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Abstract: In recent years, the issue of rainwater drainage has become particularly relevant due to increasing
urbanization and climate change. The increasing frequency of extreme rainfall leads to urban flooding and infrastructure
damage. These events sometimes also lead to legal consequences for designers and contractors of drainage systems.
The design of these systems in Poland has encountered difficulties due to the lack of a reliable, publicly available
method for determining the reliable rainfall intensity. The study aims to present the PMAXTP atlas made available by
the Institute of Meteorology and Water Management — National Research Institute (IMGW-PIB) as a tool for the precise
determination of the maximum rainfall characteristics for a specific duration and probability of exceedance for any
location in Poland. IMGW-PIB plans to update the PMAXTP atlas every 10 years to reflect climate changes and
the increasing frequency of intense rainfall. The publication also presents computational examples for applications
in engineering practice. Using this tool in design practice will allow for the safe and effective design of drainage systems
that will be resistant to climate change and extreme weather conditions.
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1. Introduction

The issue of draining rainwater from urbanized areas has gained particular significance in recent years.
On the one hand, the ever-increasing land surface sealing increases rainwater runoff coefficients. On the other
hand, more and more attention is being paid to the ongoing climate change, especially in the context of the
increasing frequency of extreme weather events. An increase in the average annual temperatures all over the
globe triggers increased water circulation in the hydrological cycle and affects, among others, the frequency
of heavy rainfall. Both increasing urbanization and climate change have a negative impact on the efficiency of
land and building drainage (IPCC 2021, Trenberth, Fasullo & Shepherd 2015).

In recent years, intense rainfall (alternating with periods of drought) has led to local flooding or urban
flooding in virtually all regions of Poland. Due to intense rainfall, traffic difficulties occurred, basements or
underground garages of buildings were flooded (which was associated with material losses), but roofs also
collapsed (which was also associated with a threat to life). In many cases, these events have also had legal
consequences, with an increasing number of proceedings in the courts concerning the correctness of the design
and construction of drainage systems (Rutkiewicz & Sieczowski 2017, Wojciechowski, Jozefczyk & Sulik 2023).

In turn, abnormally high air temperatures, heat waves, and long periods without rain lead to drought, in the
first stage atmospheric and then hydrological, and soil drought, with a consequent reduction in water
availability, both for municipal and industrial needs. In recent years, there has also been a strong trend of
drought mitigation measures in Poland, including designing blue-green infrastructure and rainwater retention
systems and facilities (Journal of Laws 2021, Przestrzelska et al. 2024).

The current legal status imposes on both designers and contractors of construction objects a great
responsibility and obligation of careful and safe design and construction of objects — following the art of
construction, resulting from the best available technical knowledge. Correct estimation of the amount of
precipitation (with a certain duration and probability of exceeding) is crucial in the case of dimensioning
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stormwater management, retention, or drainage systems (Watega, Kaczor & Steplewski 2016, Walega &
Michalec 2014, Wartalska et al. 2020). Meanwhile, many investments implemented in recent years and are
currently being implemented have been designed for low (compared to the current) amounts of precipitation.
This results in an underestimation of sewer diameters or retention basin volumes. The main reasons for this
are the developer or contractor's desire (especially in design-build projects) to reduce expenditure on drainage
systems.

In many cases, however, the fault lies with the designer, who, using calculation formulas that are no longer
valid, fails to consider climate change by assuming underestimated rainfall amounts in the calculations. For
example, Blaszczyk's formula for calculating rainfall, widely used in design practice, was developed in 1954
based on rainfall data from 1837-1891 and 1914-1925 from Warsaw. This formula underestimates precipitation
amounts by as much as 30-40% on average (Kotowski 2015, Kotowski, Kazmierczak & Dancewicz 2010,
Weglarczyk 2013, Weglarczyk 2014)!

It should be noted here that reliable rainfall data has been difficult for designers to access over the years.
Many scientific papers have pointed out the need to replace the Blaszczyk model with up-to-date maximum
precipitation models developed based on the longest possible measurement series and a dense network of
stations. The scientific community has emphasized that the introduction of a uniform and universally accessible
(as in Germany or the USA, for example) precipitation atlas will allow, among other things, a safer
dimensioning of land and building drainage than before (Burszta-Adamiak & Licznar 2018, Kotowski 2015,
Kotowski, Kazmierczak & Dancewicz 2010, Mazurkiewicz, Skotnicki & Dymaczewski 2020). In 2022, the
Institute of Meteorology and Water Management — National Research Institute (IMGW-PIB) released
probabilistic models of maximum rainfall in the form of the PMAXTP rainfall atlas. The publicly available
tool allows the characteristics of maximum precipitation of a specific duration and probability of exceedance
to be read out for any location in Poland. Its use in design practice allows safe dimensioning of rainwater
management, retention, and drainage systems.

2. PMAXTP application

Data sources for the development of the PMAXTP application by IMGW-PIB included data from the period
1986-2015 coming from one hundred measurement points covering the whole area of the country (taking into
account orography — higher density of measurement points in sub-mountainous and mountainous terrain).
First, local probabilistic models were developed for each measurement point (so-called point estimation), and
then geostatistical methods were used to interpolate between measurement points the results of the rainfall
models (so-called area estimation) (Ozga-Zielinski, eds. 2022). The developed characteristics of maximum
precipitation with specific duration and probability of exceedance have been made available on
https://klimat.imgw.pl/opady-maksymalne/ (IMGW-PIB 2022) in the form of an interactive map (Fig. 1).
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Fig. 1. General view of the PMAXTP interactive application (IMGW-PIB 2022)
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The application allows the reading of the maximum precipitation / (in mm) with a duration from # =5 min
to t = 4320 min and a probability of exceedance in the basic range from p = 99.9% (1 time per 1 year) to
P =2% (1 time per 50 years) for any location in Poland. The results presented can be saved as a spreadsheet
(also in the extended range for 27 probabilities of exceedance to probability p = 0.1% — 1 time per 1000 years).
In addition to precipitation height data, the application also presents values for the upper limits of the
confidence intervals and estimation errors for a specific location. An example of a set of maximum
precipitation heights in the basic range read from the PMAXTP application for the Ktodzko station is shown
in Table 1.

Table 1. Maximum rainfall heights (4 in mm) for the Ktodzko station according to PMAXTP application
(according to the POT method)

Rainfall duration ¢ Probability of exceedance p
(min) 2% 10% 20% 50% 99.9%
5 17.99 15.10 13.68 11.47 8.57
10 22.29 18.33 16.45 13.66 10.31
15 25.27 20.52 18.32 15.13 11.49
30 31.31 24.89 22.03 18.01 13.82
45 35.49 27.88 24.53 19.95 15.39
60 38.79 30.20 26.48 21.45 16.62
90 43.97 33.82 29.50 23.75 18.51
120 48.06 36.64 31.84 25.54 19.99
180 54.48 41.03 35.47 28.28 22.27
360 67.50 49.78 42.65 33.68 26.78
720 83.64 60.39 51.28 40.10 32.21
1080 94.80 67.62 57.12 44.41 35.88
1440 103.62 73.27 61.66 47.75 38.74
2160 117.46 82.04 68.68 52.88 43.16
2880 128.39 88.90 74.14 56.86 46.60
4320 145.53 99.54 82.58 62.97 51.91

As noted earlier, the PMAXTP application's data source was from 1986-2015 from one hundred
measurement points (Bisaga et al. 2022). The IMGW-PIB promises to update the included measurement data
(and thus the maximum rainfall characteristics) every 10 years. Therefore, the precipitation heights estimated
by the PMAXTP application will consider progressive climate change in the context of increasing frequency
of intense precipitation events over the analyzed period. They will be aligned with the international
recommendations of the World Meteorological Organisation (WMO 2017).

3. Calculation Examples

In engineering practice, the concept of unit intensity (g in dm*/s-ha) of rainfall is used interchangeably with
the rainfall height (4 in mm). Rainfall heights can be easily converted to unit rainfall intensity using the formula
(Kotowski 2015, Kotowski, Kazmierczak & Dancewicz 2010, Wdowikowski, Kazmierczak & Kotowski 2021,
Wdowikowski et al. 2023):

q=16677 (1)

where:

g - unit rainfall intensity (dm*/s-ha),
h — maximum rainfall height (mm),
t —rainfall duration (min).

The maximum unit rainfall intensities converted from the rainfall readings from the PMAXTP application
for the example station Ktodzko (Table 1) are shown in Table 2.

For comparison, for rainfall duration = 15 min and probability of exceedance p =20% (1 time per 5 years),
the maximum unit rainfall intensity ¢ = 131.6 dm’/s-ha was calculated from Blaszczyk's formula (the annual
average precipitation in Ktodzko of 601 mm for the 1991-2020 period was used for the calculations) — with
203.6 dm*/s-ha from the PMAXTP application (a difference is as much as 55%!).
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Table 2. Maximum unit rainfall intensity (¢ in dm3/s-ha) for Ktodzko station according to PMAXTP application
(according to the POT method)

Rainfall duration ¢ Probability of exceedance p
(min) 2% 10% 20% 50% 99.9%
5 599.8 503.4 456.1 3824 285.7
10 371.6 305.6 274.2 227.7 171.9
15 280.8 228.0 203.6 168.1 127.7
30 174.0 138.3 122.4 100.1 76.8
45 131.5 103.3 90.9 73.9 57.0
60 107.8 83.9 73.6 59.6 46.2
90 81.4 62.6 54.6 44.0 34.3
120 66.8 50.9 44.2 35.5 27.8
180 50.5 38.0 32.8 26.2 20.6
360 31.3 23.1 19.7 15.6 12.4
720 19.4 14.0 11.9 9.3 7.5
1080 14.6 104 8.8 6.9 5.5
1440 12.0 8.5 7.1 5.5 4.5
2160 9.1 6.3 5.3 4.1 33
2880 74 5.1 4.3 33 2.7
4320 5.6 3.8 3.2 24 2.0

To determine the maximum rainfall heights for durations other than those listed in Table 1, the results can
be interpolated using a power function of the form:

h = at? 2)
where:
h  — maximum rainfall height (mm),
t  —rainfall duration (min),

a, b — dimensionless parameters of the power equation.

An analogous interpolation can be made for the maximum unit rainfall intensities (Table 2) using relation
(2), thus obtaining a value for any rainfall duration ¢ that is not included in the PMAXTP atlas result tables,
e.g., t =20 or 100 min. Example interpolation results are shown graphically in Fig. 2.
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Fig. 2. Interpolated maximum rainfall heights (left) and maximum unit rainfall intensities (right) for the Ktodzko station
according to the PMAXTP application

4. Estimation Errors

When dimensioning the drainage of areas and buildings of particular importance (e.g., critical infrastructure
where potential spills could be catastrophic in their impact), the calculations must consider estimation error.
The PMAXTP application provides values for the upper limit of the confidence interval of maximum rainfall
heights for each rainfall duration interval. An example of the upper limits of the confidence intervals of
maximum precipitation heights for the Ktodzko station is shown in Table 3.
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Table 3. Upper limits of the confidence intervals of the maximum rainfall amounts (4 in mm) for the Ktodzko station
according to the PMAXTP application (according to the POT method)

Rainfall duration ¢ Probability of exceedance p
(min) 2% 10% 20% 50% 99.9%
5 19.78 16.17 14.49 12.01 8.59
10 23.71 19.18 17.10 14.13 10.38
15 26.68 21.4 18.98 15.54 12.06
30 34.16 26.45 23.11 18.56 13.84
45 39.54 30.07 26.01 20.65 15.40
60 44.85 33.11 28.34 22.27 16.62
90 49.30 36.74 31.50 24.75 18.52
120 53.81 39.77 33.97 26.60 20.01
180 62.12 44.88 38.07 29.64 22.28
360 75.63 54.05 45.52 35.09 26.80
720 95.36 65.87 54.82 41.80 32.22
1080 112.34 75.37 61.85 46.29 35.88
1440 139.29 85.48 67.86 49.54 38.84
2160 137.24 90.93 74.26 55.34 43.16
2880 144.41 96.95 79.47 59.47 46.65
4320 165.50 108.75 88.58 66.03 51.94

Relating the upper limits of the confidence intervals of the maximum rainfall heights (Table 3) to the
maximum rainfall heights / (Table 1) gives the relative estimation errors. For the Klodzko station analyzed for
the example, the relative estimation errors do not exceed 5% for the probability of exceedance p = 99.9% and
p = 50%. For a probability of exceedance of p = 2%, estimation errors are already significant — several percent
on average. When dimensioning stormwater management, retention, or drainage systems of particular
importance, the upper limits of the confidence intervals for maximum rainfall heights should be adopted in the
hydraulic calculations — to increase the safety of the dimensioned systems (especially in the context of
increasing frequency of extreme weather events).

4. Conclusions

In recent years, there has been an increase in the frequency of extreme weather phenomena, such as intense
and prolonged rainfall, which leads to spillages and urban flooding. These phenomena generate significant
economic losses, necessitating continuous improvement in the design and dimensioning of drainage systems
for land and buildings.

In Poland, the design of drainage systems encountered difficulties resulting from the lack of a reliable,
publicly available method of determining the rain intensity to be reliable. Made available by the Institute of
Meteorology and Water Management — National Research Institute, the PMAXTP rainfall atlas makes it pos-
sible to read out the characteristics of maximum precipitation of a specific duration and probability of occur-
rence for any location in Poland. The IMGW-PIB promises to update the included measurement data (and thus
the maximum precipitation characteristics) every 10 years. The precipitation amounts estimated by the
PMAXTP application will, therefore, consider progressive climate change in the context of increasing fre-
quency of intense precipitation events.

The widespread implementation of the PMAXTP application into design practice will allow for the safe
dimensioning of stormwater management, retention, and drainage systems.

The work is the result of cooperation between the Institute of Meteorology and Water Management

— National Research Institute and the Faculty of Environmental Engineering at Wroctaw University

of Science and Technology, which aims, among other things, to provide reliable precipitation data
for the dimensioning of land and building drainage through the development of the PMAXTP application
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