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Abstract: Projected changes of warm season (May–September) rainfall events in an ensemble of 30 regional climate 
model (RCM) simulations are assessed for the Czech Republic. Individual rainfall events are identified using the concept 
of minimum inter-event time and only heavy events are considered. The changes of rainfall event characteristics are 
evaluated between the control (1981–2000) and two scenario (2020–2049 and 2070–2099) periods. Despite a consistent 
decrease in the number of heavy rainfall events, there is a large uncertainty in projected changes in seasonal precipitation 
total due to heavy events. Most considered characteristics (rainfall event depth, mean rainfall rate, maximum 60-min 
rainfall intensity and indicators of rainfall event erosivity) are projected to increase and larger increases appear for more 
extreme values. Only rainfall event duration slightly decreases in the more distant scenario period according to the RCM 
simulations. As a consequence, the number of less extreme heavy rainfall events as well as the number of long events 
decreases in majority of the RCM simulations. Changes in most event characteristics (and especially in characteristics re-
lated to the rainfall intensity) depend on changes in radiative forcing and temperature for the future periods. Only chang-
es in the number of events and seasonal total due to heavy events depend significantly on altitude. 
 
Keywords: Rainfall event; Hourly rainfall; Regional climate model; Climate change. 

 
INTRODUCTION 

 
Potential changes in characteristics of precipitation events 

such as event depth, duration or intensity due to climate change 
are of significant societal concern, especially after evidence of 
increasing daily extreme rainfall intensity has strengthened 
(Alexander et al., 2006; Trenberth, 2011; Westra et al., 2014). 
Central Europe has been affected by several major flood events 
in the recent decades (e.g. Kundzewicz et al., 2005; Kundze-
wicz, 2012). These floods resulted either from heavy multi-day 
rainfall events affecting large areas (e.g. Blöschl et al., 2013) or 
from localized extreme sub-daily events (e.g. Marchi et al., 
2010). Especially short duration extreme events might intensify 
more in future climate due to dynamical feedbacks (Berg and 
Haerter, 2013; Lenderink and van Meijgaard, 2008; Millán, 
2014). 

A comprehensive overview of the assessment studies on 
trends in precipitation extremes and floods across Europe is 
given by Madsen et al. (2014). Over the Czech Republic, 
Kyselý (2009) evaluated seasonal trends in heavy precipitation 
on daily basis for 1961–2005. In winter, spatially coherent 
increases were reported mainly in the western part of the coun-
try. The trends were spatially less uniform in summer, but 
increasing tendency in heavy precipitation prevailed. Decreases 
were observed in spring, while the least spatially coherent and 
insignificant trends were found in autumn. 

Only a limited number of studies analysed sub-daily rainfall 
extremes (e.g. Beck et al., 2015; Jakob et al., 2011; Lenderink 
et al., 2011). For the Czech Republic, Hanel et al. (2016) ana-
lysed trends in characteristics of sub-daily heavy precipitation 
(at various aggregation levels from 30-min to 1-day) consider-
ing 17 stations and 51 years (May–September periods for 
1961–2011). Observed trends in indices of heavy precipitation 
(seasonal maxima; rain intensity index; fractions of precipita-
tion due to very wet days) were significant and positive for 
many of the stations (an average increase of 2–9% per decade 
for all examined characteristics). 

Recently, Rulfová and Kyselý (2014) analysed characteris-
tics of convective and stratiform precipitation separately at 11 
stations for 1982–2010. They found that spatially averaged 
trends in convective precipitation were positive for rainfall 
totals and the number of wet days in spring, summer and au-
tumn, and tended to be more pronounced at lowland stations. 
The trends in extreme convective precipitation (maximum 
seasonal 6-hour and 1-day totals) were spatially more variable 
and often insignificant, but slight increase prevailed as well. 
The observed increase in total precipitation in spring and sum-
mer was mainly due to an increase in convective precipitation 
(Rulfová and Kyselý, 2014). 

Events with high rainfall depths and durations of a few hours 
are most often associated with convective storms (Hand et al., 
2004; Westra et al., 2014). Rulfová and Kyselý (2013) reported 
that the convective precipitation represents about 50% of the 
total precipitation in summer for the Czech Republic, and heavy 
rainfall events contribute significantly to precipitation in warm 
season. 

Despite the relevance to urban hydrology or soil erosion as-
sessment, only a few studies dealt with characteristics of indi-
vidual rainfall events derived from observed rainfall data. 
Fiener et al. (2013), for instance, found significant trends in 
annual rainfall erosivity in a long record (1937–2007) of 5-min 
precipitation data for 10 stations in Germany. Hanel et al. 
(2016) assessed erosive rainfall events for the 1961–2011  
period in the Czech Republic and found significant increasing 
trends in event rainfall rate and significant decreasing trends in 
event duration. 

To obtain estimates of possible future changes in precipita-
tion at a regional or local scale, regional climate models 
(RCMs) are widely used. Studies on precipitation extremes in 
ensembles of RCM simulations over the area of the Czech 
Republic (Hanel and Buishand, 2012; Kyselý and Beranová, 
2009; Kyselý et al., 2011) reported increases in summer and 
winter 1-day precipitation extremes for the late 21st century 
(increases in the 50-year quantile ∼ 16–26%). Comparable 
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future changes in daily summer precipitation extremes were 
indicated also for many other locations in Europe (e.g. Frei et 
al., 2006; Hanel and Buishand, 2011; Madsen et al., 2014). 

While the simulated changes in precipitation extremes at 
daily and multi-day time scales are explored relatively well, 
only few studies considered changes at sub-daily time scales. 
For instance, based on RCM simulations and climate analogues, 
Arnbjerg-Nielsen (2012) estimated an increase in design sub-
daily precipitation intensities in Denmark (up to 50% for hourly 
precipitation maxima and 100-year return period within the 
next 100 years). The projected increase in intensities tended to 
be larger with shorter durations and higher return periods. Ha-
nel and Buishand (2010) analysed changes in hourly and daily 
summer precipitation extremes over the Netherlands using a 
statistical model. The estimated changes in annual daily maxi-
ma were relatively small (≈ 20% for return periods larger than 5 
years). A similar value was found also for hourly extremes, 
when the statistical model was constrained to allow for changes 
only in the first two moments of the distribution; however, an 
unconstrained model revealed ≈ 45–60% increase in 50 to 200-
year precipitation maxima indicating large uncertainty in pro-
jected changes of high quantiles. Large increases in simulated 
heavy summer precipitation were also mentioned by Lenderink 
and van Meijgaard (2008) for the Netherlands and Kendon et 
al. (2014) for the UK, while Knote et al. (2010) and Pan et al. 
(2011) reported decreases for Germany and Western U.S., 
respectively. 

The majority of available RCM simulations (having spatial 
resolution coarser than 10 km) relies on convection parameteri-
zation schemes, which are sources of significant uncertainties 
and errors (Brockhaus et al., 2008; Hohenegger et al., 2008; 
Kendon et al., 2012) especially for sub-daily precipitation 
(Westra et al., 2014). The deficiencies in simulating convective 
precipitation may significantly affect the estimated changes in 
rainfall extremes (Kendon et al., 2014). 

The purpose of this paper is to analyse changes of heavy 
rainfall event characteristics between the control (1981–2010) 
and two scenario periods (2020–2049 and 2070–2099) as pro-
jected by an ensemble of RCM simulations with hourly data 
conducted within the ENSEMBLES (van der Linden and 
Mitchell, 2009) and EURO-CORDEX (Jacob et al., 2014) 
projects. 

The paper is organized as follows. The study area and RCM 
data are described in following section. Section Methods pro-
vides definition of heavy rainfall events, considered event char-
acteristics and approaches for the assessment of changes in 
RCM-simulated rainfall events. The changes in RCM-simulated  
 

heavy rainfall events are given in the Results section. The paper 
is closed by Discussion and Summary. 
 
STUDY AREA AND THE RCM SIMULATIONS 

 
Projected changes in RCM-simulated rainfall event charac-

teristics are analysed for the Czech Republic (78800 km2) lo-
cated in Central Europe (Fig. 1a). Approximately two-thirds of 
the area are situated in altitudes below 500 m, while several 
mountain ranges on the borders exceed 1200 m in elevation 
(maximum is about 1600 m in the north; Fig. 1b). Average 
annual precipitation totals for the 1961–2000 period vary from 
about 420 mm in the central-western part of the country up to 
more than 1200 mm in the mountains. Mean annual precipita-
tion for the Czech Republic is about 670 mm and the wettest 
months at most stations are June and July (Tolasz, 2007). Al-
most two-thirds of the annual precipitation falls in the summer 
half of the year. During the summer half-year (April–
September) the rainfall events usually have shorter durations 
and larger intensities, while during the winter half-year (Octo-
ber–March) the rainfall events are mainly characterized by 
lower intensities and longer durations, and are connected to low 
pressure and frontal systems (Tolasz, 2007). 

The examined ensemble of 30 RCM simulations is described 
in Table 1. Six RCMs are driven by 14 global climate models 
(GCMs) forced by scenarios SRES A1B (Nakicenovic and 
Swart, 2000), RCP2.6, RCP4.5 or RCP8.5 (van Vuuren et al., 
2011). The RCMs outputs are available on a rotated latitude-
longitude grid with a horizontal resolution ranging from 12.5 to 
50 km. Only the CLM simulation is on a regular grid. From 
each RCM simulation only grid boxes covering the area of the 
Czech Republic (i.e. 52–607 grid boxes for different RCMs) 
were selected (see Fig. 1b). 

The HIRHAM5, HadRM3 and RACMO2 simulations were 
conducted within the ENSEMBLES project (van der Linden 
and Mitchell, 2009), while the RCA4 and RACMO22E simula-
tions within the EURO-CORDEX project (Jacob et al., 2014). 
Two of the HadRM3 simulations are driven by the GCM ver-
sion with perturbed physics parameterization (Collins et al., 
2006). HadRM3Q0 is an unperturbed model run, HadRM3Q3 
is a version with low sensitivity to external forcing, and 
HadRM3Q16 includes perturbations resulting in high sensitivi-
ty to external forcing. The perturbations in the HadRM3 RCM 
correspond to those in the HadCM3 GCM. 

Projected changes were analysed between the control period 
(1981–2000) and two scenario periods (2020–2049 and 2070–
2099). 

 

 
 

Fig. 1. (a) Location of the Czech Republic in Central Europe. (b) Centres of grid boxes covering the Czech Republic for RCM simulations 
with 50 km (black dots, 52 grid boxes) and 12.5 km spatial resolution (small red dots, 607 grid boxes). 
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Table 1. Overview of the RCM simulations. 
 

RCM 
 Acronym 

Driven by GCM Forcing 
Horizontal resolu-
tion 

Grid boxes 

 
CLM 2.4.11 (Böhm et al. 2006; Lautenschlager et al. 2009a, b) – Max Planck Institute for Meteorology (MPI), Germany 
 CLM ECHAM5/MPIOM SRES A1B 22 km (0.2°) 301 
 
HadRM3.0 (Collins et al. 2011) – Met Office Hadley Centre (MOHC), UK 
 HadRM3Q0_HadCM3 HadCM3Q0 SRES A1B 25 km (0.22°) 173 
 HadRM3Q3_HadCM3 HadCM3Q3 
 HadRM3Q16_HadCM3 HadCM3Q16 
 
HIRHAM5 (Christensen et al. 2007) – Danish Meteorological Institute (DMI) 
 H5_ARPEGE ARPEGE SRES A1B 25 km (0.22°) 173 
 H5_BCM BCM 
 H5_ECHAM5 ECHAM5-r3 
 
RACMO2.1 (van Meijgaard et al. 2008) – Royal Netherlands Meteorological Institute (KNMI) 
 RACMO2_ECHAM5 ECHAM5-r3 SRES A1B 25 km (0.22°) 173 
 RACMO2_MIROC MIROC3.2 
 
RACMO22E (van Meijgaard et al. 2012) – Royal Netherlands Meteorological Institute (KNMI) 
 RACMO22E ICHEC-EC-EARTH RCP4.5, RCP8.5 12.5 km (0.11°) 607 
 
RCA4.0 (Kupiainen et al. 2011; Samuelsson et al. 2011) – Swedish Meteorological and Hydrological Institute (SMHI) 
 RCA4_CanESM2 CCCma-CanESM2 RCP4.5, RCP8.5 50 km (0.44°) 52 

 RCA4_CM5A-MR IPSL-CM5A-MR RCP4.5, RCP8.5 

 RCA4_CNRM-CM5 CNRM-CM5 RCP4.5, RCP8.5 

 RCA4_EC-EARTH ICHEC-EC-EARTH RCP2.6, RCP4.5, RCP8.5 

 RCA4_ESM2M NOAA-GFDL-ESM2M RCP4.5, RCP8.5 

 RCA4_ESM-LR MPI-ESM-LR RCP4.5, RCP8.5 

 RCA4_HadGEM2-ES MOHC-HadGEM2-ES RCP4.5, RCP8.5 

 RCA4_MIROC5 MIROC5 RCP4.5, RCP8.5 

 RCA4_NorESM1-M NCC-NorESM1-M RCP4.5, RCP8.5 

 
METHODS 

 
This section provides the definition of rainfall events and 

considered event characteristics. Methods for the analysis of 
changes in rainfall events are presented at the end of the sec-
tion. 

 
Rainfall event definition 

 
Rainfall events were defined using the minimum inter-event 

time (MIT) approach (e.g. Dunkerley, 2008). Six hour MIT was 
used for the derivation of rainfall events in all RCM simula-
tions. This value is used most frequently for the identification 
of individual events in observed data (Dunkerley, 2008) and is 
typical also in rainfall erosion studies (e.g. Wischmeier and 
Smith, 1978). Please note, however, that the estimated optimal 
MIT for observed data over the Czech Republic is longer (Ha-
nel and Máca, 2014). This holds true also for most of the RCM 
simulations for the Czech Republic in 1981–2000 (not shown). 

In addition to 6-hour MIT a wet-hour threshold of 0.1 mm 
was considered in order to account for drizzling effect in the 
evaluation of RCM simulations (Kjellström et al., 2010). The 
same value was used also in previous studies (e.g. Kendon et 
al., 2014; Willems and Vrac, 2011). We further focused on 15% 
of rainfall events with the largest event depth during the warm 
season (May–September), which are referred to as heavy rain-
fall events in the rest of the paper. Note that for observed data 
this means that the threshold defining heavy rainfall events 
roughly corresponds to 12.7 mm, which is the minimum event 

depth of a rainfall event to be considered erosive according to 
the Universal Soil Loss Equation methodology (Wischmeier 
and Smith, 1978). 
 
Rainfall event characteristics 

 
We focused on projected future changes of the following 

rainfall event characteristics: 
 

– rainfall event depth D [mm], 
– rainfall event duration T [h], 
– event mean rainfall rate RR [mm·h−1]: 
 ܴܴ = ஽்

   (1) 
 

– maximum 60-min rainfall intensity during an event I60 
[mm·h−1]. 

 
In addition, the following indicators of erosive potential of a 

rainfall event were considered as well: 
 
– event rainfall energy E [MJ·ha−1]; Brown and Foster 
(1987): 
ܧ  = ∑ 0.29݀௧ሾ1 − ሺ−0.05݀௧ሻሿ௧்ୀଵ ݌ݔ0.72݁  (2) 
 

where dt is a rainfall volume during hour t. 
– event rainfall erosivity index EI60 [MJ·mm·ha−1·h−1]: 
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60ܫܧ = ܧ ∙  (3) 60ܫ
 
Finally, we analysed also projected changes in seasonal 

(May–September) characteristics: 
 

– the number of heavy rainfall events per season Ne [–] and 
– seasonal total due to heavy rainfall events TOT [mm]. 
 

Assessment of projected changes of rainfall event 
characteristics 

 
The changes of rainfall (event/seasonal) characteristics over 

two scenario periods: 2020–2049 (SCE1) and 2070–2099 
(SCE2) with respect to the control period 1981–2000 were 
assessed in the RCM simulations for the Czech Republic as 
follows: 

1) Rainfall events were determined for each grid box 
across the study area and all periods. Characteristics of rainfall 
events were calculated. 

2) We evaluated changes in the RCM simulations be-
tween the scenario and control periods for: 

a) mean rainfall (event/seasonal) characteristics for each 
grid box over the study area (further denoted rtsm); 

b) pth quantiles of the distribution of rainfall event char-
acteristics for each grid box for cumulative probabilities p = 
0.05, 0.1, . . . , 0.95 (further referred to as quantile changes rtsp); 

c) areal average annual frequencies for corresponding 
bins of the histograms of rainfall event characteristics (further 
denoted as histogram changes rtsf). 

3) Because atmospheric temperature may influence the 
intensity of rainfall extremes (e.g. Utsumi et al., 2011; Westra 
et al., 2013), we analysed also relations of simulated rainfall 
event characteristics to changes in daily mean temperature 
(T2M [°C]) and radiative forcing (RFO [W·m−2]). Radiative 
forcing as given by Houghton et al. (2001) for the SRES A1B 
emission scenario and Meinshausen et al. (2011) for the RCP 
scenarios was considered. Changes of radiative forcing and 
daily temperature for the scenario periods were calculated in 
the same way as rtsm for other (event/seasonal) characteristics. 
Then all rtsm were averaged over the study area (i.e. one rtsm 
value for each characteristic for an RCM simulation and a 
scenario period) and a linear regression model for the depend-
ence of changes (rtsm) in rainfall (event/seasonal) characteris-
tics on changes in RFO (T2M) was fitted considering the whole 
RCM ensemble. 

 
PROJECTED CHANGES OF RAINFALL EVENT 
CHARACTERISTICS 

 
Results related to changes in RCM-simulated rainfall 

(event/seasonal) mean characteristics, quantiles and histograms 
are described in this section. Relations between radiative forc-
ing, temperature and rainfall event characteristics are summa-
rized in at the end of this section. 

 
Changes of mean rainfall (event/seasonal) characteristics 

 
Mean characteristics of RCM-simulated heavy rainfall 

events for the control period (1981–2000) averaged over the 
study area are shown in the left part of Table 2. Relative chang-
es of mean characteristics (rtsm) for the RCM-simulated rainfall 
events between the control and the scenario periods for all grid 
boxes across the study area are shown as boxplots in Fig. 2. 

 
 

Fig. 2. Comparison of relative changes (rtsm) in the RCM-
simulated rainfall event characteristics for two scenario periods: 
2020–2049 (SCE1, grey boxplots) and 2070–2099 (SCE2, coloured 
boxplots). Boxplots show relative changes in mean characteristics 
between the scenario periods and the control period for all grid 
boxes over the study area. 
 
For the closer scenario period SCE1 the number of heavy 
events per season (Ne) is approximately the same as for the 
control period for most RCM simulations. Ne is in general 
lower (by a maximum of two events per season) in the more 
distant scenario period SCE2. The changes in the seasonal total  
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due to heavy events (TOT) are much more variable across the 
RCM simulations. While the simulated changes in TOT are 
larger than ±10% only for 6 RCM simulations in the SCE1 
period, in the SCE2 period the changes vary from a 20% de-
crease to a 19% increase (corresponding to a change ranging 
from −40 to +54 mm). 

Four groups can be identified according to changes in grid 
box average rainfall event depth (D), duration (T), maximum 
60-min intensity (I60) and event rainfall energy (E) as follows: 

a) RCM simulations with only small changes (below 
10%) in all characteristics and scenario periods; 

b) RCM simulations with increasing D, I60, E and only 
small change (below 10%) in T; 

c) RCM simulations with increasing D, I60, E and pre-
vailing increase also in event duration (T); 

d) RCM simulations with increasing I60 combined with  
decreasing T. The changes in D and E are small for most of 
these RCM simulations, except for RCA4_HadGEM2-
ES_rcp85 with a significant increase in D and E. 

A complete overview of changes of the considered event 
characteristics in the RCM simulations is given in Table 2. 

 
Quantile changes 

 
Projected quantile changes (rtsp) between the control and 

two scenario periods are shown in Fig. 3. The changes are in 
general small (<10%) for most of the RCM simulations and 
quantiles in the SCE1 period, while there is a slight increase for 
the SCE2 period for all event characteristics except the event 
duration (T), which is getting shorter. 

In general, the increase is larger for larger values of D, RR, 
I60, E and EI60, while the event duration (T) remains on aver-
age the same for long events and decreases for the shortest 
heavy rainfall events. 

 
Histogram changes 

 
Histogram changes (rtsf) between the control and scenario 

periods are similar for both scenario periods. In the SCE2 peri-
od (Fig. 4) the changes are slightly higher only for some char-
acteristics. In general the number of heavy rainfall events with 
low D, RR, I60, E, EI60 and high T is projected to decrease in 
most of the RCM simulations. The number of events with low-
est depths (D < 13 mm) and energies (E < 1 MJ·ha−1) clearly 
decreases, with the projected number of events in SCE2 being 
over 5 times smaller than that for the control period in several 
RCM simulations. Notable is also an increase in the number of 
rainfall events with moderate RR (2−4 mm·h−1) and I60 (4−10 
mm·h−1). 

 
Dependence on radiative forcing and projected temperature 
changes 

 
For all emission (SRES A1B) and concentration (RCP) sce-

narios considered in this paper the estimated radiative forcing 
(RFO) increases in the scenario periods. The increases are 
generally larger in the more distant (SCE2) period (exception is 
only the RCP2.6 scenario). The largest increases in the radia-
tive forcing are estimated for the A1B and RCP8.5 scenarios in 
the SCE2 period as shown in Fig. 5. All RCM simulations 
indicate also increasing temperature (T2M) with larger increas-
es in the SCE2 period (on average ≈ 3.2 °C). 

Most of the rainfall event characteristics in the ensemble of 
the RCM simulations depend on radiative forcing (RFO) and 
temperature (T2M) in a relatively similar way as demonstrated 

 
 

Fig. 3. Comparison of quantile changes (rtsp) in the RCM-
simulated rainfall event characteristics for two scenario periods: 
2020–2049 (SCE1) and 2070–2099 (SCE2). Thin lines represent 
the average from all grid boxes over the study area for each RCM 
simulation, bold black lines show ensemble average. 

 
in Figs. 5 and 6. Slight differences occur for event depths (D),  
which do not show any significant dependence on T2M, but 
slightly increase with RFO (statistically significant with p-value 
< 0.05). On the other hand, event duration (T) appears to be 
independent on RFO, but a decrease of T with increasing T2M 
is statistically significant (p-value < 0.01). An increase in mean 
rainfall rate (RR) and maximum 60-min rainfall intensity during  
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Fig. 4. Histogram changes (rtsf) in the RCM-simulated rainfall event characteristics between the control period and scenario period SCE2 
(2070–2099). Frequencies of bins in RCM simulations are averaged per one year and grid box over the study area. 

 

 
 

Fig. 5. Dependence of changes (rtsm) in rainfall (event/seasonal) characteristics on changes (rtsm) in radiative forcing (RFO). All rtsm are 
averaged over the study area. The linear regression models fitted to the data (dashed lines) with the 95% confidence intervals (grey strips) 
are shown. 

 

 
 

Fig. 6. Dependence of changes (rtsm) in rainfall (event/seasonal) characteristics on changes (rtsm) in temperature (T2M). All rtsm are aver-
aged over the study area. The linear regression models fitted to the data (dashed lines) with the 95% confidence intervals (grey strips) are 
shown. 
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an event (I60) as well as a decrease in the number of heavy 
rainfall events per season (Ne) are significant with increasing 
RFO and T2M (p-value < 0.01). Ensemble averaged RR and I60 
increase at a rate of 6.5% and 9.1% per 1 °C, respectively. 

Characteristics of extreme rainfall events (with non-
exceedance probability p = 0.95) in general show the same 
dependence on RFO and T2M as mean characteristics. Only 
RFO influence is slightly stronger compared to mean character-
istics (slope coefficient β is only slightly larger; not shown). 
 
DISCUSSION 

 
Projected changes in characteristics of heavy rainfall events 

in an ensemble of 30 RCM simulations were assessed for two 
scenario periods (2020–2049 and 2070–2099) against the con-
trol period (1981–2000). The RCM-simulated heavy rainfall 
events were identified considering 6-hour minimum inter-event 
time (MIT), 0.1 mm wet-hour threshold and top 15% rainfall 
events with the largest event depth for each RCM simulation. 

Relative changes of the characteristics for RCM-simulated 
rainfall events are larger for the more distant scenario period 
(SCE2: 2070–2099). The number of heavy rainfall events is in 
general lower in the scenario periods (by a maximum of two 
events per season, i.e. 19%). Changes in the seasonal total due 
to heavy events vary from −20% to +19%. 

According to the changes in mean characteristics of rainfall 
events for the scenario periods we identified 4 groups of RCM 
simulations. Large part of the RCM simulations (15 out of 30) 
were identified as simulations with increasing rainfall event 
depths (D), maximum 60-min rainfall intensities (I60), event 
rainfall energies (E) and with relatively unchanged rainfall 
event durations (T) through control and scenario periods. Con-
siderable part of these RCM simulations shows larger than 20% 
increases in I60 and E and at least 10% increase in event depths 
(D) in the SCE2 period. As a consequence mean rainfall rate 
(RR) and rainfall erosivity index (EI60) increase as well. Six 
RCM simulations have only small changes in the considered 
characteristics (below 10%) and the 9 remaining RCM simula-
tions project varied changes in event durations (T) combined 
with increases in I60 (4 with increasing T and 5 with decreasing 
T). For comparison, Jacob et al. (2014) found statistically sig-
nificant increases in total precipitation in large parts of Central 
Europe for the late 21st century from an ensemble of RCM 
simulations evaluated at the daily time scale (from the EURO-
CORDEX and ENSEMBLES projects). For the Czech Repub-
lic, an increase in heavy summer precipitation up to 25% was 
reported. This increase was in general more pronounced in 
RCM simulations forced by RCP8.5 compared to SRES A1B 
and RCP4.5 scenarios (Jacob et al., 2014). From our analysis 
(which differs by considering the sub-daily time scale and 
individual rainfall events), changes in event depths (D) as well 
as seasonal totals due to heavy rainfall events are smaller and in 
general not significantly different between the simulations 
forced by RCP8.5 and RCP4.5. However, the simulation with 
the highest spatial resolution RACMO22E (12.5 km) shows 
clearly larger increases in D for RCP8.5 when compared to 
RCP4.5. The situation is different for mean rainfall rates (RR) 
and maximum 60-min rainfall intensities (I60), since all RCM 
simulations forced by RCP8.5 yield larger increases compared 
to the RCP4.5 forced simulations. 

The RCM simulations show slightly larger increases for 
larger (more extreme) values of rainfall event characteristics 
except for event duration (T). The increases are most significant 
for the largest rainfall rates (RR) and event rainfall erosivity 

indices (EI60). Shortest event durations (T) slightly decrease in 
the SCE2 period. Although T is rather unchanged in the RCM 
simulations on average (and especially in the SCE1 period: 
2020–2049), our findings are in general consistent with trends 
in erosive rainfall events found by Hanel et al. (2016) for the 
recent decades (increasing trends in rainfall rate and decreasing 
trends in event duration). Many other studies for western, 
northern and central Europe show increases in extreme precipi-
tation intensities at daily (Frei et al., 2006; Hanel and Buishand, 
2012; Hlavčová et al., 2015; Kyselý and Beranová, 2009; 
Kyselý et al., 2011) and sub-daily time scales (Arnbjerg-
Nielsen, 2012; Hanel and Buishand, 2010). Jacob et al. (2014) 
concluded that at the daily scale, RCM simulations reduce weak 
precipitation intensities and project increases in moderate and 
high intensities for 2071–2100. This is consistent with an in-
crease in RR and I60 and a decrease in the number of heavy 
rainfall events with low RR and I60 reported in our study. The 
intensification of hourly rainfall was also reported by Kendon 
et al. (2014) for the UK considering a convection-permitting 
model. On the other hand, the assessment of simulations at 
convection-permitting resolutions for Germany (Knote et al., 
2010) and Western U.S. (Pan et al., 2011) revealed decrease in 
annual and summer hourly precipitation extremes, respectively. 

Larger radiative forcing (RFO) and increasing temperature 
(T2M) in scenario periods (Houghton et al., 2001; Moss et al., 
2010) are linked to characteristics of heavy rainfall events in 
the RCM simulations. The number of heavy rainfall events 
slightly decreases with larger RFO and T2M. While the effect is 
in general small for event depth (D; increase with larger radia-
tive forcing) and duration (T; decrease with higher tempera-
ture), characteristics related to rainfall intensity show large 
significant increases with RFO and higher T2M. The estimated 
change in rainfall rate (RR), i.e. 6.5% per °C corresponds well 
with the expectation from the Clausius-Clapeyron relation (≈ 
7%, see e.g. Lenderink and van Meijgaard, 2008). Although the 
increase in I60 estimated in our study (9.1% per °C) is almost 
the same as that mentioned by Hanel and Buishand (2010) and 
also lies within the range reported by Lenderink and van 
Meijgaard (2008) for RCM-simulated data, much larger in-
creases per °C were already reported for climate model simula-
tions as well as for observed data, especially for convective 
rainfall events (e.g. Berg et al., 2013; Westra et al., 2014; 
Molnar et al., 2015).  Note that in contrast to standard studies 
on precipitation-temperature scaling, where a fraction of largest 
(hourly) precipitation intensities is considered, here we analyse 
maximum hourly intensities within events selected on the basis 
of total event depth. This may lead to a situation when also less 
extreme I60 are considered, which can partly explain relatively 
small increase in I60 with temperature. In addition, given the 
dependence of the increase in I60 on the exceedance probability 
(see Fig. 3) the scaling rate would be larger for more extreme 
I60 than for the average I60.  Finally, the increase may also be 
at least partly limited by available water vapour content. 

Kendon et al. (2014) have shown that the changes derived 
from models allowing for convection might be considerably 
different than those from coarser resolution RCMs. Several 
other studies have also demonstrated a better skill of convec-
tion-permitting models in reproducing sub-daily precipitation 
characteristics, including the diurnal cycle and extremes (which 
are both closely linked to convection). Therefore, the projected 
changes in precipitation at short temporal scales from current 
RCMs have to be interpreted with caution. 

The reported changes are averaged over the studied area. 
However, considerable spatial variability of changes can be 
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observed for each RCM simulation and characteristics. This 
spatial variability may be partly explained by altitude for 
changes in the number of heavy rainfall events (the decrease in 
the number of events is in general larger at high altitudes) and 
seasonal total due to heavy events (the decrease is larger or the 
increase is smaller at high altitudes). 

 
SUMMARY 

 
The paper presents a contribution towards the currently lim-

ited knowledge on possible future changes in sub-daily precipi-
tation extremes that are of great importance also for hydrologi-
cal modelling and other applications. We analysed a large en-
semble of 21st century RCM projections with a focus on heavy 
rainfall event characteristics. The main findings can be summa-
rized as follows: 

- For most of the RCM simulations the event depths 
(D), maximum 60-min rainfall intensities (I60) and event rain-
fall energies (E) are projected to increase, while the event dura-
tions (T) remain in general constant. More than one-third of all 
RCM simulations show increases exceeding 20% in I60 and E 
and at least 10% in D. 

- The changes are in general larger for larger values of 
rainfall event characteristics. 

- Changes of rainfall event characteristics can to some 
extent be related to the changes in mean temperature and radia-
tive forcing. Only changes in the number of heavy rainfall 
events and seasonal total due to heavy events depend signifi-
cantly on altitude. 

- The changes of calculated gradients of event rainfall 
rates (RR) per °C are generally consistent with the value ex-
pected from the Clausius-Clapeyron relation, except I60 for 
which they are slightly larger. 

The size of the analysed ensemble together with the focus on 
a wide range of event characteristics make our study rather 
unique in the context of climate change studies of sub-daily 
precipitation characteristics. Due to deficiencies in the convec-
tion parameterizations used in the current RCMs, however, the 
projected changes have to be interpreted with caution. 
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