimate the frequency of the anticyclonic type (e.g., WRF_IPSL, frequency 10%) and at the same
time overestimate that of the cyclonic type (WRF_IPSL, 15.5%, which is more than twice compared to the
reanalysis).

The most frequent summer circulation types and supertypes in the NCEP/NCAR reanalysis are
anticyclonic (26%), nonwesterly (18%) and westerly (14%). The RCMs simulate summer circulation types
fairly well, with less pronounced biases compared to winter. There is no circulation type that would be
overestimated or underestimated by all RCMs. Some RCMs, mainly driven by MPI and NCC, overestimate
the frequency of anticyclonic type while others, mainly driven by CNRM, underestimate it. Individual
RCMs also overestimate frequencies of nonwesterly supertype (e.g., WRF_CNRM 28%, WRF_IPLS 33%).
Several RCMs driven by MPI strongly overestimate the frequency of westerly supertype (CCLM_MPI 21%,
HIRHAM_MPI 20%) while RCMs driven by HadGEM strongly underestimate it (COSMO_HadGEM and
CCLM_HadGEM 5%).

3.4 Links between large-scale heavy precipitation and
circulation
Frequencies of all circulation supertypes during winter LHPEs in the western and the eastern parts and
simultaneously occurring in both regions are shown in Fig. 6. The �rst column stands for E-OBS, while the
second shows ensemble means of all RCM simulations, and individual RCMs follow. In observations,
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winter LHPEs are connected mainly with westerly, cyclonic-westerly and cyclonic supertypes, frequencies
of which are more than doubled compared to mean winter occurrence (cf. Table 2 and Fig. 6).

There are signi�cant differences in the link of LHPEs to circulation between the western and the eastern
parts in winter (Fig. 6). In observations, the events in the western part are mainly connected with westerly
supertype (58%), cyclonic type (11%), and cyclonic-westerly supertype (11%), with nonwesterly supertype
occurring infrequently during LHPEs (7%). Events in the eastern part are also linked to westerly supertype,
but only in 38%, followed by cyclonic type (24%); nonwesterly and cyclonic-nonwesterly supertypes are
more frequent (together 23%) than in the western part. Events occurring simultaneously in both parts are
linked mainly to westerly supertype (65%).

The majority of RCMs reasonably well simulate differences in circulation-to-precipitation link between the
western and the eastern parts during winter. Nearly all RCMs (except for WRF_NCC and
RACMO_HadGEM) overestimate frequency of the cyclonic type during LHPEs in both parts. This
overestimation is larger in the eastern part mainly in HIRHAM simulations (e.g., HIRHAM_IPSL 54%),
CCLM_CNRM (45%) and RACMO_MPI (42%). In the western part, some RCMs underestimate the
frequency of westerly supertype (e.g., HIRHAM_HadGEM at 41%, WRF_CNRM at 32%), most RCMs driven
by CNRM overestimate the role of nonwesterly supertype (ALADIN_CNRM 10%, REMO_CNRM 12.5%), and
several RCMs overestimate the role also of cyclonic-nonwesterly supertype (WRF_CNRM 12%,
HIRHAM_MPI 11%). Many RCMs underestimate frequency of westerly supertype and overestimate
frequency of cyclonic type during events simultaneously occurring in both parts (HIRHAM_ICHEC,
REMO_IPSL).

Connections between summer LHPEs occurring in the western, eastern and both parts and circulation
types are shown in Fig. 7. The differences between the western and the eastern parts are not so large in
comparison to winter. In observations, LHPEs in the western part are linked mainly to cyclonic type (30%),
while westerly and nonwesterly supertypes are represented with the same frequency (17%). Occurrence of
cyclonic type during LHPEs is more than three times higher than mean summer frequency (Table 2).
Precipitation events in the eastern part are connected mainly with nonwesterly (24%) and cyclonic-
nonwesterly supertypes (17%, more than three times higher than mean summer frequency). The
frequencies of cyclonic type (23%) and westerly supertype (11%) are smaller compared to those during
events occurring in the western part. The prevailing type during LHPEs simultaneously occurring in both
parts is the cyclonic type with frequency 56%, which is 6 times higher than summer climatology.

There are considerable differences between individual RCMs in simulation of circulation-to-precipitation
links in summer. Some RCMs strongly overestimate the role of cyclonic circulation mainly in the western
part: all WRF simulations (e.g., WRF_ICHEC 48%), as well as CCLM_MPI (47%) and HIRHAM_ICHEC (55%).
Some RCMs underestimate the occurrence of westerly supertype during LHPEs; this concerns the majority
of those RCMs driven by CNRM, as well as REMO and WRF RCMs. Some models connect LHPEs with
anticyclonic type (CCLM_CNRM, COSMO_MPI, REMO_IPSL). Only a few simulations capture similarly
strong links between events simultaneously occurring in both parts and the cyclonic type as found in E-
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OBS: ALADIN_CNRM (frequency of C type during LHPEs is 51%), COSMO_ICHEC (55%), WRF_ICHEC
(58%), and RACMO_ICHEC (56%). Overall, these results are in�uenced by relatively small frequencies of
LHPEs, especially those occurring simultaneously in the whole area, in some RCMs.

4. Discussion
The threshold for heavy precipitation can be set by a number of different methodologies. The simplest
method is to use a �xed threshold, such as 10 mm per day (Zhang et al. 2011), which does not re�ect
local characteristics of the precipitation. Another method is to use a wet-day percentile (e.g., 75th) as a
threshold. In this case precipitation percentiles are computed for the subset of days with non-zero
precipitation. This method is appropriate only for observational data, however. If comparison of
observations and RCM simulations is the goal, then this method is unsuitable because of the generally
overestimated numbers of rainy days in RCMs (Rajczak and Schär 2017). Heavy precipitation thresholds
de�ned in this way are underestimated by RCMs and numbers of days with heavy precipitation are
overestimated. That is why we de�ned the threshold for heavy precipitation as all-day percentile (90th), in
line with the recommendation by Ban et al. (2015), for example.

We have proposed a selection criterion for large-scale heavy precipitation that should be able to identify
precipitation events potentially leading to large-scale �oods. Heavy rainfall during 11–13 August 2002
that, together with previous catchment saturation, caused destructive Elbe/Vltava �oods (Ulbrich et al.
2003) is an example. Our method captured this situation very well: on 11 August large-scale heavy
precipitation simultaneously occurred in both parts of the area (Fig. 2, right map), LHPE is identi�ed on 12
August in the western part and on 13 August in the eastern part. Our method captures also the preceding
LHPEs on 4, 6 and 7 August 2002 that contributed to saturation of catchments before the main �ood
event.

The ability of RCMs to simulate precipitation characteristics and circulation types depends on season. In
winter, almost all RCMs have a tendency to overestimate the 90th percentile of daily amounts (Q90),
underestimate the total number of LHPEs, overestimate frequency of the westerly supertype, and
underestimate frequency of the nonwesterly supertype. In summer, the general tendencies of biases are
less pronounced and differences between individual RCMs are larger (Figs. 3, 4 and 5); some models
show a strong relationship between Q90 value and the frequency of westerly supertype (e.g.,
COSMO_HadGEM, CCLM_HadGEM). These differences are given mainly by different parameterization
schemes of convection in RCMs. Our results are in qualitative terms in agreement with Vautard et al.
(2021), who showed that the inter-model spread is larger in summer than in winter.

Substantial drawbacks in winter are found for events occurring simultaneously in both parts of the
examined area. These LHPEs are strongly underestimated by RCMs, and, while in the observed data they
occur under westerly circulation (westerly, cyclonic-westerly and anticyclonic-westerly supertypes) in
nearly 80% of days, this percentage is below 40% in some RCMs (HIRHAM_ICHEC, HIRHAM_IPSL,
REMO_IPSL), and nearly all models generally overestimate the role of cyclonic type in these events. This
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suggests that the importance of cyclonic vorticity in producing LHPEs in Central Europe is overestimated
in RCMs, while westerly advection of moist air plays a smaller role in models than in observations.

5. Conclusions
We have proposed a novel selection criterion for large-scale heavy precipitation events (LHPEs), de�ning
these as days with at least 70% of all grid boxes over the examined area with heavy precipitation
(exceeding the grid-speci�c 90th percentile of the distribution of all days in a given season). We analysed
relationships between these events and circulation during 1951–2005 in observations (E-OBS gridded
data set for precipitation, NCEP/NCAR reanalysis for SLP from which circulation types were derived), and
an ensemble of 32 Euro-CORDEX RCM simulations with the 0.11° resolution was evaluated to assess
ability to reproduce the circulation-to-precipitation links.

The main �ndings of the present study can be summarized as follows:

In observations, the winter frequency of all LHPEs (6.9%) is higher than summer frequency (6.3%). In
winter, the numbers of events occurring in the western, in the eastern and simultaneously in both
parts of the studied area are approximately equal while in summer, LHPEs occurring simultaneously
in both parts are in a minority.

Almost all RCMs underestimate frequency of LHPEs in both winter and summer. The RCMs tend to
underestimate the spatial extent of LHPEs in Central Europe.

In winter, the observed LHPEs are connected mainly with cyclonic type and westerly supertype. The
link to nonwesterly and cyclonic-nonwesterly supertypes is important only in the eastern part. The
majority of RCMs well simulate differences in circulation-to-precipitation links between the western
and the eastern parts but almost all RCMs overestimate the frequency of cyclonic type during LHPEs.

In summer, the observed LHPEs are associated mainly with cyclonic type, as well as westerly and
nonwesterly supertypes. The differences between the western and the eastern parts are not so large
in comparison with winter. The prevailing type during events simultaneously occurring in both parts
is cyclonic type with frequency 56%, which is 6 times higher than is its mean summer occurrence.

There are considerable differences between individual RCMs in simulation of circulation-to-
precipitation links in summer. Only a few models are able to simulate the strong link between events
simultaneously occurring in both parts and cyclonic type, which is related to underestimated spatial
extent of LHPEs in summer.

The results suggest that in generating LHPEs, the importance of cyclonic vorticity is overestimated in
RCMs while westerly advection of moist air from the Atlantic plays a smaller role than in
observations.

In conclusion, the method proposed for LHPEs is able to capture the precipitation events potentially
leading to �oods, and it may be suitable to characterize also the �ood-risk conditions in future climate
scenarios.
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Figures

Figure 1
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Orography of the E-OBS data set (a), the CORDEX RCMs (b), and the ALADIN RCM (c). The red line shows
how the area of the Czech Republic is divided into the western and the eastern parts

Figure 2

Example of LHPEs a) in the western part, day 1982-08-06, b) in the eastern part, 1994-07-17, and c) in
both parts, 2002-08-11. Grid boxes with precipitation amount exceeding the 90th percentile are coloured
green

Figure 3

Seasonal precipitation amounts (upper graphs) and 90th percentiles of daily precipitation (Q90, lower
graphs) in winter (left) and summer (right)
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Figure 4

Frequency of days with LHPEs. Events occurring only in the western (eastern) part are displayed by
circles (squares), while events occurring simultaneously in both regions are displayed by triangles

Figure 5

Boxplots of the frequency of circulation types and supertypes in winter (upper graph) and summer (lower
graph). The boxplots are calculated across individual RCMs driven by the same GCMs. The driving GCMs
are indicated by colours. The red dotted lines display the frequency of circulation types and supertypes in
the NCEP/NCAR reanalysis 

Figure 6

Frequency of circulation types and supertypes connected with winter LHPEs. Top: LHPEs only in the
western part, middle: LHPEs only in the eastern part, bottom: LHPEs simultaneously in both regions. In all
columns, the types are ordered according to their frequency in E-OBS 

Figure 7

As in Figure 6, except for summer


