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The intensity of precipitation extremes is expected to increase as the climate warms and it may cause floods and increase
erosion. From the Clausius-Clapeyron relation (CC) it follows that the maximum moisture content of the atmosphere increases
by approximately 7% per degree as temperature rises. However, the increases in observed hourly precipitation extremes of
approximately two times the CC relation were described recently. This super CC scaling is attributed to the increased prevalence
of convective rainfall and decreased prevalence of stratiform rainfall as temperatures increase. We carried out the disaggregation
of precipitation into prevailing stratiform and convective component on the observational data from the Czech Republic for 1966–
2006. Then, we analyzed trends in characteristics of disaggregated events and assessed correlation of precipitation intensities with
daily mean temperature. The results suggest the increasing trend of convective precipitation in summer. The scaling for total rain
events is steeper than for the events with prevailing convective component and for the events with prevailing stratiform component.
It is a result of mixing of the two storm types. At higher temperature the events with prevailing convective component prevail and
vice versa.

1. Introduction

As the climatewarms, floods are expected to occurmore often
and to be more extreme due to more extreme precipitation
[1]. The observed hydrological extremes are in line with this
expectation, for example, [2–4], and recent observed trends
in precipitation (see, e.g., [5, 6]) are consistent with future
regional climate projections [7].

One of the explanations is that the warmer air is capable
of holding more moisture since the maximum moisture
content of the atmosphere increases with approximately 7%
per degree of Celsius (Clausius-Clapeyron relation, CC).
Thus, the positive changes in the volume of individual rain
events and precipitation intensity are driven by increasing
temperature [8]. As there is agreement between observed and
projected increase in temperature [9], more floods connected
with convective rains especially in summer can be expected.

Interestingly, the increases in observed hourly precipita-
tion extremes of approximately two times the CC relation
have been described recently [8, 10, 11]. This so-called super
CC scaling is attributed to an increased prevalence of con-
vective rainfall anddecreased prevalence of stratiform rainfall
as temperatures increases.Therefore, the super CC behaviour
emerges only as a consequence of simultaneousCCbehaviour
of both stratiform and convective precipitation in such tem-
perature regime where the two types coexist [12]. However,
a super CC rate of convective precipitation has not been
explained yet [13]. Increased prevalence of convective rainfall
was demonstrated on a large dataset from Germany and
explained by its higher sensitivity to increases in air temper-
ature [14].

Various methods for identification of stratiform and
convective precipitation have been developed.Thesemethods
are usually based on synoptic and radar observations, state of
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weather, rain intensity fluctuations, or lightning occurrence
[15, 16].

The stratiform and convective components of precip-
itation can be distinguished directly in precipitation data
[17]. The approach is based on the observation that relation
between cumulative precipitation and precipitation intensity
is nearly exponential. This approach and the derived method
have been used successfully for the Spanish Mediterranean
coast [18].

The aim of the presented study is to analyze the scaling
slopes between extreme precipitation and air temperature in
the Czech Republic. We use the methodology based on stud-
ies of Tremblay [17] and Ruiz-Leo et al. [18] for distinguishing
between rain events with prevailing convective component
and with prevailing stratiform component. Subsequently, we
use the temperature binning method for scaling analysis [19,
20]. We performed the analysis separately for two regions in
the Czech Republic: western (more influenced by oceanic cli-
mate) and eastern (more influenced by continental climate).

We address the following research questions:

(1) Is the methodology of the threshold precipitation rate
[18] applicable for conditions influenced by continen-
tal climate?

(2) Are there any trends in precipitation above and below
the threshold precipitation rate?

(3) Can super CC scaling described in previous studies
be identified in observational data from the Czech
Republic?

(4) Is the scaling influenced by storm origin (convec-
tive/stratiform)?

Thepaper is organized as follows: the data, study area, and
methods are presented in Section 2. The obtained results and
their implications are presented and discussed in Section 3.
The paper ends with conclusions in Section 4.

2. Data and Methods

2.1. Study Area. Precipitation patterns are heterogeneous
over the Czech Republic (78 866 km2). The reasons are com-
bined Atlantic, Mediterranean, and continental influences
along with the rather complex orography.The western part of
the Czech Republic is distinctively influenced by the inflow
of mist maritime air from north Atlantic. On the other hand,
the eastern part is affected more by inflow of warm, moist air
from Mediterranean. The most of annual total precipitation
falls in the warm half of the year (April—September).

In summer, the convective precipitation slightly predom-
inate over the stratiform. In spring, large scale stratiform
precipitation prevails and it dominates in autumn and winter.
Subdaily precipitation extremes are generally connected to
convective events in the warm half of the year [16].

There is strong evidence of increased floods in the Czech
Republic. The large floods occurred in 1997 (the Odra basin),
in 2002 (the Elbe basin), and in 2013 (the Elbe basin). In
August 2010, the heavy precipitation in northern Bohemia
caused the extensive flooding [21]. Flash floods from extreme
convective precipitation occurred, for example, in 1998 in

Table 1: Overview of the stations used for analysis.

ID Name Altitude [m] Region
B1STRN01 Stránı́ 383 Eastern
B1VIZO01 Vizovice 313 Eastern
B2BTUR01 Brno 241 Eastern
B2KMYS01 Kostelnı́ Myslová 569 Eastern
B2VMEZ01 Velké Meziř́ıč́ı 452 Eastern
C1CHUR01 Churáňov 1118 Western
C2TABO01 Tábor 459 Western
C2VBRO01 Vyšš́ı Brod 559 Western
H3HRAD01 Hradec Kralové 278 Western
H3SVRA01 Svratouch 737 Eastern
L2PRIM01 Přimda 742 Western
L3CHEB01 Cheb 483 Western
O1CERV01 Červená 749 Eastern
O1LUCI01 Lučina 300 Eastern
U1DOKS01 Doksany 158 Western
U2DOKY01 Doksy 284 Western
U2VARN01 Varnsdorf 365 Western

Orlické hory mountains and in 2009 in several regions of the
country.

While studying the trends in precipitation, it is suitable
to assess the potential oscillations detected in the data.
Noticeable multidecadal oscillatory behaviour of precipita-
tion extremes was detected by study using daily data for a
large number of stations across Europe for central-western
Europe. The recent upward trend in extreme precipitation is
partly related to positive phase of the oscillation [22]. Similar
behaviour was observed for the station in southern Bohemia
(C2TABO01; see Figure 1 for the location of the station) [23].

2.2. Data. Time series of 30-minute precipitation data were
provided by the Czech Hydrometeorological Institute. Data
from 17 stations covering a period from 1961 to 2011 are
examined here (Table 1, Figure 1). The time series are divided
into two groups according the division into the western and
eastern regions.The data are in general available formid-May
tomid-September only because the noticeable amount of pre-
cipitation falls as snow in winter. However, this is not an issue
here since we focus on scaling of precipitation extremes with
air temperature [15]. The stations were selected mainly based
on the data availability and spatial coverage of the Czech
Republic territory. The data at each station originate from
two sources: digitized pluviograph records and tipping bucket
records. For years without reliable data, the data from the
closest station at a comparable elevation were used. The pre-
processing of the station data is described in detail in [23]. In
the present paper, the original 30min data have been aggre-
gated to 6 h resolution in order to be consistent with previous
relevant studies [6, 18] and because the 6 h is the usual
minimal time for formation of a convective event [18]. Daily
data on mean temperature for each station were obtained
from E-OBS gridded dataset [24].
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Figure 1: The location of stations used for the analysis.

2.3. Identification of Threshold Precipitation Rate. It is pos-
sible to observe exponential distribution while the relation
between cumulative precipitation (𝑃, in mm) and precipi-
tation rate is represented (𝑅, in mm per time unit) [17]. In
this study, the disaggregation of precipitation into prevailing
stratiform and convective component is based on this obser-
vation. The function can be divided into two terms:

𝑃 (𝑅) = 𝐴 (𝑡) 𝑒
−𝐵(𝑡)⋅𝑅
+ 𝑝

. (1)

Parameters 𝐴 and 𝐵 are constant. They are to be determined
for each period (𝑡). 𝑃(𝑅) is the total cumulative precipitation
for a given intensity 𝑅 and 𝑝 are fluctuations over the
exponential function.The exponential term in (1) can be asso-
ciated with the stratiform component of precipitation and
the second term, 𝑝, is related to the convective component.
Then, (1) can be rewritten as

𝑃 (𝑅) = 𝑃
𝑠
+ 𝑃
𝑐
. (2)

The precipitation intensity 𝑅 is obtained by dividing cumula-
tive precipitation during a period of time Δ𝑡 by the period of
time:

𝑅 (𝑡) =
𝑃 (𝑡)

Δ𝑡
. (3)

Six-hour precipitation data (4 values per day) are aggregated
into precipitation rate bins. In line with [17] a 2mmbin width
was used. Only occasionally when the determined threshold
precipitation rate (THR, see later) was of infinite value, the
first closest bin width with realistic value of the THR was
used.

The procedure for disaggregation of the 6 h precipitation
events consists of two steps [18]: the stratiform component is
determined with the exponential curve and then the THR is
determined.

The exponential function is fitted by themethod ofNelder
and Mead [25]. The condition that the curve does not have
values higher than the total cumulative precipitation is intro-
duced and the minimum cumulative precipitation values are
identified. The fitted curve has to pass through these mini-
mum values. The stratiform component below the curve is
subtracted from the total precipitation and the rest represents
the convective component.

After fitting the exponential curve, THR has to be iden-
tified. In original study, the THR was such precipitation rate
when the 50 percent of cumulative precipitation was identi-
fied as of convective origin [17]. Here we used the condition
proposed by Ruiz-Leo et al. [18]: sixty percent of total
cumulative precipitation is represented by the contribution of
convective component. Events with precipitation larger than
THR are then assumed by the method to be predominantly
of convective origin (hereafter referred to as above THR) and
the events with lower precipitation than THR are assumed to
be predominantly of stratiformorigin (hereafter referred to as
below THR).

2.4. Precipitation Characteristics. Two indices were selected
for trend analysis: cumulative precipitation amount andnum-
ber of events.The indices were evaluated for the precipitation
events with intensities above the THR, the events with
intensities below the THR, and for total precipitation. The
indiceswere calculated forMay-September (ALL, all available



4 Advances in Meteorology

data) and for summer (JJA, June-July-August) separately for
the western region and the eastern region.

2.5. Trend Assessment. Trends were evaluated by using two
approaches: the parametric least-squares regression method,
for example, [26] and the nonparametric Sen estimator [27].
We have used the Mann-Kendall test for evaluation of the
statistical significance of trends obtained by Sen estimator
[28, 29]. We have applied the significance levels 𝑝 = 0.1 and
𝑝 = 0.2 because precipitation has usually lower statistical
significance of trends than other climate variables [6].

2.6. Correlation with Air Temperature. The reported slope of
scaling is different for different temperatures: CC scaling was
observed for temperatures below 12 Celsius degrees and
super CC for temperatures above 12 Celsius degrees [13]. For
high temperatures, the negative scaling was observed and
explained by the reduced moisture availability [19]. Other
important influence is the aforementioned type of precipi-
tation (convective versus stratiform). The super CC scaling
have been explained by coexistence of the two types of pre-
cipitation at higher temperatures [12]. Therefore, it is prefer-
able, when possible, to study separately the convective and
stratiform precipitation.

Here, we used the modified temperature binning method
(TB) [19, 20]. The method is based on comparison of 6 h
intensities with daily mean temperature (Tmean). We eval-
uated all 6 h events above 0.1mm (instead of looking at max-
imum daily intensities only) in order to allow for assessment
of scaling relations for precipitation of both convective and
stratiform origin. The precipitation is aggregated into 15 bins
based on corresponding temperature such that the number
of observations in each bin is approximately equal. Themean
temperature for a given bin is then calculated. Then, the 𝑛th
percentile of each bin is estimated and the scaling slope is
identified by fitting a least-squares linear regression to the
precipitation amount.

3. Results and Discussion

3.1. Threshold Precipitation Rate. The threshold precipitation
rate (THR) has been obtained for all available data in given
year (ALL, mid-May to mid-September) and for summer
(JJA, Jun–August) separately for the western region and for
the eastern region for 1962–2011. Then, the 10-year moving
average was calculated. To be able to compare the obtained
results with results of previous studies [6], we evaluated the
1966–2006 and 1982–2006 separately.The obtained THRs are
presented in Table 2. The lowest value of THR was obtained
for the JJA Western region in 1982–2006. The highest value
of THR was obtained for ALL in the same region. In general,
the obtained THRs are lower for JJA than for ALL as there is
higher occurrence of the events above the THR.

Regarding the temporal changes in THR, the values are
lower for 1982–2006 than for 1966–2006 in thewestern region
for both JJA data and ALL data. Consequently, the increasing
occurrence of events above THR is likely for the region.

Table 2: THR in mm/6 h for 1982–2006 and 1966–2006 for both
regions and ALL and JJA data.

Region/season 1982–2006 1966–2006
Western/ALL 19.38 19.76
Western/JJA 16.69 17.40
Eastern/ALL 17.88 17.13
Eastern/JJA 17.06 16.84

Table 3: Percentage of events above and below THR 1982–2006 and
1966–1981 for both regions and ALL and JJA data.

1982–2006 1966–2006
↑ THR ↓ THR ↑ THR ↓ THR

Volume
Western/ALL 13.22 86.78 13.24 86.76
Western/JJA 18.55 81.45 17.82 82.18
Eastern/ALL 20.05 79.95 19.91 80.09
Eastern/JJA 22.83 77.17 21.66 78.34

Number
Western/ALL 1.47 98.53 1.45 98.55
Western/JJA 2.35 97.65 2.20 97.80
Eastern/ALL 2.70 97.30 2.69 97.31
Eastern/JJA 3.23 96.77 3.04 96.96

3.2. Characteristics of Precipitation above and below THR.
The percentages of numbers of 6 h events and amount of
precipitation are presented in Table 3.The portion of precipi-
tation amount of events above THR is higher for JJA than for
ALL in both regions. Similarly, the number of events is higher
in JJA. The two evaluated time periods differ insignificantly.
The obtained results corresponds well with previous findings
for territory of theCzechRepublic regarding the precipitation
amount [6]. Interestingly, the average volume of an event
above THR is higher for the western region.

The boxplots of precipitation amounts (Figure 2) shows
the precipitation amounts for ALL and JJA events in the
western region (a, b) and in eastern region (c, d) averaged for
one station. The number of events is presented in Figure 3.

3.3. Trends in Precipitation. The trends in characteristics of
precipitation and their statistical significance are presented
in Table 4 (number of events) and in Table 5 (precipitation
amounts). In general, the results of linear regression (LR) and
Sen’s estimator (Sen) are very similar. The positive trends of
number of events above THR were detected in the western
region for both 1982–2006 and 1982–2006.Thenegative trend
was detected for events below THR for 1966–2006 in the
region.

On the other hand, the trends of number of events above
the THR are not statistically significant in the eastern region.
The negative trend of number of total events is statistically
significant in the eastern region.

Regarding the analysis of trends in precipitation amounts,
we evaluated the sum of the exceedances above THR
(denoted ↑↑ THR in Table 5), the precipitation amount of
events above the THR, and the precipitation amount of events
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Figure 2: Boxplots for annual precipitation amounts averaged for one station: b THR ALL: events below THR for ALL, b THR JJA: events
below THR for JJA, a THR ALL: events above THR for ALL, total ALL: total amount for ALL, and total JJA: total for JJA; (a) western
1966–2006, (b) western 1982–2006, (c) eastern 1966–2006, and (d) eastern 1982–2006.

Table 4: Number of events above and below THR 1982–2006 and
1966–2006 for both regions and ALL and JJA data. 0.1 (0.2) denotes
trend significant at 0.1 (0.2) level.

1982–2006 1966–2006
↑ THR ↓ THR Total ↑ THR ↓ THR Total

LR
Western/ALL ↑ 0.1 ↑ ↑ ↑ 0.1 ↓ 0.1 ↓

Western/JJA ↑ 0.2 ↑ ↑ ↑ 0.2 ↓ 0.2 ↓

Eastern/ALL ↑ ↓ ↓ ↓ ↓ ↓ 0.1

Eastern/JJA ↑ ↓ ↓ ↓ ↓ ↓ 0.1

Sen
Western/ALL ↑ 0.1 ↑ ↑ ↑ 0.2 ↓ 0.1 ↓

Western/JJA ↑ 0.2 ↑ ↑ ↑ 0.2 ↓ 0.2 ↓

Eastern/ALL ↑ ↓ ↓ ↓ ↓ ↓ 0.1

Eastern/JJA ↑ ↓ ↓ ↓ ↓ ↓ 0.1

below theTHR. For thewestern region, the positive trends for
events above the THR are statistically significant in ALL data
for 1982–2006 and 1966–2006.

For the eastern region, the trends in precipitation amount
of events above the THR are not statistically significant.There
are positive statistically significant trends for precipitation
amount of events below the THR and total events in ALL data
for 1966–2006. In contrast, the opposite trend was identified
for JJA (Table 5).

The identified statistically significant positive trends of
events above the THR in the western region are in line with
previous findings [5, 6].

3.4. Scaling with Temperature. In order to assess the influence
of storm type on scaling of precipitation intensity with
temperature, we have used the modified TB method on the
6 h precipitation events (categorized in previous section) and
daily temperature. The results on estimated scaling slopes in
percent perCelsius degree are presented inTable 6.The slopes
for all events are in range from 1.1% (75th percentile for the
western region) to 9.7% per degree of Celsius (95th percentile
for the eastern region). The scaling slopes are steeper for
higher percentiles.

The hypothesis that the scaling of total precipitation
with air temperature is a result of shift from stratiform to a
convective regime [12] is applicable on our results. For high
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Figure 3: Boxplots for annual number of events averaged for one station: b THR ALL: events below THR for ALL, b THR JJA: events below
THR for JJA, a THR ALL; events above THR for ALL, total ALL: total amount for ALL, and total JJA: total for JJA; (a) western 1966–2006,
(b) western 1982–2006, (c) eastern 1966–2006, and (d) eastern 1982–2006.

percentiles, the obtained scaling slopes of total events are
steeper than these obtained separately for events above the
THR and for events below the THR (Table 6). At lower
temperatures, the events below THR are more abundant and
at higher temperatures the events above THR prevail [14].

The negative scaling is usually observed for higher tem-
peratures [13]. It was described as a consequence of declining
moisture availability [19]. To analyze the change of scaling, we
applied the locally weighted scatterplot smoothing (LOESS,
[30]). The results are presented in Figure 4. In general, the
scaling slopes are negative for higher Tmean.

4. Conclusions

We identified the threshold precipitation rate (THR) for the
6 h events in the Czech Republic for 1966–2006.Themethod-
ology we use is based on the assumption that precipitation
of stratiform origin follows the exponential function. We
analyzed the characteristics of events above THR (prevailing
convective component) and below THR (prevailing strati-
formcomponent).We analyzed trends in these characteristics

using the least-squares regression and Sen’s estimator. Finally,
we evaluated correlation of precipitation intensities with daily
mean temperature.

Answering the questions postulated in the introduction,
we summarize our main findings as follows.

(1) In general, the obtained THRs are lower for JJA than
for ALL, as there is higher occurrence of convective
events. THRs obtained for the western region are
lower for 1982–2006 than for 1966–2006. This indi-
cates an increasing occurrence of convective events in
the region. On the other hand, the THR for JJA in the
eastern region is higher for 1982–2006 than for 1966–
2006.Therefore, the occurrence of events above THR
has probably decreased.

(2) Trends in precipitation above THR are increasing and
statistically significant for precipitation amounts and
the number of events forALL inwestern region.These
increasing trends were identified for both evaluated
time periods. The increasing trends in precipitation
are also statistically significant for most JJA data.
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Table 5: Precipitation amounts above and below THR 1982–2006 and 1966–2006 for both regions and ALL and JJA data. 0.1 (0.2) denotes
trend significant at 0.1 (0.2) level.

1982–2006 1966–2006
↑↑ THR ↑ THR ↓ THR Total ↑↑ THR ↑ THR ↓ THR Total

LR
Western/ALL ↑ 0.2 ↑ 0.1 ↑ ↑ 0.2 ↑ ↑ 0.1 ↓ ↓

Western/JJA ↑ ↑ ↑ ↑ ↑ ↑ 0.2 ↓ ↓

Eastern/ALL ↓ ↓ ↑ ↑ ↓ ↑ ↑ 0.1 ↑ 0.1

Eastern/JJA ↑ ↓ ↑ ↑ ↑ ↑ ↓ 0.1 ↓ 0.1

Sen
Western/ALL ↑ 0.2 ↑ 0.1 ↑ ↑ 0.2 ↑ ↑ 0.1 ↓ ↓

Western/JJA ↑ ↑ ↑ ↑ ↑ ↑ 0.2 ↓ ↓

Eastern/ALL ↓ ↓ ↑ ↑ ↓ ↑ ↑ 0.1 ↑ 0.1

Eastern/JJA ↑ ↓ ↑ ↑ ↑ ↑ ↓ 0.1 ↓ 0.1
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Figure 4: The LOESS-estimated scaling between the Tmean and precipitation of events below the THR (blue) and above the THR (yellow)
and total (green) for the western region (a) and for the eastern region (b). The values on 𝑦-axis were divided by the first value.

Table 6: Scaling slopes. W/E denotes western/eastern region.
Numbers (75, 90, and 95) denote the respective percentile.

Type W75 W90 W95 E75 E90 E95
Total 1.40 5.20 6.70 3.30 5.00 9.70
↑ THR 2.00 2.20 2.30 1.20 1.90 2.90
↓ THR 0.80 1.90 2.60 1.10 1.30 1.10

(3) The identified scaling slopes of the 6 h precipitation
intensities versus the air temperature are flatter than
the slopes of the 1 h daily precipitation extremes
identified by previous studies. The scaling slope is

steeper with higher intensity percentile for both
regions. For high percentiles, the obtained scaling
slopes of total precipitation are steeper than these
obtained separately for events above the THR and for
events below the THR.

(4) The scaling for total rain events is steeper than for
the events above the THR and the events below the
THR. It is a result of mixing of the two storm types. At
higher temperature the events above THR prevail and
vice versa.

To sum up, the hypothesis on different climate conditions
in the western region and in the eastern region of the Czech
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Republic and the findings on increasing trends in extreme
precipitation in the western region agree with our results.The
methodology used here can be easily implemented for any
precipitation series with a 6 h or finer time resolution. Further
efforts should be focused on implementing the methodology
in analysis of climatemodeling outputs to increase the under-
standing of climate change impact on the future precipitation
extremes.
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