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Abstract: An update of the rainfall erosivity factor (R-factor) estimated for 95 locations

throughout the entire territory of Slovakia is presented in this paper. We analyzed rainfall

time series with 1-minute resolution provided by the Slovak Hydrometeorological Institute.

The data cover the period 1961–2009. The rain gauges are located at altitudes ranging

from 97m a.s.l. up to 1322m a.s.l. and cover the broadest possible range of geographic

regions and climatic conditions in Slovakia with reliable rainfall measurements. First,

rainfall episodes were isolated by applying the fundamental rule that two subsequent

rains are separated by at least six hours of no rainfall. A total of 116,710 rainfall events

were identified and analyzed. A rainfall event was classified as erosive if the two following

criteria were satisfied: the maximum 15-minute intensity 6.25mm (i.e. 25mmhr−1, as

originally used in the U.S.L.E. model, and/or rainfall depth was greater than 12.5mm.

The presented estimates of R-factor are based on 18,467 identified erosive rainfall events.

Furthermore, the minimum length of rainfall record necessary for reliable estimates of R-

factor has been estimated by spectral analysis. The Lomb-Scargle periodogram identified

periodic behavior of the total kinetic rainfall energy and rainfall 15-minute intensities.

We suggest that these periodicities are attributable mainly to the 11-year Sun spot cycle,

the 18.6-year Luni-Solar cycle, and their higher harmonics. The spectral analysis also

revealed that in order to capture the temporal variability the minimum length of time-

series in calculating R-factors is 14–15 years. We estimate that the long-term mean

annual R-factor in Slovakia ranges from 34.8MJ ha−1 cmhr−1 (at Gabč́ıkovo station) to

138MJ ha−1 cmhr−1 (at Tatranská Javorina station). The median value of the mean

annual R-factors for the whole country is 71.13MJ ha−1 cmhr−1. To our best knowledge,

the erosive rain factor has not been updated in Slovakia since the earlier work of Mǐśık in

1990. This paper is thus an update of the R-factors in Slovakia.
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1. Introduction

Soil erosion is considered as one of the major factors disrupting the ability
of soil to provide plants with nutrients (Maderková et al., 2014; Jones et
al., 2012; Panagos et al., 2017). In Europe, the most widespread form of
soil degradation is caused by water erosion. It is estimated that some 105
million hectares, which corresponds to 16% of total Europe’s arable land
area, are affected by water erosion (Jones et al., 2012). According to the
recent estimates of soil erosion in the investigated region (Kročková, 2010),
some 39.65% (957 173 hectares) are affected by water erosion.

Given the adverse effects of soil loss in agriculture, soil erosion has also
other implications for river morphology, siltation of water reservoirs and
transport of sediment-bound contaminants (Onderka et al., 2012). In cen-
tral Europe, soil erosion is caused mostly by heavy rainfall episodes. Short-
term heavy rains are much more damaging than long-lived and less dramatic
rains (Routschek et al., 2014; Onderka, et al., 2012; Maderková et al., 2014).
Routschek et al. (2014) investigated a process-based soil erosion model fo-
cusing on changes in erosion rates at high temporal and spatial resolution in
three catchments in Germany under simulations of regional climate change
using the A1B IPCC-scenario. The outputs from the soil erosion model
revealed that, in Germany, the total number of rainstorms is expected to
decrease in future while rainfall intensities are likely to increase. Routschek
et al. (2014) further state that by the year 2050 the number of heavy rain-
storms may decrease while rain intensities should increase, and that heavy
rainstorms will mostly likely shift from summer to autumn and spring. Up-
dating the R factor is therefore important also in terms of possible effects
of climate change on rainfall intensity, volume and incidence.

Wischmeier and Smith (1978) suggested that at least 22 years of record
are necessary for reliable estimates of R factors in North America. Maĺı̌sek
(1990) suggested to analyze rainfall time series with a length of at least 15
years, however no explanation supporting this requirement was given. As
the rainfall data used in this paper were collected in Slovakia with different
climate, the cut-off length of record (22-years) needs to be verified for the
local conditions.

As Prokoph et al. (2012) reported, the influence of solar irradiance and
galactic cosmic ray flux on the precipitation variability has been long con-
sidered negligible because of the low power output of the Sun (∼0.1% on
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decadal time scales) which can account for a global average temperature
change within 0.1K (Eddy, 1976). Sunspot numbers are associated with
a change in climate, including severe climatic conditions during the Maun-
der Minimum characterized by a lack of sunspots that occurred between the
years 1640–1705. Terrestrial observations confirm that total solar irradiance
increases with the number of sunspots, however, the total solar irradiance is
higher at solar maximum even though sunspots are darker (cooler) than the
average photosphere. White and Liu (2008) explained why the 11-year solar
cycle may be viewed as a trigger for El Niño and La Niña events. Svensmark
and Friis-Christensen (1997) explained that the fluctuation in the cosmic
ray flux can be directly related to increases of aerosols and ion-charged
raindrops. These mechanisms may be held responsible for the increase in
cloud cover and potentially higher precipitation during periods of increased
cosmic flux. Marsh and Svensmark (2000) found that global cloud cover is
negatively correlated with the solar irradiance flux over 11 year sunspot cy-
cles. Gachari et al. (2014) claims that the temporal distribution of sunspot
numbers indicates that each turning point corresponds to events of severe
hydrology in Kenya with a time lag of 5±2 years. Therefore, such events
hydrological events can be projected from sunspot forecasts. However, the
prediction of sunspots is not an easy task and the current prediction of Cycle
24 appears to be at the end of the Modern Maximum (Gachari et al., 2014).
Prokoph et al. (2012) showed that the 11 year sunspot cycles vary over time
(averaging at 10.5 years). Moreover, Sunspot numbers exhibited large vari-
ations in their magnitude throughout the second half of the 20th century
(Friis-Christensen and Lassen, 1991). Also, variability in solar activity such
as the 11-year band is not translated linearly into climate functioning but
likely through a series of non-linear oceanic-atmospheric responses, such as
solar-intensity influence pressure anomaly perturbations and changing wind
regimes (e.g. Hameed and Lee, 2005). Nuzhdina (2002) states that the 11-
year and 22-year cycles of solar activity are reflected in the dynamics of
many meteorological processes such as atmospheric temperature, pressure
and precipitation and that the precipitation in many regions of the Earth
correlates with the 22-year cycle better than with the 11-year one. Prokoph
et al. (2012) investigated the temporal regional influence of 11-year solar
radiation periodicities on the maximum annual streamflow in Canada. They
found that major runoff extremes are more likely to occur during sunspot
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cycles with relatively low sunspot numbers after the last maximum. Nuzh-
dina (2002) found that the 5.3-year oscillation, or the first subharmonic of
the 11-year solar cycle is coherent in ENSO and Wolf number data.

To our best knowledge, erosive rain factors have not been updated in
Slovakia since the earlier work of Maĺı̌sek (1990) who processed data from
86 stations. These point-estimates are still used in soil management on
the national level using various methods of interpolation (Šúri et al., 2002).
However, updating Maĺı̌sek’s estimates of erosive factor in Slovakia requires
working with longer rainfall datasets and possibly a denser network of rain
gauges (̌Súri et al., 2002).

We primary goals of this paper ore twofold: (1) to determine the min-
imum length of rainfall time-series for reliable estimates of R-factors in
Slovakia; (2) to update R-factors for the entire territory of Slovakia.

2. Materials and methods

2.1. Climate conditions

The Slovak portion of the Carpathian range exhibits substantial spatial
differences in climate. The local climate variability is attributable mainly
to rather complex orographic conditions and air circulation patterns. The
maritime influence on the local climate is controlled by the Atlantic and
Mediterranean Sea. The maritime influence generally decreases from the
West towards the East. Cyclones brought by the warm Mediterranean air
are responsible for abundant rainfall, particularly in the southwestern and
southern parts of the Slovak portion of the Carpathian range. On the other
hand, the northwestern and northern parts are affected by cyclones of the
Atlantic origin affect (Melo et al., 2013). Climatic regions and sub-regions
of Slovakia are cold boreal forest climates according to the Köppen’s climate
classification (Melo et al., 2013).

The average yearly rainfall varies from about 520mm up to 2000mm in
the High Tatras. Rainfall generally increases with altitude at the rate of
about 50–60mm for every 100 meters. About 40% of the yearly rainfall is
observed in summer (June to August); while some 25% in spring; 20% in
autumn. The remaining 15% of precipitation falls in winter. The Danube
lowlands are among the driest areas of the investigated region with annual
precipitation totals of 550mm.

358



Contributions to Geophysics and Geodesy Vol. 49/3, 2019 (355–371)

2.2. Sources of data and Data quality

The rainfall data used in this paper were taken from the national meteo-
rological and climatological databases administered by the Slovak Hydrom-
eteorological Institute. The network of rain gauges consists of 95 stations
distributed homogeneously over the investigated area (Table 1). Our input
rainfall data cover the “warm” period of the year when precipitation falls
in the form as rain (April–October), hence the dormant season (November–
March) was not analyzed. Nevertheless, the rain erosion index itself does
not account for the erosive forces of thaw and snowmelt anyway (Wischmeier
and Smith, 1978). The recent effort of the Slovak Hydrometeorological In-
stitute to digitalize older rainfall records, and the subsequent extension of
the database, makes it now possible to work with high-resolution data (1-
min) from additional stations. The elevations of the meteorological stations
range from 97 meters a.s.l. to 1322 meters a.s.l. The length of rainfall time-
series used in this study varies between the stations from 14 years up to 49
years (Table 1). Stations with data covering 15 years and less are from the
period 1991–2009. Stations with longer time series are based on data from
the period 1961–2009.

2.3. Identification of erosive rain episodes

It is known that not every rainfall episode has the potential to cause sig-
nificant soil erosion – i.e. is not erosive. Several authors discuss the thresh-
old above which a rainfall episode triggers soil erosions (Hrnčiarová, 2001;
Janeček et al., 2012; Kozlovská and Toman, 2016). A threshold rainfall
depth of 12.5mm was originally introduced for the Universal Soil Loss Ero-
sion model (U.S.L.E.) by Wischmeier and Smith (1978). In the Revised
U.S.L.E. model, on the other hand, 12.7mm of total rainfall volume is ap-
plied (Panagos et al., 2017). Local small-scale field studies conducted by
Hrnčiarová (2001) suggest that already a 10mm rainfall may lead to soil
erosion. However, for comparative reasons with studies conducted elsewhere
in the investigated region (e.g. Janeček et al., 2012; Kozlovská and Toman,
2016), and also due to the wide-spread acceptance of the 12.5mm threshold,
we stick to the 12.5mm threshold in our calculations of R-factors. In terms
of maximum intensity of rainfall, we calculate maximum 15-min intensity of
6.25mm (i.e. 25mmhr−1), as originally used in the U.S.L.E. model. Erosive
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Table 1. List of locations with estimated mean annual R-factors.
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episodes were identified applying the following criteria: 12.5mm threshold
of total rainfall depth and/or 6.25mm as maximum 15-min intensity. The
separated potentially erosive rain episodes were not divided into segments
of equal intensity, as originally proposed by Wischmeier and Smith (1978).
Our approach was to consider each measurement interval as a unique rain
segment of equal intensity. The database used in this paper consist of time
series of rainfall data with 1-minute resolution, hence the length of the rain-
fall segments equals one minute.

2.4. Calculation of R-factors

For the calculation of the R-factor we used the metric version of the empirical
equation developed originally by Wischmeier and Smith (1978) and used
in its original or modified form i.e. in Maĺı̌sek (1990); Šúri et al. (2002);
Janeček et al. (2012); Kozlovská and Toman (2016). The R factor was
computed from the rainfall measurements collected at 95 locations (Table 1)
distributed throughout investigated area.

The erosive factor R is defined as follows:

R =
1

N

N∑

1

(Etot I30) , (1)

where R [MJ ha−1 cmh−1] is the rain erosivity factor averaged for a period
of length N . The rain erosivity factor is a product of total storm energy Etot

(Eq. 2) multiplied by the maximum 30-minute intensity I30. The sum of the
storm Etot I30 values (energy-times-intensity parameter) for a given period
is the numerical measure of the erosive potential of the rainfall within that

362



Contributions to Geophysics and Geodesy Vol. 49/3, 2019 (355–371)

period. According to Wischmeier and Smith (1978), soil losses are linearly
proportional to the Etot I30 parameter. The product Etot I30 combines the
effects of both the energy and intensity on the erosive potential:

Etot =
n∑

i=1

Ei , (2)

where Ei is kinetic energy of the i-th rainfall segment. The total kinetic
energy of an erosive event is a sum of all rainfall segments n (Eq. 3).

Ei = (206 + 87 log IS)HS , (3)

where IS [mmhr−1] and HS [mm] are the intensity and height of a rainfall
segment, respectively.

To answer the question as to how long time series have to be for reliable
estimates of erosive factor, we use spectral analysis to decipher the dominant
periods in the rain signal. Since rainfall episodes occur isolated in time and
are separated by no rain intervals, classical spectral techniques such as the
Fast Fourier Transform cannot be used because the treated signal contains
gaps. To overcome the problem of unevenly sampled data, we use the Lomb-
Scargle periodogram described in Lomb (1976) and VanderPlas (2018).

3. Results

Fig. 1 shows how the mean annual occurances of all rain episodes includ-
ing non-erosive rains are distributed throughout the country. No striking
pattern in the geographical distribution of the annual rainfall frequency was
observed. On the other hand, as Fig. 2 suggests the least erosive rains fall in
the western portion of the country with 5–10 episodes per year. The highest
incidence of erosive rains was found to dominate in the central, northern
and eastern sections of the country. In terms of the magnitude of R-factors,
the highest R-factors were calculated for the mountainous regions (Fig. 3),
suggesting a positive correlation between R-factor and altitude.

The summary statistics of erosive events on annual basis is listed in Ta-
ble 1. We estimate the long-term annual average R-factor to range from
34.8MJha−1 cmhr−1 (at Gabč́ıkovo) to 138MJha−1 cmhr−1 (at Tatranská
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Fig. 1. Long-term mean annual incidence of all rain episodes (including non-erosive rains).

Javorina). As shown in Fig. 4, the point-estimates of the annual mean R-
factors are log-normally distributed. The median value of the annual mean
R-factors for the whole country is 71.13MJha−1 cmhr−1. The mean annual
R-factors calculated for the 95 considered locations in Slovakia show a log-
normal distribution (Fig. 4).

Fig. 2. Long-term mean annual incidence of erosive rain episodes (episodes fulfilling the
conditions of 15-min intensity 6.25mm and/or a total rainfall depth > 12.5mm).
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Fig. 3. Long-term mean annual R-factor.

With the Lomb-Scargle periodogram we identified and described six ap-
parent periodicities located at 0.5 year, 1 years, 3–4 years, 7–9 years, 11
years, 22 years in total kinetic energy and maximum 30-minute intensi-
ties. This finding is important in terms of choosing the minimum length of

Fig. 4. Histogram of mean annual R-factors estimated for the individual locations listed
in Table 1. The R-factors are Log-normally distributed. The median value of the R-factor
is 71.13MJ ha−1 cmhr−1.
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record when analyzing R factors and their temporal behavior. The individ-
ual periodicities (cycles) are labeled in Fig. 5 as letters “A” though “G”.
Periodicities of 0.5 and 1-year origin in the annual cycle of rainfall and its
0.5-year sub-harmonics (labeled as A–B). Periodicities in the range 3 to 4
years (label C) are probably related to either QBO or the higher harmonics
of the 11-year Sunspot cycle at 3.7 years. Periodicities located within the
range 7 to 9 years (label D) are probably related to the 7.4 harmonic that
result from the combination of the Sun’s 11-year and 22-year cycles. Peri-
odicities in the range 10.7 to 11.1 years (label E) originate in the Sun spot
cycle. Periodicities in the range 17.9 to 19.6 (label F) are attributed to the
18.6-year Luni-Solar cycle. Periodicities in the range 32 to 34 years (label
G) have not been related to any physical phenomena, nevertheless, these
periodicities are small compared to top other cycles in the presented spec-
tra in Fig. 5a,c. The spectrogram of maximum 30-min intensities is shown
in Fig. 5b, where only the annual and its half-year sub-harmonics are visi-

Fig. 5. Normalized power spectra of the Lomb-Scargle periodogram generated for: a) total
kinetic energy (Eq. 2) of all registered rainfall episodes; b) maximum 30-minute intensities
of all registered rainfall episodes; c) total rainfall volume of all registered rainfall episodes.
The bluish areas indicate the spread (upper and lower quartiles) of the spectra generated
form 10 station with the longest period of record (> 40 years). The solid lines indicate
the medians of the processed spectra. The major cycles are indicted as letter A through
G at the corresponding periods. The power spectra were normalized to range from 0 to 1
as [P−min(P)]/[max(P) −min(P)], where P is the power.
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ble. The spectrograms show that the greatest amount of signal variability
is located at periods below approximately 13–14 years. This implies that
the minimum length of rainfall time-series is approx. 14–15 years. Longer
time-series would contain additional signal from the 18.6-year Luni-Solar
cycle.

4. Discussion

Erosive rain factors have not been updated in Slovakia since the early 1990s
when Maĺı̌sek (1990) processed data from 86 stations. Our primary objec-
tive was to update the estimates of R-factors using more recent data from
additional stations. In addition, the results presented in this paper are de-
rived from high resolution 1-minute rainfall data and are published for a
total of 95 locations for the first time. Maĺı̌sek (1990) suggested to analyze
rainfall time series with a length of at least 15 years, however no explanation
supporting this requirement was given. Our spectral analyses confirm that
at least 14 years of rainfall data are needed to capture the 11-year Solar
cycle in rainfall data. As Gusev et al. (2004) state, the existence of decadal
and bi-decadal periods in rainfall data is an evidence of solar activity’s effect
on the Earth’s climate, and that examples of this correlation are short-lived
events such as solar flares; up to the 11-year, the 22-year Hale cycle, and
possibly even longer solar radiation changes. Further periodicities that have
been identified in rainfall, as described in Ramachandra Rao et al. (2003),
are located at 4 to 6 years and are attributable to 6-year ENSO cycles,
which another 5.5 year sub-harmonic cycle of the Sun spots. Ramachandra
Rao et al. (2003) described a 6.9-year periodicity and attributed this to the
interaction of the 11-year sunspot cycle and the 18.6-year Lunar-Solar cycle.
The spectra presented in our paper suggest that the 6.9-year cycle is very
small and is detected only in the total rainfall volume series.

The summary statistics of erosive events on annual basis is listed in Ta-
ble 1. We estimate the long-term annual average R-factor to range from
34.8MJha−1 cmhr−1 (at Gabč́ıkovo) to 138MJha−1 cmhr−1 (at Tatranská
Javorina). The median value of the annual mean R-factors for the whole
country is 71.13MJha−1 cmhr−1.

The Rainfall Erosivity Database at European Scale has been lately pub-
lished providing maps of R-factors for Europe including the region inves-
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tigated in our project Ballabio et al. (2017). The R-factors calculated by
Ballabio et al. (2017) seem to be within the range of R-factors presented in
this paper. The range of annual R-factors calculated for the 95 locations
(Table 1) is from 34.8 to 138.3MJha−1 cmhr−1 (Table 1). The R-factors
calculated in this paper seem to be somewhat higher than the values pub-
lished in the earlier work of Maĺı̌sek (1990) who calculated annual mean
R-factors within range of 5 and 30MJ ha−1 cmhr−1. One possible expla-
nation of these differences might be the fact that Malǐsek (1990) selected
erosive events manually, whereas we deployed an automatic selection pro-
cedure. Another explanation is that we used 1-min resolution data. Also
Maderková et al. (2014) and Antal et al. (2015) calculated R-factors for
selected sites near the city of Nitra, Slovakia with higher values than those
presented in Maĺı̌sek (1990).

5. Conclusions

We have identified several dominant periodicities that are attributable to
major climatic indices including the Solar activity affecting the long-term
behavior of R-factor. This information has implications for reliable esti-
mates of R-factors for stations with short rainfall measurements. We can
conclude that the spectral analysis revealed that in order to capture the
most of the temporal variability in rainfall signal, the minimum length of
time-series for R-factor calculations is 14–15 years. Longer time series might
give more precise results as the 22-year Hale’s cycle constitutes additional
signal variability.

To our best knowledge, erosive rain factors have not been updated in Slo-
vakia since the early 1990s. The results presented in this paper are derived
from high resolution 1-minute rainfall data and are published for a total of
95 locations for the first time. For instance, Maĺı̌sek (1990) processed data
from 86 stations. As such, our results have the potential to substantially
improve the regional estimates of soil erosion rates in the investigated region
and to adjust erosion control measures.

We have updated the estimates of annual R-factors in a climatically
and geographically complex region of Slovakia for rainfall data covering the
period 1961–2009. We estimated the long-term annual average R-factor to
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range from 34.8MJha−1 cmhr−1 (at Gabč́ıkovo) to 138MJha−1 cmhr−1 (at
Tatranská Javorina). The median value of the annual mean R-factors for
the whole country is 71.13MJ ha−1 cmhr−1.

Finally, we are convinced that the peer researchers and other soil erosion
experts will find the updated point-estimates of R-factors in Slovakia inter-
esting to improve soil erosion estimates. As our database cover the years
1961–2009, it would be interesting for the future research to further work on
extending the length of time series and focus on potential effects of climate
change on the erosive potential of rainfall.
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