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The spatial distribution of probable maximum precipitation (PMP) over the Kielce Upland in 
one day and multi-day intervals
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Abstract. This paper presents an attempt to estimate the value of Probable Maximum Precipitation (PMP) over the 
Kielce Upland for one-day and multi-day intervals. Statistical methods were employed in the calculations. Precipita-
tion data were obtained from 23 gauging stations. A regional frequency factor km (from Hershfield’s formula) was 
calculated for each station based on a series of maximum annual precipitation totals from 1961 to 2006. The calculated 
PMP values range from 120.7 mm to 228.4 mm (within the 1-day precipitation group), from 140.7 mm to 266.3 mm 
(2-day group), from 158.9 mm to 294.1 mm (3-day group), and from 175.2 mm to 294.8 mm (4-day group). These 
values became reference values used to show the spatial distribution of PMP throughout the Kielce Upland region. 
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1. Introduction

According to the currently valid water law (Official 
Journal of the Republic of Poland 2012), the aims of water 
resource management are: satisfying the needs of society 
and the economy; protection of water and the natural envi-
ronment. The determination of Probable Maximum Pre-
cipitation (PMP) values is especially important in catch-
ments where the identification of a Probable Maximum 
Flood (PMF) stage is a necessity. This is normally the case 
when hydraulic structures are being planned for a particu-
lar section of a river. PMP is defined as the theoretically 
greatest depth of precipitation that is physically possible in 
a given time interval (minute, hour, day, etc.) over a par-
ticular area and geographic location at a given time of the 
year (Swain et al. 2006, WMO 2009, 2011). 

The literature describes different techniques that can be 
used to determine the numerical value of PMP in different 
parts of the world (i.a. Hansen et al. 1982, Foufoula-Geor-
giou 1989, BOM 1994, Collier, Hardaker 1996, Svensson, 
Rakhecha 1998, Corrigan et al. 1999, Desa et al. 2001, 
Rakhecha, Clark 2002, Rezacova et al. 2005, Papalexiou, 
Koutsoyiannis 2006, Clark 2007, Desa, Rakhecha 2007, 
Casas et al. 2011). These techniques can be divided into 
two groups: 1) statistical analysis of precipitation fre-
quency and 2) genetic analysis based on synoptic situa-
tions which have produced extremely heavy precipitation 
in the past. In Poland, research work in this field began at 
the turn of the 21st century (Suligowski 2005, 2009, 2010; 
Suligowski, Kupczyk 2006). Detailed meteorological and 
statistical analyses performed for catchments in southern 
Poland (Western Beskidy Mountains) set the stage for the 
definition of a modified version of PMP (Ozga-Zielińska 
et al. 2011).  

In this work, an attempt has been made to determine 
PMP values using the statistical method for 1-day, 2-day, 

3-day, and 4-day intervals for gauging stations located 
throughout the Kielce Upland. A secondary goal has been 
to show the spatial distribution of PMP values in this geo-
graphic region. 

The Kielce Upland is a physiographic macroregion 
which is part of the much larger Małopolska Upland. The 
area of the Kielce Upland is 6800 km2 (Kondracki 2011). 
To the west, it borders the Przedbórz Upland – a macro-
region that is also a part of the Małopolska Upland. To 
the south, it borders the Niecka Nidzianska macro-region 
(Małopolska Upland). To the north, it borders the South 
Mazowsze Hills. Its eastern boundary is formed by the 
Vistula Valley, the Lublin Upland, and a section of the Vis-
tula Plain (the Sandomierz Dell) (Fig. 1). The region of 
interest possesses a variety of landforms such as low and 
midsize rounded hills, flattened foothills in some places, 
as well as the Świętokrzyskie Mountains (Holy Cross Mts) 
right in the central part of the Upland, which rise to 611 
meters above sea level. The region is drained by a network 
of rivers with a characteristic central “point” of origin. 
These rivers serve as tributaries to the following rivers: the 
Kamienna, the Czarna Nida, the Opatówka, the Koprzywi-
anka, the Czarna Staszowska, and the Czarna Maleniecka. 
The northern part of the region is drained by the upstream 
sections of the Radomka and the Iłżanka rivers (Fig. 1).  

The spatial distribution of annual atmospheric pre-
cipitation totals across the analyzed region is the result 
of westerly and northwesterly rain-bearing air flows that 
dominate the area. A distinct hypsometric rainfall gradient 
can be observed at gauging stations located in the western 
part of the research area. The average annual precipitation 
total (based on data from 1961-2000) is 620-680 mm in 
this region. In the Świętokrzyskie Mts., the mean annual 
rainfall average is over 800 mm (Town of Święty Krzyż 
– 826 mm). Lower precipitation totals are observed on 
the southeastern side of this mountain range (Staszów – 



543 mm, Klimontów – 572 mm, Sandomierz – 568 mm). 
This is true regardless of the elevation of the given gauging 
station, which allows one to conclude that this is a case of 
a rain shadow where the leeward side of a mountain range 
receives less rain than the windward side. Likewise, low 
mean annual precipitation totals are recorded in the Iłża 
Foothills area (Osówka – 528 mm, Kurzacze – 575 mm). 
Work done by Kłysik (1985), Żarnowiecki (1991), Olsze-
wski (1992) and other researchers has confirmed the indi-
vidual climactic conditions of the Świętokrzyskie Moun-
tains, which includes its precipitation relationships.

Precipitation during the summer season (May-October) 
constitutes a major portion of annual precipitation. Sum-
mer rainfall constitutes 60-62% of the annual total in the 
western part of the Upland while in the central and east-
ern parts, it reaches 66%. July is the month of maximum 
precipitation. Finally, a autumn and spring precipitation 
quotient boundary runs across the region  (Kożuchowski, 
Wibig 1988, Suligowski 1998).

2. Material and methods

The study is based on daily precipitation totals record-
ed during the summer season (May-October) at 23 gaug-
ing points at the Kielce Upland and its immediate vicinity 
(Fig. 1). 

Changes in the Institute Meteorology and Water Man-
agement (IMGW) gauging network throughout the 20th 
century and gaps in archival materials made only the ana-
lysis of the period 1961-2006 possible. Data were obtained 
from the IMGW database. One-day as well as consecutive 
2-day, 3-day, and 4-day maximum annual precipitation to-
tals were compiled for each gauging point. 

As precipitation at daily intervals is a non-continuous 
process, testing the homogeneity of precipitation series 
would require application of complicated statistical me-
thods. In order to simplify the procedure of homogeneity 
analysis it was assumed that test of monthly precipita-

tion sums sequences was sufficient for this purpose. This 
assumption made it possible to regard precipitation as 
a continuous process. To verify hypotheses of statistical 
homogeneity of monthly rainfall series, non-parametric  
Wilcoxon rank sum test (Hirsch et al. 1993) was applied. 
There was no temporal non-homogeneity detected in rain-
fall samples at significance level α = 0.05, though the data 
at the Kielce meteorological station could have been af-
fected by the change of rain gauge location (to Suków, 
approximately 7 km south-west of Kielce). Also the cal-
culated values t-statistic of Spearman’s rank correlation 
coefficient test (Ozga-Zielińska, Brzeziński 1994) are lo-
wer than the critical values of the Student’s t distribution at 
the assumed significance level α = 0.05. Undisturbed pre-
cipitation total homogeneity at the Kielce-Suków weather 
stations was likewise confirmed by research by Bogdano-
wicz, Stachy (1998) and Żarnowiecki, Szałach (2001). The 
analysis results suggest that there is no reason to reject the 
homogeneity hypothesis for the series analyzed. It can, 
therefore, be asserted with a high degree of certainty that 
all of the analyzed series are homogeneous – they originate 
from the same statistical population.

The procedure for calculating PMP when long data 
series are available can be found in the Manual for esti-
mation of Probable Maximum Precipitation (WMO 2009). 
The procedure is based on the frequency equation (Hersh-
field 1965) in the following form:

PMP = Pn + kmSn (1)

where: 
Pn – mean annual maximum precipitation value,
Sn – standard deviation of nth annual maximum precipita-
tion series,
km – frequency factor. 

The frequency factor km is a very important part of the 
equation as it constitutes the number of standard devia-
tions added to the mean distribution value in order to attain 
the largest possible precipitation value within a series:  

Pmax = Pn‒m + kmSn‒m (2)

hence:

 
(3)

Pn‒m and Sn‒m values are calculated in a standard man-
ner, having first eliminated the maximum observed value 
from each data series obtained from every gauging station. 

3. Results

Series of maximum one-day and multi-day precipita-
tion totals recorded at each gauging station were character-
ized using basic statistics depicting their internal structure. 
A box and whisker plot was used for this purpose (Mitosek 
2003) (Fig. 2). Such a plot allows for the analysis of the 
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Figure 1. The research area and location of precipitation gauging 
stations (1 ‒ precipitation station, 2 ‒ river, 3 ‒ boundaries of the 
Kielce Upland, 4 ‒ the physiographic mesoregion



frequency distribution of maximum precipitation totals 
as well as their asymmetry and variability, the latter via 
a visual interpretation of the median, the lower and up-
per quartiles (25% and 75%), the interquartile range, and 
extreme values. 

A record one-day precipitation total, within the group 
of gauging stations of interest, was noted at the Kielce-
Suków weather station in 2001 (155.2 mm). Precipita-
tion values exceeding 100 mm per day were recorded 
at several gauging stations located, for the most part, in 
the Świętokrzyskie Mountains. It is important to add that 
storm cells were observed at the time, which resulted in 
extremely high precipitation levels at stations other than 
those included in the ongoing analysis. On 17th July 1967 
in Mroczków (western edge of the Upland), an intense 
storm was observed producing 121.3 mm of precipita-
tion in 1 hour and 45 minutes (24-hour total of 133.9 mm) 
(Opady atmosferyczne 1968). Relatively low maximum 
daily precipitation totals – those under 70 mm – were 
observed at gauging stations in Grabowiec, Kurzacze 
(Iłżanka Foothills), and in Łaziska.

The highest precipitation totals in the region based on 
two consecutive 24-hour periods were recorded in 1970. 
Their maximum value was recorded at a gauging station 
in Końskie. On 17th and 18th July 1970, 200.9 mm of pre-
cipitation was recorded. 

The largest relative increases in recorded maximum 
precipitation totals can be observed between a one 24-
hour period and a two 24-hour period. Differences be-
tween 3-day and 4-day totals are small (Fig. 2). Low 4-day 
precipitation totals are unusual, with only Grabowiec 
near Wąchock recording less than 100 mm. The presence 
of maximum precipitation totals was associated with the 
movement of cool westerly or southwesterly fronts or 
large areas of low pressure towards the east (July 1970, 
August 1970, July 1997). Another potential reason was 
the flow of hot and humid tropical air from the Black Sea 
region and its convergence with polar marine air over the 
Kielce Upland (23-25 July 2001). 

The calculated km values in the region of interest range 
independently of time interval from 2.29 to 8.42 (Fig. 3). 
The maximum 1-day km (8.42) value was calculated based 
on data from the Kielce-Suków gauging station. The maxi-
mum 2-day km (6.91) value came from Końskie. The maxi-
mum 3-day km (6.69) value came from Gadka while the 
maximum 4-day km (6.43) value came from Klimontów.  

PMP calculations for each gauging station were per-
formed based on the highest km value within each given 
time interval at any of the stations in the region using 
Equation 1 (Tab. 1). The table shows a comparison of PMP 
values with maximum recorded precipitation totals. The 
highest one-day PMP value was calculated for the Kielce-
Suków meteorological station – 228.4 mm. This value is 
1.5 times greater than the highest precipitation total re-
corded at this station. The highest multi-day values were 
calculated for the Końskie station (266.3 mm per 2 days, 
294.1 mm per 3 days). There is a characteristic small in-
crease in PMP when the time interval is lengthened from 
3 to 4 days. Symptoms of this are decreasing PMP quotient 
values and the highest precipitation total recorded in his-
tory. The maximum calculated quotient is 2.3 for a 1-day 
interval (Kurzacze), 1.9 for a 2-day interval, and 1.8 for 
3-day and 4-day intervals (Tab. 1).

Maps of the spatial distribution of PMP point values 
at the Kielce Upland for the time intervals employed 
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Figure 2. Basic statistics of maximum precipitation total series at 
the Kielce Upland

Figure 3. The scatterplot of points (Pn, km) for the examined in-
tervals

Figure 4. PMP (in mm) at the Kielce Upland
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(Fig. 4). In general, the highest one-day PMP values were 
calculated for gauging stations located in the upper parts of 
the Upland (the Świętokrzyskie Mts.), where they exceed 
200 mm, and decrease towards the fringes of this region. 
The lowest PMP values were calculated for the Sando-
mierz Upland and the Iłżanka Foothills – the eastern and 
northeastern parts of the region. There is little spatial vari-
ability in PMP for multi-day time intervals. There is, how-
ever, a clear center of maximum PMP in the western part 
of the Kielce Upland with PMP exceeding 260 mm per 
3-days (Fig. 4).

 4. Discussion

The calculated values of the frequency factor km are 
decidedly lower than those calculated for identical time 
intervals in the United States and Canada (km(max)=25) 
(WMO 2009) or in the Indian Subcontinent and China 
(km(max)=19) (Feng, He 1987). The values just mentioned 
from the North America and China are indeed, exceed-
ingly high yielding unrealistic PMP values. The calculated 
km values in this study correspond to values obtained in 
the Western Beskidy Mountain region (Suligowski 2005, 
Ozga-Zielińska et al. 2011). They are, however, much lo-

wer than those in the Kłodzko Basin, especially for multi-
day time intervals (Suligowski, Kupczyk 2006). It is quite 
interesting that similar one-day km values have been cal-
culated for weather stations located in the southern part 
of the Malay Peninsula (Desa et al. 2001, Desa, Rakhecha 
2007). The Malay Peninsula is characterized by a humid 
equatorial climate with a low coefficient of variation for 
series of maximum annual daily precipitation totals. 

The successive decreases in maximum km values with 
lengthening multi-day precipitation total time intervals 
at gauging stations at the Kielce Upland, thus far not ob-
served in other areas, indicate a relative equalization of 
mean precipitation totals and their deviations relative to 
their counterparts located in the Kłodzko Basin, for exam-
ple. This indicates that such extremely high multi-day pre-
cipitation totals, clearly deviating from multi-year means, 
are rather rare in the region of interest. 

The results of this analysis made it possible to show the 
spatial variability of one-day and multi-day PMP values. 
The highest PMP values (PMP1-day > 200 mm/day) tend 
to be found at higher elevations encompassing the phys-
iographic mesoregion of the Świętokrzyskie Mountains. 
In the case of multi-day precipitation totals, there exists 
a second center of high PMP values which encompasses 

Table 1. PMP (in mm) with respect to maximum observed precipitation totals (Pmax) for one-day and multi-day time intervals at the 
Kielce Upland

pluviometric 
stations

1 day 2-days 3-days 4-days
Pmax 

(mm)
PMP 
(mm)

PMP/ 
Pmax

Pmax 
(mm)

PMP 
(mm)

PMP/ 
Pmax

Pmax 
(mm)

PMP 
(mm)

PMP/ 
Pmax

Pmax 
(mm)

PMP 
(mm)

PMP/ 
Pmax

Annopol 62.0 129.0 2.1 87.6 158.0 1.8 90.0 165.4 1.8 108.0 182.1 1.7
Bartków 91.3 171.7 1.9 131.8 202.8 1.5 152.0 233.7 1.5 154.6 241.0 1.6
Bodzentyn 100.4 162.3 1.6 108.4 175.6 1.7 125.4 210.5 1.8 130.1 223.6 1.7
Gadka 76.8 137.3 1.8 122.5 160.5 1.3 151.0 189.8 1.3 156.6 203.5 1.3
Grabowiec 65.6 120.7 1.8 86.0 140.7 1.6 90.0 158.9 1.8 97.2 175.2 1.8
Kielce-Suków 155.2 228.4 1.5 163.9 224.4 1.4 165.9 241.0 1.5 178.5 246.0 1.4
Klimontów 108.3 173.8 1.6 142.2 197.4 1.4 158.5 213.5 1.3 179.0 228.1 1.3
Kliszów 93.5 189.1 2.0 111.6 194.0 1.7 121.7 202.9 1.7 125.3 203.3 1.6
Końskie 114.3 194.6 1.7 200.9 266.3 1.3 220.9 294.1 1.3 223.3 294.8 1.3
Kurzacze 66.6 153.9 2.3 84.0 159.0 1.9 96.0 175.3 1.8 107.6 197.4 1.8
Łaziska 74.8 145.3 1.9 89.4 159.0 1.8 122.1 180.2 1.5 126.0 191.3 1.5
Małogoszcz 80.4 155.3 1.9 115.4 197.4 1.7 133.3 221.9 1.7 138.1 228.7 1.7
Nosów 88.5 154.0 1.7 108.3 159.7 1.5 122.7 179.1 1.5 129.7 186.4 1.4
Nowa Słupia 111.0 182.9 1.6 127.1 201.9 1.6 144.7 232.8 1.6 149.2 235.0 1.6
Oblęgor 76.7 151.4 2.0 134.6 206.2 1.5 169.4 263.0 1.6 172.3 265.2 1.5
Opoczno 65.2 138.8 2.1 98.2 156.0 1.6 120.9 175.0 1.4 129.1 184.1 1.4
Raków 114.2 170.6 1.5 123.2 174.1 1.4 143.6 195.0 1.4 167.1 214.6 1.3
Sadków 107.4 196.0 1.8 122.1 200.3 1.6 135.9 224.0 1.6 150.6 240.5 1.6
Sandomierz 75.6 143.2 1.9 125.9 197.9 1.6 134.2 200.7 1.5 137.9 211.2 1.5
Skroniów 107.7 190.6 1.8 152.5 219.6 1.4 168.5 235.5 1.4 171.8 240.8 1.4
Staszów 77.2 167.5 2.2 122.5 183.7 1.5 129.0 208.6 1.6 135.2 219.4 1.6
Suchedniów 98.4 165.2 1.7 132.7 193.3 1.5 139.2 220.2 1.6 143.8 226.7 1.6
Święty Krzyż 126.0 204.0 1.6 138.3 212.2 1.5 176.5 253.3 1.4 194.2 259.8 1.3



the western fringes of the Upland. Low PMP values are 
found in the eastern (Sandomierz Upland) and northern 
(Iłżanka Foothills) parts of the region of interest.

The PMP values obtained for the Kielce Upland are 
lower than those calculated using a similar method for 
gauging stations in the Eastern Sudety Mountains and the 
Western Beskidy Mountains. The smallest differences are 
observed for one-day time intervals (Kielce-Suków – PMP 
= 228.4 mm, Podzamek in the Sudety Mountains – PMP 
= 263.5 mm, Ustroń Równica Wieś in the Beskidy Moun-
tains – PMP = 300.1 mm). These differences grow when 
longer observation periods are considered. The maximum 
probable 4-day precipitation at the Kielce Upland (Końskie 
– PMP = 294.8 mm) is over two times smaller than that 
calculated for southwestern Poland (Nowy Gierałtów – 
PMP = 597.9 mm) or that for the Żywiec-area Beskidy 
Mountains (Szczyrk – PMP = 541.6 mm).   

The PMP point values calculated herein, when con-
verted to a catchment scale with a defined surface area, 
can be used in rainfall-runoff transformations. 
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