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Abstract
Extreme precipitation events can trigger flash flood, mass movements, pluvial flood and accelerated soil erosion.
As soil structures are highly degraded due to intensive improper cultivation water infiltration can considerably decrease during the vegetation period. Additional changes in canopy coverage on the soil surface cause
relevant variability in infiltration and hence vulnerability against runoff related disasters. Most researchers
agree that the frequency of extreme precipitations increases, however, in the Carpathian Basin the uncertainties are quite high. This study aims to compare daily maximum mean precipitation amounts (MMPA) predicted
by the Goda-method for June and August as the most probable months of extremities. We used the CarpatClim
database as input and predicted MMPAs for two periods, 1960–1985 and 1986–2010. The Goda-method uses
monthly data and calculates daily results on given probability. A general increase was found between the first
and second half of the period regarding daily maximum precipitation amount in both investigated months.
For August the 1-day precipitation amount increased from 56.1 mm to 61.8 mm, whereas 6-days amount from
93.8 mm to 103.2 mm at 1 per cent probability (r = 0.53; p < 0.001). Beyond this change, relevant spatial differences
were found. Comparing the macro regions plains had lower increase compared to the mountains, whereas the
highest increase was in the Transdanubian Hills (TH). The most endangered location is the southern part of the
Transdanubian Hills where parallel with the intensive increase in MMPA both in June and August the environmental
conditions such as loose parent material and the high percentage of crop fields also emphasize the potential hazard.
Keywords: extreme precipitation, climate change, soil erosion, flash flood, pluvial flood

Introduction
Climate change can trigger harmful effects
in urban areas as well (László, E. et al. 2016),
however, the most dangerous changes are
predicted for agricultural areas. A well-developed soil can take and keep even 200–300
mm precipitation at one time depending on
its land-use, porosity, aggregation and canopy cover. However, soils especially those

of crop fields and vineyards are highly degraded; therefore, water infiltration is inhibited (Jakab, G. et al. 2017; Rodrigo-Comino,
J. 2019). Moreover, since the beginning of
the last century, extreme rainfalls occurred
more frequently in all over Europe, as a consequence of climate change (Fowler, H.J.
and Kilsby, C.G. 2003; Müller, M. et al. 2009;
Milosevic, D. and Savic, S. 2013; Lakatos,
M. and Hoffmann, L. 2018).
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Parallel with the increasing frequency of
extreme precipitation events, rainfall occurrence is getting more erratic (Bartholy, J. and
Pongrácz, R. 2007; Mika, J. and Farkas, A.
2017; Milosevic, D. et al. 2017). An increasing ratio of annual precipitation will not be
able to infiltrate, triggering water deficiency
during the growing season in a mesic environment (Knapp, A.K. et al. 2008). The water
remaining on the soil surface causes runoff
and flash flood on the hillslopes (Czigány, Sz.
et al. 2010), and pluvial floods on lowlands.
Both phenomena have primary importance
in soil degradation in Hungary as 49 per cent
of the territory is arable field and 35 per cent
of that is already eroded (Kertész, Á. and
Centeri, Cs. 2006). Pluvial floods including
melting snow and intense rains frequently
cover considerable parts of the plains in spring
(Van Leeuwen, B. et al. 2013; Pásztor, L. et al.
2015; Balázs, B. et. al. 2018). Summer rainfall
events lead to pluvial floods as well for several
days in high quantity. To avoid or minimalize damages, actual water infiltration should
be increased by tillage and plant coverage. As
soil infiltration capacity varies in a wide range
both in time and in space, agricultural technology should adapt to it in order to fight against
runoff and pluvial floods (Jakab, G. et al. 2017).
The ability of a precipitation event to destroy the soil surface and to generate runoff is called erosivity, which is proportional
with the amount and intensity of the storm
(Waltner, I. et al. 2018). Rainfall erosivity (R factor) is generally calculated from
these two properties according to the USLE
(Wischmeier, W.H. and Smith, D.D. 1978) or
the RUSLE (Renard, K.G. and Freimund, J.R.
1994) model. Traditionally, R factor values
are determined for a whole calendar year
in order to estimate the erosion potential of
the precipitation (Panagos, P. et al. 2015).
Conversely, long-term erosion monitoring
has proven that the main part of soil loss is
triggered by only one or two extreme precipitation events those also take the main
part of the R factor. Since soil porosity and
canopy cover varies in a wide range during
the vegetation period the actual runoff and

soil loss volume is the function of the date
of a given heavy rainstorm. Hence annual R
factor needs to be divided into shorter temporal sections such as months (Ballabio, C.
et al. 2017), single precipitation events or
even hours (Kendon, E. et al. 2014).
As the occurrence of extreme precipitation
events varies in a wide range both in time and
space their proper forecast is still an unsolved
question (Maheras, P. et al. 2018) hence the
Carpathian Basin is presumed to be the most
questionable area in Europe regarding future
trends (Kristóf, E. et al. 2017; Gelybó, Gy.
et al. 2018; László, E. and Salavec, P. 2018),
but scientists agree that the number of intense
precipitation events is expected to increase
(Bartholy, J. and Pongrácz, R. 2007; Cheval,
S. et al. 2016), the return time of extreme events
increases by 1.2–2 times (Piecka, I. et al. 2011;
Pongrácz, R. et al. 2014). Although there is a
long-term precipitation database for whole
Europe, locally low spatial resolution and/or
the lack of (high resolution) rainfall intensity
data cause difficulties in extreme precipitation prognostication (Zhang, F. et al. 2006).
Consequently, models were developed to estimate heavy storm frequency at local scales.
Some of these models need detailed measured input and calibration such as ALADIN/
AROME (Ihász, I. et al. 2018), whereas simpler
models use only long-term monthly (Renard,
K.G. and Freimund, J.R. 1994) or daily (Goda,
L. 1966) precipitation volume data. The Godamethod uses long-term observations, monthly
data, but the output is the daily maximum by
months at a given probability level; thus, it
has the advantage to describe erosivity or the
tendency for pluvial floods in a simple way.
Rapid and heavy rainstorms have direct
connections with erosion and could be represented as 1-day maximums. Rainfall maximums (the longest statistically evaluable term
is 6 days in Hungary according to Goda, L.
1966) refer to pluvial flood formation in the
plains caused by the low infiltration capacity
and the intense rains where the runoff is limited because of the flat surface. In Hungary,
precipitation maximums are in June (1–6 days
maximums) and August when mainly extreme
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1-day rainfalls occur, hence these months are
presumed to have the most important role in
soil erosion and partly in pluvial flood formation (Szűcs, P. et al. 2006; Jakab, G. et al. 2015).
The aim of the present study is to quantify
changes in maximum daily precipitation volumes at the time of the annual precipitation
peaks (in June and August) in Hungary. Our
hypotheses to be tested are i.) maximum daily precipitation maximums are in strong correlation with elevation; ii) the maximum daily
precipitation volume has increased since 1960
in Hungary; iii.) the spatial distribution of the
average change has a high standard deviation;
iv.) there are significant differences among the
macro regions regarding the mean maximum
precipitation amount (MMPA) changes.
Methods
Datasets
We used the precipitation data of the CarpatClim (CC) database (Szalai, S. et al. 2013;
Spinoni, J. et al. 2015). CC is a climatic dataset which is the result of the contribution of
nine countries. We filtered out the Hungarian
data points, however, the database did not
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cover the westernmost part of the country.
The dataset is a homogenized time series of
50 years from 1960 to 2010 with the Multiple Analysis of Series for Homogenization
(MASH) method, based on measured data
but the final product is an interpolated 10
km x 10 km grid network with the Meteorological Interpolation based on the Surface
Homogenized Data Basis (MISH) method (Szentimrey, T. and Bihari, Z. 2007;
Szentimrey, T. 2011; Szentimrey, T. et al. 2012).
Calculation of intense rainfalls
We applied the method of Goda, L. (1966) to
determine the intensive rainfalls. The method uses monthly data and calculates daily
results on a given probability. Firstly, we had
to determine whether the time series follows
a Pearson-3 or Gamma-2 distribution, and
then, by applying the univariate statistics,
the constants of the chosen distributions
and probability level, and the spatially predefined parameter of the region and applying the appropriate function, we get the final
result regarding 1 and 6 days (Figure 1). The
process of the workflow is described after
Goda, L. (1966).

Fig. 1. Workflow of data management. – Cv = coefficient of variation; Cs = coefficient of asymmetry. Pearson
3 and Gamma 2 are distribution types.
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Firstly, we determine the mean (x) and
standard deviation (σ) of the time series, then
the next is the calculation of the coefficient of
variation (cv, Eq. 1) and asymmetry (cs, Eq. 2).
,

(1)

where cv is the coefficient of variation, σ is
the standard deviation, x is the mean of the
time series.
,

(2)

where cs is the coefficient of asymmetry, ki is
the ratio of xi and x, xi is the ith element, cv is
the coefficient of variation of the time series.
If
then the time series follows a Pearson
III. (Foster-Ribkin variation) distribution, and
if
the distribution can be described with
the Gamma II. (Krickij-Menkelj variation) distribution.
Goda, L. (1966) provided a formula for the
T = 1–6 days mean precipitation maximums
(Eq. 3):
(3)

,

where
is the mean precipitation maximum of 1 day, for
see Eq. 5; the general
formula for T = 1–6 days is (Eq. 4):
(4)

,

where
is the mean of T = i days-long precipitation maximums,
is the spatial factor
with the following formula (Eq. 5):
,

(5)

where
is a factor describing the means of
i-days-long (T = 1–6) precipitation maximums,
is the change for the precipitation maximum as a function of the number of days.
The final step is the calculation of the precipitation maximums on a given probability
level. If the cs/cv is larger than 2 we use the
Φ-value from the Foster-Ribkin table, if it is
smaller, we use the K-value from the KrickijMenkelj table with the formulas of Eq. 6 and 7:

,

(6)

where is the mean precipitation maximum
on a given probability level, Φ can be determined from the Foster-Ribkin table using the
cs and probability (e.g. 1% or 5%) values.
,

(7)

where
is the mean precipitation maximum on a given probability level, K can be
determined from the Krickij-Menkelj table
using the cv and probability (e.g. 1% or 5%).
The procedure was implemented in R 3.5.1
(R Core Team, 2017) environment with the tidyr (Wickham, H. and Henry, L. 2018) package, and the calculations were completely
automated.
Statistical analysis
We divided the 50-year dataset into two periods: 1960–1985 and 1986-2010; thus, we were
able to identify whether there is a trend in
this time range considering the maximums
of the intense rainfalls. Even though, Mika,
J. and Farkas, A. (2017) have pointed out,
that many weather extremities have already
occurred in the 1960s.
From various possible outcomes, we
choose the following combinations: 1- and
6-day maximums with 1 per cent and 5 per
cent probability regarding June and August.
We checked the variables for normal distribution with the Shapiro-Wilk test and, as
some variables were skewed, we applied
the non-parametric Wilcoxon-test to reveal
if there was a significant difference between
the two time periods.
We also determined the effect sizes for
the comparisons, to get a standardized and
comparable value of the magnitude of differences. Effect size ranges from 0 to 1, and 0
means complete similarity and the increase
of the value indicates a larger difference: 0.1
denotes weak, 0.3 moderate while 0.5 large
difference (Field, A. 2009; Sullivan, G.M.
and Feinn, R. 2012).
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For spatial comparison purposes, we applied the macro regions of Hungary (Dövényi, Z.
2010), even though this classification was landscape based, resulting units with heterogeneous climatic conditions (Figure 2).
Comparisons were conducted between
each macro region pairs to highlight the
spatial differences in MMPA change between the two investigated periods (2 x 25
years). On one hand, macro regions reflect
the spatial character of changes (absolute
situation), on the other hand, all macro regions have different average surface height.
Thus, a hypothesis testing, carried out with
the robust ANOVA test, was able to reveal
whether these differences were significant
and characteristic in a region, or they happened just by chance having a random distribution. The results were presented in a visual
form on the diagram: where the mean and
95 per cent confidence intervals coincide with
the zero value, the difference was not considered to be significant. We conducted correlation analysis between elevation and the different representations of the intense rainfalls,
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using Spearman rank correlation. Terrain
height was derived from SRTM data at each
pixel centre of the CC database. Statistical
analyses were conducted with R 3.5.1 (R Core
Team, 2018) with the coin (Hothorn, T. et al.
2008) and the walrus (Love, J. and Mair, P.
2017) packages.
Results
Intense rainfall maximum changes on country
level
Daily MMPAs during the investigated
fifty years changed between 40 and 137 mm
depending on time and spatial location
(Figure 3). The precipitation range was the
same for the whole country in June and
August, whereas the maxima were found
at four individual locations in June
(Figure 3, a) and in central Transdanubia in
August (Figure 3, b). The less extreme daily
rainfall amounts were in Kisalföld and in
North Hungary.

Fig. 2. Macro regions and other spatial units appearing in the study
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Correlation analysis revealed that the 1and 6-days as well as the 1 per cent and 5 per
cent probability intense rainfall maximums
were strongly correlated, but the correlation between June and August was weak.
Accordingly, we focused on the monthly differences, but also analysed the 6-day events
because of the higher values.
Based on 50-year data a general increase
was found between the first and second half
of the period regarding daily maximum
precipitation amount in both investigated
months. However, the difference was not
significant in any case in June on a country
level (Table 1).
Taking a more detailed spatial resolution
into account it is clear that locally significant
differences were found in 6-days’ MMPA in
June (Figure 4). In central Hungary, the 6-day

MMPA decreases, whereas the highest decrease
was in the TH. The increase is located in the
western part of the country, in the Northern
part of GHP and in the South near Szeged.
Conversely, in August the increase is clear and
significant concerning both duration and probability. Beyond this general trend again explicit
spatial differences exist (Figure 5).
On the major part of the country the extremity decreased, in the central part of
the GHP and in Transdanubia the average
dropped more than 20 mm. In contrast, in
the southern part of Transdanubia, the rainfall amount increased more than 10 mm,
which corresponded to a 5–25 per cent rise
(compare to Figure 3, b). Therefore, it is not
enough to compare the country means, for
the identification of the most endangered locations a higher spatial resolution is needed.

Fig. 3. Spatial distribution of daily MMPAs in June (a) and August (b) derived from the CC using the Goda-method

Table 1. Mean and standard variation of the intense rainfall data (mm) by the number of rainy days, months and
probabilities in the studied periods
Variation

Day
Month
1960–1985
1986–2010
p*
Effect size (r)
1
June
56.5 ± 6.7
57.6 ± 9.1
<0.001
0.13
1
August
56.1 ± 10.6
61.8 ± 10.1
<0.001
0.53
Mean ± SD 1%
6
June
99.1 ± 10.4
100.9 ± 13.6
<0.001
0.12
6
August
93.8 ± 16.9
103.2 ± 15.7
<0.001
0.53
1
June
46.5 ± 5.2
46.8 ± 7.1
0.33
0.03
1
August
45.1 ± 8.4
49.0 ± 7.6
<0.001
0.52
Mean ± SD 5%
6
June
81.6 ± 7.7
81.9 ± 10.6
0.52
0.02
6
August
75.5 ± 13.5
81.9 ± 11.8
<0.001
0.52
*p = significance of the pairwise comparison with the Wilcoxon test; italics highlights = p < 0.01.
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Fig. 4. Change in average 6-days MMPA in June. Differences between averages of 1960–1985 and 1986–2010
in mm at 1 per cent probability level.

Fig. 5. Change in MMPA in August. Differences between averages of 1960–1985 and 1986–2010 in mm at 1 per
cent probability level.
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Areal comparison of differences of intense
rainfall maximums by macro-regions
In June, regarding the 1-day MMPA, the
increase in TH was a significantly higher
increase than in the other macro region except TM, which was a neighbouring region.
In contrast, the increase was significantly
lower in KA than in the other macro region
except GHP (Figure 6, above). Thus, the highest difference was found between TH and KA
(~ 8 mm), which was more than 13 per cent
of the KA value (~ 60 mm). As the calculation is derived from the same database the

differences between 6-days long MMPA
showed the same pattern with higher values
(Figure 6, below).
In August, the largest difference was higher
(~15 mm) in the 1-day MMPA case, which was
almost 25 per cent difference compared to the
KA basis value of KA. This difference was found
between TM and TH. Moreover, TH had a significantly higher increase than any other macro
region, whereas TM had a lower increase than
any other macro regions, even though the difference between TM and KA was not significant.
Correlation analysis revealed significant
correlations between elevation and different

Fig. 6. Mean differences (mm) of 1-day and 6-day MMPA at 1 % probability level in June and August by macroregions (95% confidence intervals coinciding with 0 are not significant differences, p > 0.05). GHP = Great
Hungarian Plain; KA = Kisalföld (Little Plain); TH = Transdanubian Hills; TM = Transdanubian Mountains;
NHM = North Hungarian Mountains.
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intense rainfall measures (Figure 7). The best
correlations were found in the case of August
regardless of the probability level (1% or 5%);
nevertheless, the largest value belonged to
a 1 per cent representation (but it was only
0.03 larger than the next one which was a 5%
representation).
Generally, correlations were > 0.5 in the
case of the period of 1960–1985 for 6-day
events of Augusts, but for 1-day events in
June for the same period, r values were below
0.3. For the period of 1986–2010, correlations
ranged between 0.32–0.46, and the largest
value belonged to the 6-day events in August
on 5 per cent probability. However, we did
not detect relevant correlation considering
the changes between the intense rainfalls and
elevation regarding daily MMPA in June.
Discussion
Reasons for spatial differences
The increase of MMPA is in line with the
mainstream measurement and model results (Bartholy, J. and Pongrátz, R. 2007),

Fig. 7. Spearman correlation coefficients between elevation and different maximum precipitation amounts.
M06 = June; M08 = August; p01 = 1%, p05 = 5% probability. Periods: 1960–1985 (red); 1986–2010 (blue)
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although, Pirkhoffer, E. et al. (2009) did not
find an increase in the annual number of
extreme precipitation events regarding Szeged and Budapest, except Debrecen in the
1901–2000 temporal range. Pirkhoffer, E.
et al. (2009) performed an analysis based on
the annual dataset, thus, their findings can
be different from our outcomes relating June
and August. Our results are calculated from
monthly data and this can be the explanation
for the differences, too. They found that the
majority of years had lower frequency of extreme events than the average. These longer
periods were interrupted by short periods
with a high number of extreme events.
In the countywide context, daily precipitation maximums in June showed hotspots.
As the main wind direction is NW to SE
the maximums are concentrated in the NW
foothills of the Börzsöny Mountains and of
the Western Carpathians, even though additional maxima appear in central TH and in
the vicinity of Szeged. Conversely, in August,
this trend is obscured probably by the occurrence of convective precipitation events in
the centre of GHP. This theory is supported
by the results of Kendon, E. et al. (2014) who
concluded the highlighted role of convective
precipitations in model efficiency in the summer. This is also in line with the results of
Mezősi, G. et al. (2013), who modelled the
highest increase in precipitation extremities
on the GHP. In contrast, the correlation between MMPA and topography was strong in
August and weak in June for the 1960–1985
period for the whole country.
Turning to the period 1986–2010 moderate
to weak correlations were found without any
structure in months or period length. This
could partly be the result of spatial resolution, county borders are not identical with
topographic elements. The general tendency
is that most trends disappear due to the increasing extremities (Gelybó, Gy. et al. 2018).
As a consequence of this, certain phenomena
e.g. the occurrence of convective precipitation events would be less typical for one particular time period or location and diversity
is expected to increase.
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Risky and neutral areas of changes in intense
rainfalls
Most differences in MMPA changes between
the macro regions were significant in June
and August pointing to regional variations
of heavy rainfalls. Regarding the 6-days long
MMPA in June the lowest increase was detected on the GHP. The maximum increase
was in Nyírség. Since Nyírség already had
the highest values (100 mm <) the most extreme 6-days precipitation conditions are
presumed to appear here. However, in the
Nyírség, the ratio of forest land cover is high
(Négyesi, G. et al. 2015; Négyesi, G. 2018) and
the soil texture is sandy (Pásztor, L. et al.
2016a,b), the probability of pluvial flood occurrence remains still low. As in this region
the most dangerous soil degrading factor
is wind erosion, an increasing soil moisture content in early summer could provide
defense against deflation (Négyesi, G. et al.
2016; Pásztor, L. et al. 2016c). In contrast, at
the vicinity of Szeged the highest increase,
parallel with the highest precipitation volumes, triggers increasing pluvial flood risk as
a result of loamy soil texture and of the highly
degraded structure of the soils due to intensive agricultural cultivation (Van Leeuwen, B.
et al. 2013). The largest change in the northern
part of GHP (approx. + 30 mm) increased the
original amount of ~ 65 mm leading only to
moderate hazard.
Concerning the western part of the country and especially the southern part of the
Transdanubian Hills, these long-term heavy
precipitation, particularly after a very wet winter and spring, can trigger mass movements.
For instance, landslides, bank failures along
the shore of Danube are presumed to be the
results of the precipitation pattern and the role
of water level fluctuations and geological structure is less important (Újvári, G. et al. 2009).
Increasing precipitation extremity is a potential hazard to river bank stability in southern
Hungary. Some parts of the southern TH have
the highest increase both in June and August
whereas the annual precipitation amount does
not change. This underlines the importance of

water storage in the soil. Eekhout, J.P.C. et al.
(2018) presumed a considerable decline in soil
water storage capacity due to climate change
in Europe. Hence, surface pools are going to
have a special role in this region.
In August, daily MMPA increases in southern part of the Transdanubian Hills, central
Hungary and northern Hungary. Generally,
these parts of the country had moderate
MMPAs, except the already discussed southern part of the TH. In this region, the ratio of
crop fields is around 30 per cent. In August,
the crop fields after wheat harvest have no
canopy cover protection against heavy showers and the surface is generally covered by
soil crust that minimizes infiltration leading
to high runoff volume. Due to the hilly landscape and the loose parent material (loess)
this region (Lóki, J. 2010) would be the hot
spot of the country not just from hydrological aspect, but from the aspect of erosion
as well. Moreover, the southern part of the
TH was found to be extremely vulnerable to
flash flood hazard (Pirkhoffer, E. et al. 2009;
Lóczy, D. et al. 2012), which is in line with
our results as flash floods are the direct consequences of intense rainfalls.
Conclusions
The Goda-method applied on the CC database was found an effective tool for MMPAs
for the temporal comparison. The next step
has to be the validation of the predictions
using local scale measured or country scale
modelled data. The approach ensured us to
reveal temporal and spatial differences in the
changes of the mean maximum precipitation
amount. Effect size pointed to the largest differences, and only the changes in August had
large effects considering the differences between 1961–1985 and 1986–2010 both for the
1 and 5 per cent probabilities.
Regarding the spatial pattern of the southern part of the Transdanubian Hills, this is presumed to be the most endangered location as a
result of the changing hydraulic circumstances. In this region, the probability of flash flood,
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soil erosion, and mass movements increases,
whereas the environmental conditions such as
loose parent material and the high percentage
of crop fields also point to potential danger.
Therefore, the protection strategy has to concentrate on this part of the country. However,
more detailed spatial and temporal resolution
is needed in order to gain more reliable data
at local scale. More frequent flash flood phenomena and the increasing erosion require the
establishment of a storm monitoring system
with high temporal resolution measurements.
This seems to be necessary to track the changing intensity rainfall events and to prepare an
adequate conservation strategy.
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