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1. Wstep

Na poczatku lat 70-tych XX wieku zostata zaprezentowana pierwsza wersja modelu
komputerowego dla systemow kanalizacji deszczowej. Pod nazwa SWMM (Storm Water
Management Model) (Wikipedia, 2024) otrzymaliSmy proste narzedzie pozwalajace na
prowadzenie symulacji odplywu wod opadowych z systeméw kanalizacyjnych dla
pojedynczych deszczy, ktore z biegiem lat byto rozwijane 1 pozwolito na symulacje ciagte,
w oparciu o rézne szeregi czasowe deszczy. Podczas prob prowadzenia skomplikowanych
symulacji z wykorzystaniem wielu rzeczywistych ciaggéw opadowych zarejestrowanych przez
stacje meteorologiczne wyposazone w deszczomierze, szybko okazalo sie, ze wydajnos¢
obliczeniowa 6wczesnie dostgpnych komputeréw klasy PC nie jest wystarczajaca. Symulacje
dla wielu deszczy trwaty bardzo dlugo, a oprogramowanie bardzo cze¢sto generowato btedy lub
przerywato obliczenia ze wzgledu na niewystraczajace zasoby sprzetowe. Sytuacja ta oraz
czesto napotykany drugi problem zwigzany po prostu z brakiem danych pomiarowych, ktére
wykorzystane moglyby by¢ do takich symulacji, spowodowala, ze w modelowaniu zaczeto
przyjmowac pojedynczy deszcz wzorcowy lub grupe deszczow wzorcowych. Zaktadano, ze
takie wzorce dla réznych czaséw trwania i roznych prawdopodobienstw moga by¢ traktowane
jako wiarygodne dane wej$ciowe zasilajace modele projektowanej kanalizacji deszczowe;j.
Wzorce takie otrzymuje si¢, postugujac si¢ tabela natezen deszczy miarodajnych, z ktorych dla
okreslonego prawdopodobiefnstwa wystgpienia deszczu i czasu jego trwania odczytywana jest
szacowana warstwa sumaryczna deszczu syntetycznego, ktore rozktadana jest potem w czasie
za pomocg przyjmowanej zwykle metody deterministycznej. W praktyce, w Polsce, zgodnie
z niemieckg wytyczng ATV-118 (ATV 118, 1999), czgsto stosuje si¢ metodg rozktadu wedtug
modelu Eulera typ II lub statej wartosci natgZenia w czasie, potocznie nazywane opadami

,blokowymi”.

Ly |

Niemiecki hietogram
wzorcowy
Eulera typ Il

Rysunek 1. — Stosowane hitogramy wzorcowe
a) rozktad Eulera II b) opad ,,blokowy” (opracowanie wlasne)
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Przyjmowane w taki sposob dystrybucje opadu w czasie dalekie sa, w wiekszosci
przypadkéw, od typowych rejestrowanych hietograméw deszczy naturalnych, ktérych
przyktady przedstawiono ponizej.

Bardzo szeroki zakres, w ktorym zastosowanie swoje znalazt deszcz modelowy tworzony
w sposOb opisany powyzej powoduje, ze coraz czesciej pojawia si¢ pytanie, czy takie
rozwigzanie jest uzasadnione. Metoda przyjmowania jednego deszczu jako ,,wzorca” dla
obcigzania opadem atmosferycznym nowoprojektowanych lub modernizowanych ukladow
kanalizacji deszczowej moze przynie$¢ nieporwane wyniki. Odgoérne zatozenia, ze na kazdy
analizowany system pada deszcz o identycznym przebiegu w czasie, jest duzym uogdlnieniem.
Z prowadzonych obserwacji meteorologicznych wynika, ze wystepujace w rzeczywistosci
deszcze majg rézny przebieg (rozklad) w czasie, a od ich charakterystycznego ksztattu zalezy

realna odpowiedz istniejagcego lub modelowanego uktadu kanalizacyjnego.

= intensywnos$¢ minutowa = suma 10 minut |+

12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 18:30 17:00 17:30 13:00 18:30
WySwietlany przedziat 427 min Suma widocznege opadu: 25.28 mm.

= intensywnosc minutowa = suma 10 minut |«

19:30 20:00 20:30 21:00 21:30 22:00 22:30 23:00
Wyswietiany przedziat- 238 min Suma widocznego opadu: 4.483 mm.
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= intensywnoSc minutowa = suma 10 minut |«

20:00 22:00 06 Gru 02:00 04:00 06:00 08:00 10:00 12:00 14:00
Wyswietiany przedziat- 1211 min. Suma widocznego opadu: 10.78 mm.

Rysunek 2. — Hietogramy trzech przyktadowych deszczy zarejestrowanych na stacji Katowice
(opracowanie wtasne na podstawie danych z aplikacji RainBrain)

Aktualnie juz duza czg$¢ warsztatu powigzanego z projektowaniem i wymiarowaniem

elementéw systemow odwodnieniowych w Polsce 1 na §wiecie coraz czesciej opiera si¢ na

6:8337666388
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wynikach uzyskiwanych w oprogramowaniu do modelowania takich uktadow. Wynik
modelowania jest tym doktadniejszy, im doktadniejsze sg dane wejsciowe wykorzystywane do
prowadzenia obliczen matematycznych. Projektanci do tej pory borykali si¢ z dwoma
podstawowymi problemami w pozyskiwaniu wiasnie tych informacji wejsciowych, czyli
aktualnymi danymi o nat¢zeniach deszczy oraz o dystrybucja tych natezen w czasie. Problem
pierwszy (brak aktualnych i lokalnych warto$ci natezen deszczy) zostal poniekad rozwigzany
przez stworzenie Atlasu PANDa (Licznar i in., 2020). Atlas ten zostal stworzony przy
wspotpracy firmy RETENCJAPL i Instytutu Meteorologii i Gospodarki Wodnej PIB
w Warszawie. Problem drugi, czyli lokalne wzory dystrybucji natezen deszczu w czasie, dalej
pozostawat nierozwigzany. Celem badan prowadzonych podczas prac nad doktoratem byto
stworzenie bazy danych lokalnych hietograméw wzorcowych (lokalnych wzorow dystrybucji
natezen deszczu w czasie) oraz udostepnienie jej w formie narzedzia inzynierskiego za pomoca
aplikacji internetowej. Wydaje si¢, ze takie podejscie do rozwigzania problemu pozwoli na
btyskawiczny dostep do lokalnych zbioréw wzorcow opadow, ktorych stosowanie umozliwi
modelowanie na podstawie aktualnych i lokalnych warto$ci opadow zagregowanych do
reprezentacyjnych zbioro6w usprawniajacych caly proces oraz skracajacych znacznie czas
obliczen zwigkszajac doktadno§¢ wyniku. Aktualny trend zwigzany z digitalizacja narzedzi
pokazuje, ze takie podej$cie do modernizacji i poprawy warsztatu projektowego ma sens oraz
sprawdza si¢ w realnym zyciu. Narzgdzia udostepniane w ten sposob stajg si¢ powszechnie
uzytkowane, aniektore z nich wchodza do standardow uzytkowania w poszczegdlnych
obszarach inzynierii. Ze wzgledu na do$¢ duzy obszar badania (terytorium calego kraju), a takze
konieczno$¢ przeanalizowania ogromnej ilo$ci danych, zdecydowano o podziale catego
zadania na dwa etapy. Etap | — przeanalizowanie zjawiska w skali lokalnej i etap 11, ktory zostat
zrealizowany z wykorzystaniem stworzonych narz¢dzi oraz wnioskow z etapu I 1 objal
terytorium catego kraju. Etap pierwszy zaktada analize danych pochodzacych z obszaru tylko
jednego miasta. Na miasto pilotazowe wybrany zostat Krakow, ze wzgledu witasnie na
zgromadzong przez Wodociagi Miasta Krakowa histori¢ danych opadowych. Podczas prac
badawczych prowadzonych podczas etapu pierwszego, zostata sprawdzona i zoptymalizowana
stworzona metodyka oraz wybrane narzgdzia pracy. Wnioski wyciagnigte podczas pracy
postuzyty do realizacji etapu Il.

Zagadnienie, ktore zostato zbadane, oraz jego wyniki opisane 1 udostepnione, sg $cisle
zwigzane z aktualnymi zagadnieniami zmiany klimatu, adaptacja miast do nowych warunkow,
projektowaniem systemoéw odwodnieniowych, zielono-niebieskg infrastrukturg. W chwili

obecnej, przy podejsciu do realizacji niektorych z tych zadan, wida¢ potrzebe
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usystematyzowania cze¢sci obszaréw, ujednolicenia procedur 1 unifikacji danych.
Wprowadzenie narzgdzia, o ktorym byta mowa wcezeséniej, wydaje si¢ by¢ sensowne nie tylko
z powodu mozliwos$ci przekazania zainteresowanym aktualnej wiedzy w postaci danych, ale
rowniez ze wzgledu na mozliwos¢ wprowadzenia do standardéw jednolitego procesu, w ktérym

dane takie beda wykorzystywane.

tal water degth
Above 120
100-120
090-1.00
070-080
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035-040
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020-025
B 017-020
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| Undefined Vaue

Rysunek 3. — Wynik modelowania hydrodynamicznego przedstawiony
na mapie miasta Gliwice (RETENCJAPL)

Prezentowany doktorat wdrozeniowy zostat oparty prawnie na zatozeniach tzw. ,,doktoratow
wdrozeniowych” zawartych w ustawie z dnia 21 kwietnia 2017 roku o zmianie ustawy
o stopniach naukowych i tytule naukowym oraz o stopniach i tytule w zakresie sztuki oraz
niektorych innych ustaw (Dz.U. 2017 r. poz. 859). Tego typu rozwigzanie, majace na celu
umozliwienie prowadzenia studium doktoranckiego we wspotpracy pomiedzy jednostkami

naukowymi a przedsigbiorcami, zostato zaczerpnigte z doswiadczen panstw zachodnich.

8:1877352676
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2. Cele pracy
2.1. Cel naukowy rozprawy doktorskiej

Podstawowym celem naukowym realizowanym podczas rozprawy doktorskiej
pt. ,,Hietogramy wzorcowe do modelowania miejskich systemoéw odwodnienia w Polsce” bylo
stworzenie i1 sprawdzenie metodyki pozwalajacej na obiektywna klasyfikacj¢ oraz grupowanie
deszczy do kilku wzorcow reprezentujacych wszystkie analizowane deszcze. Wszystkie
badania wykonano na bazie danych projektu PANDa, ktora stworzona zostata podczas projektu
realizowanego wspodlnie przez firm¢ RETENCJAPL sp z 0.0. oraz Instytut Meteorologii
i Gospodarki Wodnej PIB w Warszawie (Licznar i in., 2020). Baza ta zawiera informacje
0 opadach zgromadzone w Polsce na 100 stacjach meteorologicznych w latach 1986-2015.
Podczas badan (Mikotajewski 1 in., 2022) stworzony i1 opisany zostal pelen proces
przygotowania i przetworzenia wstepnego danych, ktore potem, za pomocg algorytmow analizy
skupien, zostalty przeszukane iuporzadkowane tak, aby mozna bytlo wnioskowac

o wystepowaniu klastréw, a wigc grup deszczow o podobnych przebiegach.

2.2. Cel wdrozeniowy badan

Gléwnym celem wdrozeniowym rozprawy doktorskiej byto przygotowanie zestawu
hietogramow wzorcowych dla 100 obszarow w Polsce, ktore wykorzystane bedg jako dane
wejsciowe w  aplikacji  internetowe]  wspomagajacej wymiarowanie — systemoOw
odwodnieniowych w kraju. Aplikacja w formie narzedzia inzynierskiego ma wspierac¢ proces
projektowania i modelowania takich systeméw. Wyniki uzyskane podczas badan naukowych,
udostgpnione w sposob posredni projektantom i inzynierom sanitarnym, w znaczacy sposob
wplyna na zwigkszenie doktadnosci prowadzonych obliczen oraz pomoga w lepszym
wymiarowaniu i doborze elementow uktadéw odwodnieniowych. Baza hietogramow
wzorcowych umozliwi bltyskawiczny dostep do zbioréw wzorcoOw opadow, ktorych stosowanie
podczas prowadzenia symulacji obliczeniowych pozwoli na prac¢ w oparciu o aktualne
I lokalne warto$ci opadow zagregowanych do reprezentacyjnych zbioréw usprawniajacych caty
proces oraz skracajacych znacznie czas obliczen. Mozna z pewno$cig stwierdzic,
7ze wprowadzenia takiego narzedzia wplynie w duzym stopniu na ujednolicenie warsztatu

modelowania systemow odwodnieniowych w kraju.
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3. Przedmiot badan

Przedmiotem badan byta krajowa baza opaddéw projektu Polskiego Atlasu Nat¢zen
Deszczu (PANDa). Baza zostata opracowana w latach 2016-2017 i obejmowata dane
z trzydziestu lat rejestracji opadow z 100 deszczomierzy w Polsce, w tym stacji synoptycznych
(I 1 II rzgdu), stacji klimatycznych (III i IV rzedu) oraz stacji opadowych (V rzedu).

Rozmieszczenie stacji na terenie Polski oraz peina ich lista zostata przedstawiona ponize;.

50 0 50 100 150 200 km

Rysunek 4. — Rozmieszczenie deszczomierzy projektu PANDa na mapie Polski
(opracowanie wtasne na podstawie danych z RETENCJAPL)
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Przedmiot badan

Lp. Nazwa stacji Szeroko$¢| Dlugose Wys. Lp. Nazwa stacji Szeroko$¢| Dhugos¢ Wys.
geogr. | geograf. | mn.p.m. geogr. | geograf. | mn.p.m.

1 Baligrod Mchawa 49°21°14"|22°17°01" 430 51 Miechow 50°21°46"|20°01°58"| 299
2 Bardo 50°30°33" | 16°44°39" 320 52 Migdzylesie  |50°09712"|16°40°15"| 450
3 Biatlystok 53°06°26" | 23°09°44" 148 53 Mikotajki 53°47°217|21°35°23"| 127
4 Biebrza 53°39702"|22°34°42" 115 54 Mtawa 53°06°157|20°21°40"| 147
5 Biecz-Grudna 49°44°07"| 21°17°44" 285 55 Namystow 51°03°59717°43°00"| 150
6 Bielsko-Biata 49°48°29"119°00°04" 390 56 | Niezabyszewo |54°087187|17°2524"| 160
7 Bodzentyn 50°56°49"|20°57°05" 270 57 Nowy Sacz 49°37°38"(20°41°197| 292
8 Bogatynia 50°53°59" | 14°58°50” 295 58 Olsztyn 53°46°077120°25°17"| 133
9 Bolkow 50°55°30" | 16°05°55" 310 59 Opole 50°37°377|17°58°08"| 163
10 Chojnice 53°42°55"|17°31'57" 164 60 Otmuchow 50°287207117°09°59"| 210
11 Chwatkowice 51°26°54" | 16°36°47" 180 61 Pita 53°07°50"|16°44°50" 72

12 Cisow 50°45°317|20°54°10" 326 62 Ptock 52°357187119°43°33"| 106
13 Czgstochowa 50°48°43" | 19°05°30" 294 63 | Polanica Zdroj [50°25°31"(16°31°06"| 390
14 Dtugopole 50°14°59" | 16°38°00" 365 64 Polkowice 51°30702716°03°22"| 160
15 Dobrogoszcz 50°45°31"7|17°01°02" 175 65 Poznan 52°25°00"|16°50°05" 88

16 Dzierzoniow 50°43°117|16°39°10" 260 66 Prabuty 53°44°227119°12°54"| 100
17 Elblag 54°13724"7|19°32°37" 189 67 Pszenno 50°51°147116°32°35"| 225
18 | Gdansk-Port Pétnocny |54°23°59"|18°41°52" 2 68 Racibérz 50°03°40"|18°11°27"| 206
19 Gdynia 54°31°08" | 18°33°34" 2 69 Resko 53°457497|15°23°36" 52

20 Gluchotazy 50°18°08" | 17°23°14" 350 70 [Rzeszéw - Jasionka|50°06°397(22°02°32"| 206
21 Gotdap 54°18°31"|22°16°14" 160 71 Sandomierz 50°41°48"|21°42°57"| 217
22 Gorzéw 52°44728"|15°16°38" 71 72 Siedlce 52°10°52"|22°14°41"| 152
23 Grudziadz 539267157 | 18°42°34” 25 73 Skierniewice  [51°57°557{20°09°37"| 128
24 Hala Gasienicowa 49°14°38"(20°00°21"| 1523 74 Stubice 52°20°55"|14°37°11" 53

25 Hel 54°36°13" | 18°48°43" 1 75 Staszow 50°357427121°11°06"| 219
26 Jabtonka 49°28°20"| 19°41°45" 614 76 Sulejow 51°21°127119°51°59"| 188
27 Jelenia Gora 50°54°01" | 15°47°20" 342 77 Suwatki 54°07°517|22°56°56"| 184
28 Kalisz 51°46°52"|18°04'51" 137 78 Szczecin 53°23°437|14°37°22" 1

29 Karpacz 50°46°44" | 15°46°10" 575 79 Swider 52°06°577|21°14°15" 94
30 Katowice 50°14726" | 19°01°58" 278 80 | Swieradow Zdroj |50°53°54"|15°21°31"| 500
31 Ketrzyn 54°04°02"|21°22°00" 106 81 Swierzawa 51°00°46"|15°54°10"| 300
32 Kielce 50°48°38"|20°41°32" 260 82 Swiety Krzyz  |50°51°34"(21°03°05"| 575
33 Ktodzko 50°26°13" | 16°36°51" 356 83 Swinoujscie  |53°55724"(14°14'32" 5

34 Koto 52°11°59"|18°39°37" 115 84 Tarnow 50°01°487120°59°02"| 209
35 Kotobrzeg 54°10°57" | 15°34°47" 3 85 Terespol 52°04°437|23°37°19"| 133
36 Koszalin 54°12°16" | 16°09°19” 33 86 Torun 53°02°317|18°35°44" 69

37 Koécierzyna 54°07°43" | 17°57°43" 190 87 Ustka 54°35718"|16°51°15" 3

38 Kozienice 51°33°53"|21°32°37" 123 88 Walim 50°42°107|16°26°21"| 490
39 Krakow - Bielany 50°04°40" | 19°47°42" 237 89 | Warszawa Bielany [52°16°53"|20°57°48" 98

40 Krosno 49°42°24"121°46°09" 329 90 Wielun 51°12°40"|18°33°28"| 200
41 Legnica 51°11'337|16°12728" 122 91 Wistoczek 49°30°03"(21°51°56"| 520
42 Lesko 49°27°59"|22°20°30" 420 92 | Wistok Wielki [49°22°43"|21°59°57"| 540
43 Leszno 51°50°08" | 16°32°05" 91 93 Wiochow 51°05°56"|20°36°44"| 345
44 Lebork 54°337117| 17°45725" 39 94 Wtodawa 51°337127|23°31°46"| 177
45 Lidzbark Warminski | 54°08°09” |20°35°10" 90 95 Wroctaw 51°06°12"16°54°00"| 120
46 Limanowa 49°41°37"120°25°06" 515 96 Wymystow 50°49°53"120°05°38"| 250
47 Lubachow 50°45°50" | 16°25°43" 310 97 Wysowa 49°26°177(21°10217| 519
48 Lublin 51°13°00" | 22°23°35" 238 98 Zakopane 49°17°38"(19°57°37"| 855
49 Leba 54°45713"|17°32°05" 2 99 Zawoja 49°36°43"(19°31°07"| 697
50 Lodz 51°43°06" | 19°23°14" 175 100 | Zielona Gora [51°55'487|15°31729"| 192

Tabela 1. — Lista deszczomierzy projektu PANDa (Licznar i in., 2020)
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Przedmiot badan

Przygotowanie bazy opadow PANDa opierato si¢ na zapisach analogowych (tasmach
pluwiograficznych) poddanych digitalizacji z zastosowaniem metodologii zaproponowanej
przez Licznar i in. (2011) oraz zapisach cyfrowych z elektronicznych deszczomierzy. Dane
analogowe w postaci tasm pluwiograficznych dotyczyly gltownie obserwacji z cieptego
polrocza hydrologicznego (od maja do pazdziernika), natomiast dane cyfrowe
z elektronicznych deszczomierzy zazwyczaj obejmowaly juz pelne, roczne zapisy. Dane
opadowe zarejestrowane w bazie przyjely forme szeregdw czasowych o standardowej
rozdzielczo$ci czasowe] wynoszacej 1 minute. Wszystkie serie opadéw w bazie zostaty
zweryfikowane pod katem doktadno$ci, poréwnujac je z alternatywnymi zapisami opadow
I analizujac ich strukturg przy uzyciu metod badan multifraktalnych. Szczegoétowe informacje
na temat cyfrowej bazy opadow PANDa i jej weryfikacji mozna znalez¢ w pracach: Burszta-
Adamiak i in. (2019) oraz Wilk i in. (2020).

Baza danych zawiera warto$ci rejestrowane w latach 1986-2015. Ze wzgledu na luki
w danych obserwacyjnych, okoto 2% zasobow bazy zostalo uzupelnionych zapisami
Z wezesniejszych lat (siegajacymi 1980 roku) oraz z pdzniejszego roku 2016. Okoto 40%
danych z analizowanego okresu w bazie PANDa stanowily generalnie catoroczne obserwacje
z elektronicznych deszczomierzy, a okoto 60% stanowily dane analogowe wymagajace
digitalizacji pluwiografow pochodzacych z pluwiografow stosowanych w okresach cieptego
potrocza. W dalszej analizy danych cata przygotowana baza zostata zaimportowana do aplikacji

internetowej RainBrain.
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4. Metodyka
4.1. Adaptacja metodyki

Etap | prac badawczych rozpocze¢to od adaptacji metodyki podziatu znormalizowanych
opadéw nawalnych na skupienia, zaproponowanej pierwotnie na etapie opracowania koncepcji
projektu WaterFolder Connect. Na udostepnionym przez Wodociggi Miasta Krakowa S. A.
poligonie 23 deszczomierzy przeprowadzono badania pozwalajgce na wypracowane
rozszerzonej metodyki analizy skupien hietograméw opadow nawalnych, uzupelnionej
0 obiektywne ustalenie liczby klas, ocen¢ wynikow klasyfikacji oraz profilowanie klastrow.
W efekcie analizy zbioru 1806 deszczy nawalnych z Krakowa stwierdzono prawidlowe
funkcjonowanie metodyki klasyfikacji hietogramoéw wzorcowych oraz wykazano, ze
hietogramy wzorcowe wydzielane z rejestracji deszczomierzy w roznych lokalizacjach
wykazuja wzajemng zgodno$¢ na obszarze duzego miasta. Przeprowadzone badania sg
prezentowane w publikacji w czasopismie Science of the Total Environment (Mikotajewski

i in., 2022).

4.2. Wydzielanie opadow nawalnych dla sieci 100 lokalizacji na terenie
calej Polski

Dla kazdej ze 100 stacji wchodzacej w sktad cyfrowej bazy projektu Polskiego Atlasu
Natezen Opadow (PANDa) (Wilk i in., 2020) wydzielono z 30-letnich szeregdw opadowych
0 wysokiej rozdzielczo$ci czasowej (nie gorszej od 10 min) zbiory opadéw nawalnych. Opady
nawalane wydzielono w sposob automatyczny w aplikacji RainBrain (z podlaczona baza
danych projektu PANDa) z wykorzystaniem specjalnie przygotowanej funkcji, uwzgledniajacej
kryteria wyszukiwania opadow nawalnych, zgodne z Komentarzem do ATV-A 118 (Schmitt
T. G., 2000) , tj. minimalna wysoko$¢ opadu 10 mm i minimalna przerwa mi¢dzy opadami
4 godziny. Dla wszystkich stacji uzyskano reprezentatywne zbiory opadow nawalnych liczace
co najmniej 200 zdarzen opadowych. Niemniej w przypadku trzech stacji konieczne byto
w tym celu uzupetnienie bazy danych o dodatkowe rejestracje opadow nawalnych z bazy
IMGW-PIB dla Poznania z lat 2018 1 2019, dla Biebrzy z 2017 r. i dla Chwatkowic z lat 2016
12017. Lacznie wydzielono zatem i przyjeto do dalszych badan 31646 deszczy nawalnych.
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4.3. Normalizacja hietogramow

Z uwagi na roznigce si¢ czasy trwania i sumaryczne wysokosci wydzielonych opadow
nawalnych, do dalszej analizy zbioréw, tj. do wzajemnego poréwnania i do identyfikacji
typowych (miarodajnych, wzorcowych) rozkladow w czasie opadow, dokonano podwojnej
normalizacji skumulowanych hietograméw. Operacje te przeprowadzono zgodnie z metodyka
opisywang w publikacji Licznara i in. (2017), ktéra odpowiadala metodyce sporzadzania
hietogramow bezwymiarowych przez Huffa (Huff, 1967). W tym celu dla kazdego opadu
ustalono catkowity czas trwania i sumaryczng wysokos$¢ opadu. Nastepnie kazdy skumulowany
hietogram opadu nawalnego o znanym calkowitym czasie trwania dzielono na 100 rownych
przedziatow czasu. Dla kazdego z kolejnych przedziatow ustalano odpowiadajacy mu
skumulowany przyrost opadu. Kolejne skumulowane przyrosty opadow dzielono przez
sumaryczng warstwe¢ opadu uzyskujac jednostkowe skumulowane przyrosty opadow.
W efekcie ksztalt kazdego z deszczow nawalnych byl odwzorowany przez hietogram
znormalizowany do zakresu od 0 do 100% dla czasu trwania i do zakresu od 0 do 1 (100%) dla
warstwy opadu.

4.4. Podzial znormalizowanych opadow na skupienia

Dla wszystkich wydzielonych opadéw nawalnych zestawiono ich skumulowane,
znormalizowane hietogramy. Nastepnie, z uzyciem metody hierarchicznej aglomeraci,
sporzadzono dendrogramy podobienstwa przebiegow w czasie opadow w analizowanych
zbiorach z poszczegdlnych deszczomierzy. Na rysunku 5. przedstawiono przyktadowy
dendrogram otrzymany dla stacji Katowice. Tak przygotowane dendrogramy zostaty poddane
ocenie eksperckiej w celu usunigcia z nich opaddéw osobliwych, czyli takich, dla ktorych
odlegtos¢ wigzania wzglgdem innych opadow bylta znaczaco wigksza od pozostatych. Byty to
gltéwnie opady, ktore zostaly zarejestrowane przez deszczomierz w sposob nieprawidiowy,

wynikajacy z btednej lub zaktdconej pracy urzadzenia.
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Rysunek 5. — Dendrogram znormalizowanych opadow dla deszczomierza Katowice
(opracowanie wlasne)

Na kolejnym etapie badan dla poszczeg6lnych stacji obliczono warto$ci parametru wss
(ang. total within sum of squares) oraz indeksu Calinskiego i Harabasza (CHIndex). Przyktad
takich obliczen dla deszczomierza z Karpacza jest prezentowany na rysunku 6. Na podstawie
analizy wykresow poszukiwano optymalnej, a zarazem maksymalnej liczby skupien k, dla
ktorej obserwowane bylo najbardziej wyrazne zmniejszenie gradientu spadku wartos$ci wss,
a zarazem wystepowato maksimum wartosci indeksu CHIndex. W przypadku deszczomierza
z Karpacza za optymalng liczbe skupien przyjeto k=4. Prawidlowos¢ przyjecia
optymalnej liczby skupien byta weryfikowana na etapie grupowania zbioréw hietograméow
metoda k-$rednich z zastosowaniem metody bootstrap (z 150-krotnym powtorzeniem
algorytmu grupowania dla kazdego ze zbiordw) poprzez kontrole osiggnigcia dla kazdego ze
skupien warto$ci $redniej indeksu Jaccarda na poziomie minimum 0,6. W przypadku nizszej
warto$ci indeksu Jaccarda, dla ktoregokolwiek ze skupien, redukowano liczbe skupien

I powtarzano obliczenia metodg bootstrap.
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Rysunek 6. — Wykresy parametrow CHIndax oraz wws dla deszczomierza w Karpaczu
(Mikotajewski i in., 2024)

Na koniec, dla wydzielonych klastrow, wyznaczono usrednione skumulowane
hietogramy bezwymiarowe opaddéw nawalnych. Ponadto dla kazdej ze stacji obliczono czesto$¢
wystepowania opadéow nawalnych o rozkladzie w czasie zblizonym do wyznaczonych

hietogramow wzorcowych.

4.5. Regionalizacja uzyskanych hietogramow

Ostatnim etapem bylo podjgcie proby stworzenia regiondw w naszym kraju, w ktorej
zestawy hietograméw charakteryzowalyby sie taka sama liczba skupien. W tym celu
zestawiono mape Polski obrazujgcg zasiegi 18 regionow fizycznogeograficznych i poréwnano

ja z rozktadem ilosci skupief uzyskanych wzorcéw opadow.
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5. Wyniki badan i dyskusja

W rozdziale 5. przedstawione zostaly wyniki badan, ktére uzyskano podczas
opracowywania lokalnych hietograméw wzorcowych dla obszaru catego kraju. W kolejnych
punktach zaprezentowano tylko najwazniejsze z nich, ktére maja najwiekszy zwigzek z celem
wdrozeniowym badan naukowych. Pelen obraz uzyskanych efektow prac w szczegodtach
opisany jest w opublikowanych artykutach, ktére zalaczone sa do niniejszej rozprawy

(Mikotajewski i in., 2022 oraz Mikotajewski i in., 2024).

5.1. Wydzielone opady nawalne

W wyniku analizy calego zbioru bazy danych PANDa powiekszonego o kilka lat
obserwacji dla 3 dodatkowych stacji pomiarowych, wydzielono w sumie 31 646 deszczy
spetniajacych przyjety warunek deszczu nawalnego. Po wydzieleniu opadéw zidentyfikowane
zostaly deszcze osobliwe (wynikajace z nieprawidtowej pracy deszczomierza), ktore zostaly
usuni¢te. Bylo to tacznie tylko 29 zdarzen opadowych zarejestrowanych na 11 stacjach.
Procedure identyfikacji i usuwania deszczy osobliwych opisano w dalszej cze$ci pracy. Liczba
wydzielonych opadéw nawalnych (z pominigciem opadéw silnie odstajacych o szczegolnie
osobliwych wzorcach opadowych) wahala si¢ w zakresie od 200 do 726 w obrebie
100 analizowanych stacji opadowych. Daje to srednig na poziomie 316,5 deszczy na lokalizacje¢
i czestotliwos¢ wystepowania 10,55 deszczu na rok w kazdym analizowanym deszczomierzu.
Zestawienie wydzielonych dla poszczegdlnych lokalizacji 1 liczbg¢ opadow przedstawia

ponizsza tabela 2.

L.P. Nazwa stacji llo¢ deszezy L.P. Nazwa stacji los¢ deszczy
nawalnych nawalnych
1 Baligrod Mchawa 472 51 Miechow 300
2 Bardo 288 52 Migdzylesie 395
3 Biatystok 283 53 Mikotajki 293
4 Biebrza 207 54 Mtiawa 291
5 Biecz-Grudna 309 55 Namystow 200
6 Bielsko-Biata 588 56 Niezabyszewo 278
7 Bodzentyn 270 57 Nowy Sacz 406
8 Bogatynia 308 58 Olsztyn 279
9 Bolkow 292 59 Opole 286
10 Chojnice 287 60 Otmuchow 307
11 Chwatkowice 224 61 Pita 251
12 Ciséw 252 62 Ptock 222
13 Czgstochowa 349 63 Polanica Zdroj 296
14 Dtlugopole 330 64 Polkowice 207
15 Dobrogoszcz 259 65 Poznan 201
16 Dzierzoniow 285 66 Prabuty 269
17 Elblag 312 67 Pszenno 270
18 Gdansk-Port Polnocny 252 68 Raciborz 281
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19 Gdynia 217 69 Resko 326
20 Gluchotazy 325 70 | Rzeszow - Jasionka 339
21 Gotldap 271 71 Sandomierz 304
22 Gorzow 226 72 Siedlce 273
23 Grudzigdz 220 73 Skierniewice 257
24 Hala Gasienicowa 726 74 Stubice 277
25 Hel 271 75 Staszow 254
26 Jabtonka 389 76 Sulejow 303
27 Jelenia Gora 309 7 Suwalki 268
28 Kalisz 239 78 Szczecin 275
29 Karpacz 398 79 Swider 536
30 Katowice 377 80 Swieradow Zdroj 295
31 Ketrzyn 292 81 Swierzawa 316
32 Kielce 309 82 Swiety Krzyz 236
33 Ktodzko 315 83 Swinoujscie 248
34 Koto 238 84 Tarnow 375
35 Kolobrzeg 256 85 Terespol 263
36 Koszalin 286 86 Torun 277
37 Koscierzyna 381 87 Ustka 340
38 Kozienice 298 88 Walim 372
39 Krakow - Bielany 320 89 Warszawa Bielany 214
40 Krosno 396 90 Wielun 280
41 Legnica 328 91 Wistoczek 460
42 Lesko 365 92 Wistok Wielki 473
43 Leszno 294 93 Wtochow 299
44 Lebork 480 94 Wiodawa 254
45 Lidzbark Warminski 270 95 Wroctaw 296
46 Limanowa 274 96 Wymystow 299
47 Lubachow 437 97 Wysowa 473
48 Lublin 243 98 Zakopane 642
49 Leba 349 99 Zawoja 580
50 Lodz 286 100 Zielona Gora 258

Tabela 2. — Tlo$¢ deszczy nawalnych wydzielonych dla kazdej lokalizacji
(Mikotajewski i in., 2024)
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Rysunek 7. — Liczba wydzielonych deszczy dla wszystkich 100 lokalizacji
(opracowanie wtasne)
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Rysunek 8. — Zestawienie warstwy i czasu trwania wszystkich wydzielonych deszczy
w poréwnaniu maksymalnych warto$ci prawdopodobnych opadow (PMP) dla §wiata,
Wielkiej Brytanii i Polski (Mikotajewski i in., 2024)

Zgodnie z oczekiwaniami, calkowite sumy opaddw intensywnych nie przekroczyty
maksymalnych ilosci opadow interwatowych wyznaczonych w ramach realizacji projektu
PANDa (Licznar i in., 2020) ani warto$ci opisanych przez zalezno$¢ skali maksymalnych
prawdopodobnych opadow (PMP) opracowanych przez Banasika i Ostrowskiego (Banasik
i Ostrowski, 2010). Mozna tez zauwazy¢, ze sa okoto 3,5 razy nizsze niz PMP okreslone
globalnie przez Paulhus w roku 1965 (Paulhus J. L. H., 1965). Histogramy wszystkich 31 646
wydzielonych deszczy prezentujace ich liczb¢ w funkcji czasu trwania, warstwy
i intensywnos$ci, przedstawione zostaly na rysunku 9. Do opisania tych rozktadoéw, po

przeprowadzeniu testow dopasowania za pomocg programu EasyFit, zostaly wybrane funkcje
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gamma (parametry: a=1,584, b=367.3), wyktadnicza (parametry 1=9,819, y=10,00) oraz GEV

(parametry 1=0,0295, ¢=0,0209, k=0,6101).
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Rysunek 9. — Histogramy iloéci deszczy w funkcji czasu trwania, warstwy oraz intensywnosci
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wraz z dopasowanymi funkcjami dystrybucji (Mikotajewski i in., 2024)
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5.2. Normalizacja hietogramow i podzial na skupienia

W celu przygotowania danych do dalszej analizy nalezalo je wszystkie ujednolici¢ tak,
aby mozliwa byla obiektywna ich analiza. Proces normalizacji hietogramow, podobnie jak
proces wydzielania deszczy nawalnych, zostal przeprowadzony automatycznie w oparciu
indywidualny skrypt zaimplementowany do silnika aplikacji RainBrain. Operacja normalizacji
przeprowadzona zostata osobno dla kazdego ze 100 deszczomierzy. Ostatecznie najpierw
otrzymano hietogramy znormalizowane, prezentujace rozklad intensywnos$ci opadu w czasie,
ktére potem przeksztatcono do hietogramoéw znormalizowanych prezentujacych skumulowany

opad narastajgcy. Przyktady takich opadéw znormalizowanych przedstawiono na rysunku 10.
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Rysunek 10. — Dwa wykresy prezentujace przyktadowy opad znormalizowany przedstawiony
w formie intensywnosci (gorny) oraz narastajacej warstwy opadu (dolny)
(opracowanie wiasne)

Proces normalizowania wszystkich wydzielonych deszczy przebiegt poprawnie
I ostatecznie otrzymano 63 292 plikow CSV zawierajacych zarowno pierwszy, jak i drugi typ
hietogramow. Po zestawieniu hietogramdéw z narastajaca warstwa opadu dla kazdej ze stacji

otrzymano bazg¢ sktadajaca si¢ ze 100 zestawdw, ktora zostala poddana kolejnym analizom.
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Rysunek 11. — Zestawienie znormalizowanych hietogramow dla stacji meteorologicznej
Krakow (50°04°40"N i 19°47°42"E) (Mikotajewski i in., 2022)

Kolejnym krokiem bylo stworzenie dendrogramdéw obrazujacych podobienstwa
przebiegdw w czasie dla kazdej z analizowanych lokalizacji. Postuzono si¢ w tym celu metoda
hierarchicznej aglomeracji, a wszystkie zadania zrealizowano w oprogramowaniu Rstudio,
W ktorym, za pomocg przygotowanych do tego celu skryptow, stworzono 100 dendrogramow.

Przyktadowy dendrogram dla stacji Ustka zaprezentowano na rysunku 12,
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Rysunek 12. — Dendrogram opadow znormalizowanych dla stacji Ustka (opracowanie wlasne)

Analizujac wygenerowane dendrogramy zauwazono opady osobliwe, ktére zostaty
usuniete. W przypadku stacji Ustka, odstajacymi hietogramami cechowaly si¢ opady nawalne
nr 10 i 166 (lewa skrajna gataz dendrogramu na rysunku 12.), ktorych odlegtosci wigzania
wzgledem innych opaddéw wynosita ponad 4,5 przy pozostatych odlegltosciach wigzania
nieprzekraczajacych 3,1. Analizujac przebieg tych deszczy stwierdzono, ze nieprzystajacy do
reszty zarejestrowanych opadow ksztalt zostal zarejestrowany przez niepoprawnie
funkcjonujacy deszczomierz. Bazujac na doswiadczeniu zwigzanym z instalacjg i obsluga
deszczomierzy korytkowych, jednoznacznie mozna byto stwierdzié, ze sposob rejestracji tych
zdarzen opadowych wynikal z awarii mechanizmu korytka deszczomierza, jego zabrudzeniu
lub wrecz zatkaniu leja deszczomierza. W catym analizowanym zbiorze zostalo usunigtych
tylko 29 deszczy zarejestrowanych na 11 stacjach (tabela 3.). Nalezy zauwazy¢, ze jest to liczba

zdarzen, ktora nie ma wptywu statystycznego na prowadzone w dalszych etapach badania.
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Rysunek 13. — Przyktad usuni¢tego deszczu, ktory zarejestrowany zostat przez deszczomierz
z zapchanym lejkiem (opracowanie witasne na podstawie danych z aplikacji RainBrain)

Numer stacji Nazwa stacji Liczba usunietych deszczy | Numery usunigtych deszczy
3 Biatystok 1 61
25 Hel 1 221
26 Jabtonka 1 113
27 Jelenia Gora 2 182,125
29 Karpacz 3 161, 177 ,288
45 Lidzbark Warminski 4 78, 88,79, 136
47 Lubachow 4 15, 131, 204, 281
48 Lublin 3 31,233,275
58 Olsztyn 2 160, 229
69 Resko 6 31, 105, 137, 270, 287, 328
87 Ustka 2 10, 166

Tabela 3. — Lista stacji na ktorych usunieto opady osobliwe (opracowanie wtasne)

Na kolejnym etapie badan dla poszczegodlnych stacji obliczono warto$ci parametru WSS
oraz indeksu CHIndex. Przyktady takich obliczen dla deszczomierza z Warszawy i z Lgborka
sg prezentowane na rysunkach 14 i 15. Wykresy tych parametrow przeanalizowano dla kazdej
ze 100 stacji. Wyznaczono maksymalng wartos¢ liczby skupien k, dla ktorej obserwowane byto
najbardziej wyrazne zmniejszenie gradientu spadku warto$ci wss, a zarazem wystepowato
maksimum wartosci indeksu CHIndex. W przypadku deszczomierza z Warszawy (rysunek 14.)
za optymalng liczbg skupien przyjeto k=3, a w przypadku deszczomierza z Leborka
(rysunek 15.) przyjeto k=5.
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Rysunek 14. — Wartosci indeksu CHIndex i parametru wss dla liczby skupien k w zakresie od
2 do 20, obliczone dla zbioru 214 deszczy z Warszawy (opracowanie wiasne)
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Rysunek 15. — Wartosci indeksu CHIndex i parametru wss dla liczby skupien k w zakresie
od 2 do 20, obliczone dla zbioru 365 deszczy z Leborka (opracowanie wiasne)
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Nastepnie zweryfikowano prawidtowos¢ przyjecia optymalnej liczby skupien metoda
k-$rednich z zastosowaniem metody bootstrap. Prawidtowos¢ przeprowadzonego podziatu
hietogramow sprawdzono poprzez kontrole wartosci Sredniej indeksu Jaccarda, ktora
minimalnie miata wynosi¢ 0,6. W efekcie grupowania, zgodnie z danymi w tabeli 4., ostateczng
liczbe skupien przyjeto za rowng: k=3, k=4 1 k=5 dla odpowiednio: 37, 58 1 5 analizowanych
deszczomierzy. W przypadku wszystkich tych skupien uzyskano wartosci indeksow Jaccarda

nie mniejsze od 0,6.
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" Liczba Wartos¢ . Liczba Warto$¢
L.P. Nazwa stacji klastrow k | bootmean L.P. Nazwa stacji klastrow k | bootmean
1 Baligréd Mchawa 4 0.64 51 Miechow 4 0.63
2 Bardo 3 0.83 52 Migdzylesie 3 0.88
3 Biatystok 4 0.74 53 Mikotajki 4 0.68
4 Biebrza 5 0.62 54 Miawa 3 0.85
5 Biecz-Grudna 4 0.64 55 Namystow 3 0.65
6 Bielsko-Biata 3 0.84 56 Niezabyszewo 4 0.70
7 Bodzentyn 4 0.70 57 Nowy Sacz 4 0.74
8 Bogatynia 3 0.87 58 Olsztyn 3 0.92
9 Bolkow 4 0.75 59 Opole 4 0.85
10 Chojnice 3 0.84 60 Otmuchow 4 0.71
11 Chwatkowice 3 0.84 61 Pita 3 0.79
12 Cisow 3 0.86 62 Ptock 4 0.69
13 Czgstochowa 3 0.94 63 Polanica Zdr¢j 3 0.64
14 Dtugopole 3 0.94 64 Polkowice 3 0.87
15 Dobrogoszcz 4 0.72 65 Poznan 4 0.59
16 Dzierzoniow 4 0.68 66 Prabuty 4 0.63
17 Elblag 3 0.82 67 Pszenno 4 0.61
18 | Gdansk-Port Pénocny 4 0.86 68 Raciborz 4 0.64
19 Gdynia 4 0.70 69 Resko 4 0.77
20 Gluchotazy 3 0.83 70 | Rzeszow - Jasionka 3 0.84
21 Goldap 4 0.71 71 Sandomierz 3 0.88
22 Gorzoéw 4 0.78 72 Siedlce 4 0.73
23 Grudzigdz 4 0.79 73 Skierniewice 3 0.79
24 Hala Gasienicowa 4 0.69 74 Stubice 4 0.60
25 Hel 4 0.61 75 Staszow 4 0.65
26 Jablonka 3 0.90 76 Sulejow 3 0.91
27 Jelenia Gora 3 0.92 77 Suwatki 4 0.75
28 Kalisz 3 0.85 78 Szczecin 4 0.70
29 Karpacz 4 0.74 79 Swider 3 0.80
30 Katowice 5 0.65 80 Swieradow Zdroj 4 0.87
31 Ketrzyn 4 0.66 81 Swierzawa 4 0.60
32 Kielce 3 0.62 82 Swiety Krzyz 3 0.85
33 Ktodzko 4 0.87 83 Swinoujscie 4 0.61
34 Koto 4 0.66 84 Tarnow 4 0.81
35 Kotobrzeg 4 0.67 85 Terespol 4 0.81
36 Koszalin 4 0.65 86 Torun 3 0.93
37 Koscierzyna 4 0.71 87 Ustka 4 0.73
38 Kozienice 3 0.84 88 Walim 3 0.88
39 Krakow - Bielany 4 0.66 89 Warszawa Bielany 3 0.86
40 Krosno 5 0.61 90 Wielun 4 0.70
41 Legnica 4 0.68 91 Wistoczek 4 0.75
42 Lesko 4 0.87 92 Wistok Wielki 3 0.87
43 Leszno 5 0.64 93 Wtochow 3 0.86
44 Lebork 5 0.62 94 Wiodawa 4 0.63
45 Lidzbark Warminski 4 0.73 95 Wroctaw 4 0.68
46 Limanowa 3 0.68 96 Wymystow 4 0.73
47 Lubachow 4 0.60 97 Wysowa 4 0.7
48 Lublin 4 0.66 98 Zakopane 4 0.63
49 Leba 3 0.80 99 Zawoja 3 0.88
50 Lodz 3 0.78 100 Zielona Gora 4 0.68

Tabela 4. — Wartosci parametrow k i bootmean dla wszystkich stacji

(Mikotajewski 1 in., 2024)
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Ponizej przedstawiono zestawy hietogramow wzorcowych dla dwdéch wspomnianych

weczesniej lokalizacji: Warszawy (rysunek 16.) i Leborka (rysunek 17.).
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Rysunek 16. — Hietogramy wzorcowe dla stacji Warszawa (opracowanie wiasne)
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Rysunek 17. — Hietogramy wzorcowe dla stacji Lebork (opracowanie wtasne)
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Procedurg tworzenia hietograméw wzorcowych zrealizowano dla wszystkich 100 stacji.
Nie napotkano przy tym probleméw i udato sie stworzy¢ wszystkie 100 zestawow danych, ktore
zapisane zostaty w plikach CSV.

Dodatkowo, dla wydzielonych skupien wyznaczono usrednione skumulowane
hietogramy bezwymiarowe opaddéw nawalnych, na ktérych podjeto dodatkowe badania
dotyczace powigzan wielkoskalowych w postaci np. wysokos$ci, czasu trwania i Sredniej
intensywnosci opadu z poszczegdlnymi typami lokalnych hietograméw wzorcowych. Ogolne

wyniki tych badan prezentowane sa w tabeli 5.

- Srednia wysoko$¢ opadow Sredni czas trwania opadow Srednia intensywno$¢ opadow
Skupienie . .
nawalnych, mm nawalnych, min nawalnych, mm-min

Podzbior 37 stacji dla ktorych liczba skupien k=3

Skupienie nr 1 19,00 405,8 0,0896

Skupienie nr 2 20,28 651,7 0,0626

Skupienie nr 3 19,07 588,5 0,0572
Podzbior 58 stacji dla ktorych liczba skupien k=4

Skupienie nr 1 18,90 355,7 0,0919

Skupienie nr 2 20,14 587,0 0,0724

Skupienie nr 3 20,92 672,0 0,0587

Skupienie nr 4 18,65 562,2 0,0541
Podzbior 5 stacji dla ktorych liczba skupien k=5

Skupienie nr 1 18,00 348,0 0,0807

Skupienie nr 2 18,79 576,4 0,0746

Skupienie nr 3 19,49 769,4 0,0504

Skupienie nr 4 20,07 798,8 0,0459

Skupienie nr 5 17,65 557,4 0,0456

Tabela 5. — Zestawienie srednich warto$ci catkowitych wysokosci, czasow trwania
| intensywnosci $rednich opadow nawalnych zaklasyfikowanych do poszczegdlnych skupien
(Mikotajewski i in., 2024)

Jak mozna zauwazy¢, w przypadku kazdego z podzbiorow stacji, opady nawalne,
zaliczane do skupien nr 1, z uwagi na ksztatty ich hietograméw, charakteryzuja si¢ zazwyczaj
najwyzszymi intensywnosciami 1 najkrotszymi czasami trwania. Potwierdzajg to w peini dane
zamieszczone w tabeli 5., dotyczace $rednich warto$ci wysokosci, czasow trwania i Srednich
intensywnosci opadoéw zaklasyfikowanych do poszczegolnych skupien. Przyktadowo, wartosci
$rednie intensywnosci deszczy i czasow ich trwania w skupieniu nr 1 w podzbiorze 58 stacji,
dla ktorych ustalono liczbe skupien k=4, wynosity odpowiednio 0,092 mm-min i 356 min. Dla
poréwnania $rednie intensywnos$ci deszczy i czasow ich trwania w skupieniach nr 2, 3 1 4
wynosity odpowiednio: 0,072, 0,059 i 0,054 mm-min? oraz 587, 672 i 562 min. Podobne

obserwacje mozna poczyni¢ dla pozostatych podzbioréw stacji 1 sg one analogiczne do
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wnioskéw z badan przeprowadzonych przez Huffa (Huff, 1967 i Huff, 1990) w USA oraz
Mikotajewskiego 1 in. (2022) w Krakowie. Wspomniany Huff (Huff, 1990) postulowat
stosowanie w projektowaniu i modelowaniu systemoéw odwodnienia hietogramow pierwszego
kwartyla (ang. first-quartile storm hyetographs) dla skal czasowych okoto 6 h i krétszych,
a hietogramow drugiego kwartyla (ang. second-quartile storm hyetographs) dla skal czasowych
od okoto 6 do 12 h.

5.3. Regionalizacja zbiorow hietogramow wzorcowych

Ostatnim elementem badan bylo podjgcie proby regionalizacji zbioréw hietogramow
wzorcowych z sieci deszczomierzy w Polsce. W tym celu sporzadzono mapeg, na ktorej
naniesiono ustalone liczby skupien i hietogramow wzorcowych na sieci 100 analizowanych
deszczomierzy w Polsce na tle zasiggéw 18 podprowincji w podziale kraju na regiony
fizycznogeograficzne (rysunek 18.). Zasiggi regionow fizycznogeograficznych przyjeto wedtug
najnowszej publikacji Solon i in. (2018), weryfikujacej i korygujacej klasyczny podziat wedtug
Kondrackiego z 1977 r. Niestety, dla wigkszosci z wydzielonych regiondw stwierdzono, ze
zlokalizowane na ich obszarze deszczomierze sg charakteryzowane przez roznigce si¢ liczby
wydzielonych skupien, a wigc takze liczby hietogramow wzorcowych. Nie mozna byto zatem
sporzadzi¢ spdjnych, regionalnych zestawdw hietograméw wzorcowych do stosowania
W poszczegdlnych regionach fizycznogeograficznych Polski. W efekcie tego zdecydowano
0 podziale obszaru Polski na 100 wielobokéw Thiessena zgodnie z lokalizacja deszczomierzy
| przypisanie kazdemu z wielobokoéw unikalnego zestawu hietogramow wzorcowych. Podziat
obszaru Polski na 100 wielobokéw Thiessena zgodnie z lokalizacja deszczomierzy

przedstawiony jest na rysunku 19.
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150 200 km

Rysunek 18. — Ustalone liczby skupien i hietogramow wzorcowych na sieci 100
analizowanych deszczomierzy w Polsce na tle 18 podprowincji w podziale kraju na regiony
fizycznogeograficzne (opracowanie wiasne na podstawie Solon i in., 2018)
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Rysunek 19. — Podziat obszaru Polski na 100 wieclobokéw Thiessena zgodnie z lokalizacjg
deszczomierzy wraz z przypisaniem kazdemu z wielobokow liczby unikalnych zestawow
hietogramow wzorcowych (opracowanie wiasne)
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6. Wdrozenie

W $wietle stosowanych w praktyce w hydrologii miejskiej w Polsce norm i wytycznych
PN-EN 752: 2008 i 2017 (PKN, 2008) i (PKN, 2017), komentarz do wytycznej ATV-A 118
(Schmitt T. G., 2000), analiza funkcjonowania sieci kanalizacji deszczowej o duzej ztozonosci
wymaga stosowania modelowania hydrodynamicznego. Stosuje si¢ modele klasy fali
dynamicznej lub tez bardziej uproszczone modele fali kinematycznej. Ich implementacja jest
nieodzowna, zwlaszcza w przypadku, kiedy na sieci umieszczono zbiorniki retencyjne wod
opadowych. Na obiektach tych dochodzi do wyraznego przeksztalcenia hydrogramu
doptywowego w hydrogram odptywowy. Diugoterminowe symulacje hydrodynamiczne sieci
odwodnieniowych pozwalaja na przesledzenie naturalnego nastgpstwa sekwencji zdarzen
opadowych i zwigzanego z tym mozliwego napetniania i oprdzniania si¢ zbiornikéw
retencyjnych zabudowanych na sieciach. W symulacjach uwzglednia si¢ wptyw zarowno
powierzchni uszczelnionych, jak i nieuszczelnionych na opdznianie oraz sptaszczenie
hydrograméw splywu wod opadowych. Komputerowe modele hydrodynamiczne typu
opad - odplyw zapewniajg przy tym realistyczne odwzorowanie funkcji retencyjnej petnionej
przez pozbawione spadkéw lub tez nawet znajdujace sie pod wplywem cofek elementy
systemow odwodnienia.

Systemy odwodnienia w rzeczywisto$ci sa poddawane bardzo r6znym wymuszeniom
wynikajacym ze zmiennosci warunkow opadowych. Opady sa zjawiskiem niecigglym 1 bardzo
silnie zmiennym w czasie. Zatem plan prowadzenia symulacji hydrodynamicznych powinien
uwzglednia¢ mozliwie pelng zmienno$¢ warunkéw opadowych na analizowanym poligonie.
W teorii, by pozna¢ zakres zmiennos$ci parametrow dziatania systemu odwodnienia, nalezatoby
zasili¢ model hydrodynamiczny wieloletnimi, lokalnymi szeregami opadowymi w wysokiej
rozdzielczosci czasowej i przeprowadzi¢ dtugoterminowe symulacje. Rozwigzanie to jednak
nie jest praktykowane z uwagi, m.in. na powszechny brak dostgpu do wieloletnich, lokalnych
szeregow opadowych w wysokiej rozdzielczo$ci. Niemniej waznym czynnikiem jest
czasochtonno$¢ prowadzenia dlugoterminowych symulacji. Wyzwaniem przy tym jest nie
tylko sam czas obliczen i koszty z tym zwigzane, ale takze sama stabilno§¢ numerycznych
modeli komputerowych. Rozwigzaniem, ktore pozostaje, jest prowadzenie symulacji tylko dla
wybranych zdarzen opadowych, tzw. deszczy nawalnych lub tez przyjecie bardziej
pragmatycznego podejscia 1 prowadzenie symulacji z uzyciem lokalnych opadow wzorcowych

(lokalnych hietograméw wzorcowych). Lokalne hietogramy wzorcowe prezentuja typowe
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(wzorcowe) przebiegi w czasie opadéw nawalnych i powstaja w wyniku opracowania
statystycznego lokalnie wydzielonych opadéw nawalnych.

Idea wspolczesnego projektowania jest spojne obliczanie poszczegdlnych elementow
systemow odwodnienia. Elementem wienczacym ten proces powinna by¢ walidacja catego
systemu odwodnienia. O ile dobor poszczegdlnych elementow systemu odwodnienia,
np. $rednic kanalow, objetosci zbiornikow retencyjnych itp., odbywa si¢ z zastosowaniem
prostych metod stacjonarnych i moze by¢ realizowany w poszczeg6dlnych kalkulatorach doboru
na platformie waterfolder.com, to walidacja catego systemu odwodnienia moze byc¢
zrealizowana tylko z zastosowaniem metod niestacjonarnych i wymaga opracowania modelu
hydrodynamicznego oraz przeprowadzenia szeregu symulacji, np. dla zatozonych scenariuszy
opadu (lokalnych hietograméw opadu). Stad tez w wytycznych technicznych zaleca sig
stosowanie modelowania hydrodynamicznego 1 hietograméw wzorcowych (opadow
modelowych) do weryfikacji nowoprojektowanych systeméw odwodniania (Schmitt, 2000).

W niniejszym rozdziale zaprezentowane jest wykorzystanie wynikow badan
otrzymanych w trakcie prac badawczych, jakimi sg stworzone dla 100 lokalizacji zestawy
hietogramow wzorcowych. Opisane rozwigzanie to projekt pilotazowy, realizowany w firmie
RETENCJAPL, ktora w najblizszym czasie zamierza udostepni¢ go jako aplikacje internetowa
pod nazwg WaterFolder Connect. Narzedzie to bedzie rozwinigciem dzialajacej na polskim
rynku aplikacji WaterFolder, z ktorej korzysta juz prawie 10 000 uzytkownikow. Aktualnie
platforma umozliwia, za pomocg kilkudziesieciu narzedzi zaimplementowanych
we wspolpracy z wiodacymi producentami urzadzen stosowanych do budowy systemow
odwodnieniowych, dobdér podstawowych parametrow tych urzadzen, w oparciu o nat¢zenia
deszczy miarodajny z atlasu PANDa. W kolejnej wersji, czyli wlasnie na platformie
WaterFolder Connect, uzytkownicy Ci beda mieli mozliwo$¢ zbudowania z aktualnie
dostepnych elementow catego uktadu odwodnieniowego i zasymulowania jego pracy w sposob
dynamiczny, ktory sprawdzi poprawnos¢ doboru elementow 1 wskaze potencjalne problemy
uzyskane w trakcie pracy modelu. Symulacja taka bgdzie mozliwa do przeprowadzenia dzigki
wykorzystaniu migdzy innymi przygotowanych podczas prac nad doktoratem hietograméw
wzorcowych.

W kolejnych podrozdziatach opisane zostaly stworzone na potrzeby rozbudowy
platformy WaterFolder generator hietogramow, narzedzie do transformacji projektéw systemu
odwodnienia w model komputerowy oraz zaimplementowany silnik obliczeniowy SWMM
wykorzystywany do prowadzenia symulacji hydrodynamicznych Po uruchomieniu

I sprawdzeniu wszystkich funkcjonalnos$ci, przeprowadzono testy generatora, narzedzia do

34



Wdrozenie

przeksztatcania ukladow w model oraz przeprowadzono testowe symulacja dla zbioru

systemOow odwodnienia na terenie catej Polski, obejmujacego:

1. 100 matych systemow odwodnienia,;
2. 100 srednich systemow odwodnienia;

3. 100 $rednich systemow odwodnienia ze zbiornikiem retencyjnym.

Na koncu znajduje si¢ tez dyskusja osiggnictej efektywnosci transformacji projektow
W modele hydrodynamiczne na platformie WaterFolder Connect, a takze niezawodnosci ich
dalszych symulacji hydrodynamicznych z uzyciem silnika obliczeniowego SWMM oraz

wymaganego do tego czasu obliczeniowego na serwerze w rozwigzaniu chmurowym.

6.1. Generator hietograméw wzorcowych

Biorac pod uwage poziom ztozono$ci wspotczesnych systeméw odwodnienia, przy ich
modelowaniu konieczne jest uwzglednienie opadéow o roznych wysokosciach catkowitych
I 0 roznych rozktadach w czasie. Catkowite wysokosci opadow mozna ustala¢ bezposrednio
Z lokalnego modelu opadowego (IDF/DDF) dla zadanego czasu trwania 1 czestosci
wystepowania. Nastgpnie wysokosci te powinny by¢ rozktadane (dystrybuowane) w czasie
trwania opadu wedlug wzorcOw hietogramow wzorcowych. Do generowania lokalnych
hietogramow potrzebne sa wigc dwa Zrddla informacji: wysoko$ci opadow miarodajnych oraz
rozktady znormalizowanych hietograméw wzorcowych.

Ponizej opisane  jest dziatanie opracowanego w przedsigbiorstwie
RETENCJAPL sp z 0.0. generatora lokalnych hietogramoéw wzorcowych, ktéry zostal
wdrozony W testowej (wewngetrznej) wersji portalu connect.waterfolder.com. Generator ten
pozwala na generowanie lokalnych hietograméw wzorcowych dla dowolnej lokalizacji na
terenie Polski, wskazanej na etapie tworzenia projektu na platformie connect.waterfolder.com,
dla zadanych przez uzytkownika czaséw trwania opadu i czestosci (prawdopodobienstwa) jego
wystgpowania.

Wysokosci opadow miarodajnych odczytywane sg z Atlasu PANDa (Licznar i in., 2020),
gdzie na podstawie lokalizacji projektu identyfikowane jest oczko siatki interpolacyjnej atlasu
o wymiarach 5 km x 5 km (rysunek 20.) i na tej podstawie ustalany jest konkretny lokalny

model IDF (sposrod pelnego =zbioru 12855 modeli opadowych). Z wybranego
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(zidentyfikowanego) modelu opadowego dla zadanego czasu trwania 1 czgstosci
(prawdopodobienstwa) deszczu odczytywane jest nat¢zenie deszczu, ktore jest przeliczane na

wysokos$¢ deszczu miarodajnego.

150 200 km

Rysunek 20. — Podziat obszaru Polski na 12885 oczek siaki o wymiarach 5 km x 5 km

z unikalnymi modelami opadowymi wraz z lokalizacja 100 deszczomierzy atlasu PANDa
(RETENCJAPL)

Znormalizowany zestaw hietogramdéw wzorcowych jest przyjmowany dla najblizszego
sposrdd 100 przeanalizowanych deszczomierzy Atlasu PANDa. Konkretny, najblizszy
deszczomierz jest identyfikowany na podstawie lokalizacji projektu systemu odwodnienia.
Wspotrzedne geograficzne projektu znajdujg si¢ na obszarze jednego sposrod 100 wielobokow
Thiessena wydzielonych dla sieci 100 deszczomierzy PANDa, obejmujacych catg Polske
(rysunek 21.). Rozwigzanie to jest przyjete z uwagi na wyniki uzyskane podczas badan,
a konkretnie ze wzgledu na brak wyraznej regionalizacji hietogramow wzorcowych w obszarze

18 podprowincji w podziale kraju na regiony fizycznogeograficzne (rysunek 19.).
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150 200 km

Rysunek 21. — Podziat obszaru Polski na 100 wielobokéw Thiessena zgodnie z lokalizacja
deszczomierzy Atlasu PANDa (RETENCJAPL)

Obliczona wysokos¢ deszczu miarodajnego jest rozktadana w czasie (dla zadanego czasu
trwania deszczu) z rozdzielczoscia 1 minuty zgodnie z rozkltadami bezwymiarowych
hietogramow wzorcowych. W zaleznosci od wskazanej lokalizacji operacja ta dotyczy 3, 4 lub
5 typoéw bezwymiarowych rozktadow hietogramow opadéw nawalnych (rysunek 19.).

Ponizej opisany zostal jeden przyktad generowania hietogramow wzorcowych. Celem
demonstracji wybrano opracowanie zestawu hietograméw wzorcowych dla lokalizacji
Poznan - Lawica dla czasu trwania 30 min i czgstosci C=10 lat (prawdopodobienstwie p=10%).
Odczyt natezenia miarodajnego dla czasu trwania 30 min 1 czgstosci C=10 lat
(prawdopodobienstwo p=10%) dla wymienionej lokalizacji wynosi 138,01 dm3/(s x ha), co
odpowiada wysokosci opadu miarodajnego h=24,84 mm.

Dla Poznania opracowano zestaw czterech bezwymiarowych hietogramé6w wzorcowych,
ktorych rozklady w czasie sg zestawione w ponizszej tabeli 6. W tabeli dokonano takze
roztozenia wspomnianej wczesniej wysokosci opadu miarodajnego h=24,84 mm na kolejne

minuty opadéw modelowych.
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Obliczone, generowane na platformie connect.waterfolder.com, hietogramy wzorcowe, jak
w przyktadzie obliczeniowym pokazanym w tabeli, sa prezentowane graficznie na ponizszych

rysunkach 22 — 25.

Hietogram wzorcowy Hietogram wzorcowy Hietogram wzorcowy Hietogram wzorcowy
Czas typl typ 2 typ 3 typ 4
Rozktad Wysokosé Rozklad Wysoko$¢ Rozklad Wysoko$¢ Rozklad Wysokosé
opadu [mm] opadu [mm] opadu [mm] opadu [mm]
1 3,2% 0,79 5,1% 1,26 12,4% 3,09 2,7% 0,67
2 3,2% 0,80 5,1% 1,26 15,0% 3,72 3,1% 0,77
3 2,3% 0,57 4,7% 1,18 9,7% 2,40 0,9% 0,23
4 2,1% 0,51 4,1% 1,03 8,9% 2,22 0,8% 0,21
5 1,9% 0,48 4,6% 1,14 8,2% 2,04 0,6% 0,15
6 2,2% 0,55 4,4% 1,10 6,3% 1,55 0,8% 0,20
7 2,5% 0,61 4,3% 1,06 57% 1,42 0,7% 0,18
8 2,7% 0,68 4,7% 1,16 5,6% 1,38 0,6% 0,14
9 2,5% 0,61 4,4% 1,09 4,0% 0,99 0,6% 0,15
10 2,8% 0,69 4,9% 1,21 2,9% 0,71 1,0% 0,25
11 2,9% 0,71 5,3% 1,31 1,9% 0,47 0,9% 0,23
12 2,9% 0,73 5,1% 1,26 1,7% 0,42 0,8% 0,21
13 3,1% 0,76 5,3% 1,31 1,3% 0,32 1,0% 0,26
14 3,1% 0,77 3, 7% 0,93 1,3% 0,32 0,7% 0,17
15 3,4% 0,85 5,1% 1,27 1,3% 0,32 1,0% 0,24
16 4,3% 1,07 3,3% 0,83 0,8% 0,21 1,3% 0,32
17 4,2% 1,05 2,9% 0,71 1,0% 0,24 3,6% 0,90
18 3,8% 0,94 2,1% 0,53 1,3% 0,32 2,6% 0,65
19 4,6% 1,13 1,7% 0,43 0,7% 0,17 2,0% 0,48
20 4,7% 1,17 1,8% 0,45 0,9% 0,23 2,0% 0,49
21 5,4% 1,34 1,7% 0,42 0,8% 0,19 2,6% 0,64
22 4,4% 1,09 1,4% 0,35 0,6% 0,15 4,0% 0,99
23 4,2% 1,04 1,2% 0,30 0,9% 0,22 5,9% 1,46
24 4,0% 0,99 1,5% 0,37 0,8% 0,20 57% 1,41
25 3,8% 0,93 1,7% 0,43 0,8% 0,19 3,3% 0,83
26 3,7% 0,92 1,7% 0,41 0,9% 0,23 5,1% 1,26
27 3,4% 0,83 1,4% 0,36 1,1% 0,28 13,0% 3,23
28 3,0% 0,74 2,2% 0,55 1,2% 0,30 17,9% 4,45
29 3,1% 0,76 2,3% 0,57 1,0% 0,25 7.2% 1,79
30 2,8% 0,70 2,3% 0,58 1,1% 0,28 7,5% 1,87
Suma: 100,0% 24,84 100% 24,84 100% 24,84 100% 24,84

Tabela 6. — Zestaw czterech bezwymiarowych hietograméw wzorcowych dla Poznania
| opracowany na jego podstawie zestaw czterech hietogramoéw wzorcowych deszczy o czasie
trwania 30 min oraz czestosci C=10 lat (prawdopodobienstwie p=10%) (RETENCJAPL)
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Hietogram typ 1 — deszczomierz Poznan — prawdopodobienstwo 33,3%

o8

Warstwa [mm]

04

Czas [min]
Rysunek 22. — Wygenerowany na platformie hietogram wzorcowy typ 1 dla Poznania dla
czasu trwania 30 min oraz czgstosci C=10 lat (prawdopodobienstwo p=10%). Podana w tytule

wykresu wartos¢ podobienstwa oznacza odsetek deszczy nawalnych o przebiegu podobnym
do hietogramu wzorcowego (RETENCJAPL)

Hietogram typ 2 — deszczomierz Poznan — prawdopodobienstwo 38,3%

Warstwa [mm]

ao

Czas [min]

Rysunek 23. — Wygenerowany na platformie hietogram wzorcowy typ 2 dla Poznania dla
czasu trwania 30 min oraz czgstosci C=10 lat (prawdopodobienstwo p=10%). Podana w tytule
wykresu warto$¢ podobienstwa oznacza odsetek deszczy nawalnych o przebiegu podobnym
do hietogramu wzorcowego (RETENCJAPL)
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Hietogram typ 3 — deszczomierz Poznan — prawdopodobienstwo 21,4%

Warstwa [mm)]

Czas [min]

Rysunek 24. — Wygenerowany na platformie hietogram wzorcowy typ 3 dla Poznania dla
czasu trwania 30 min oraz czgstosci C=10 lat (prawdopodobienstwo p=10%). Podana w tytule
wykresu wartos¢ podobienstwa oznacza odsetek deszczy nawalnych o przebiegu podobnym
do hietogramu wzorcowego (RETENCJAPL)

Hietogram typ 4 — deszczomierz Poznan — prawdopodobienstwo 7,0%

Warstwa [mm]

Czas [min]

Rysunek 25. — Wygenerowany na platformie hietogram wzorcowy typ 4 dla Poznania dla
czasu trwania 30 min oraz czgsto$ci C=10 lat (prawdopodobienstwo p=10%). Podana w tytule
wykresu wartos¢ podobienstwa oznacza odsetek deszczy nawalnych o przebiegu podobnym
do hietogramu wzorcowego (RETENCJAPL)

Celem przetestowania generatora hietogramow wzorcowych na platformie
connect.waterfolder.com wygenerowano hietogramy dla lokalizacji odpowiadajacych

100 deszczomierzom projektu PANDa, ktore sg zestawione W tabeli 1.
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Dla kazdego deszczomierza wygenerowano hietogramy wzorcowe dla pigciu najczesciej
spotykanych w projektowaniu i modelowaniu systeméw odwodnienia czgstosci deszczow
C réwnych 100 lat, 10 lat, 5 lat, 2 lata i 1 rok (prawdopodobienstwa p rowne 1%, 20%, 20%,
50% i 100%). Ponadto, dla kazdego poziomu czestosci C (prawdopodobienstwa p)
wygenerowano hietogramy dla szesciu charakterystycznych czasoOw trwania 30 min, 45 min,
60 min, 120 min, 1440 min i 4320 min. W ten sposdb wygenerowano tacznie
368 x5x6=11040 hietogramoéw wzorcowych. Wczesniej przywotana liczba 368 jest
liczebno$cig zbioru wszystkich bezwymiarowych hietogramow wyznaczonych na sieci
100 stacji (58 stacji z 3 wzorami, 37 stacji z 3 wzorcami i 5 stacji z 5 wzorcami). Wszystkie
11 040 hietogramoéw zostalo pomyslnie wygenerowanych, nie stwierdzono przy tym
problemoéw z dziataniem opracowanego i wdrozonego na platformie connect.waterfolder.com

generatora lokalnych hietograméw wzorcowych.

6.2. Aplikacja do transformacji systemu odwodnienia w model
hydrodynamiczny

Podczas dalszych prac wdrozeniowych na platformie connect.waterfolder.com
zaimplementowano szereg rozwigzan, pozwalajacych na przeksztatcenie projektu systemu
odwodnienia w model hydrodynamiczny. Opracowana przez zespot aplikacja tworzy peing
topologie modelu hydrodynamicznego, zgodng ze standardem SWMM (ang. Storm Water
Managment Model). Proces ten przebiega réwnolegle (w tle) z tworzeniem Projektu
I uruchamianiem Wizardu, czyli kreatora modelu (projektu sieci odwadniajacej). Nalezy przy
tym wspomnie¢ o zaimplementowanej koncepcji interfejsu uzytkownika na platformie
connect.waterfolder.com, opierajaca si¢ na wprowadzeniu pojec:

*  “projektu” (wirtualnej inwestycji), czyli miejsca/obszaru na mapie Polski zbierajacego
okreslone dane w ramach jednej grupy, ktora moze zawiera¢ elementy wspolne
np. lokalizacje, lokalny model opadowy itp.;

* “kreatora” (ang. ,wizzard”), czyli $ciezki wdrozenia tancucha obliczeniowo-
projektowego, a w tym orientacji w przestrzeni elementow systemu odwodnienia
(zdefiniowania grafu ich wzajemnych zaleznosci), a wigc zasadniczego sposobu
tworzenia projektu systemu odwodnienia, réwnolegle konwertowanego w model

hydrodynamiczny;
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* ‘“symulacji”, a wiec predefiniowanych ustawien zapewniajagcych mozliwo$¢
przetestowania  réznych  wariantow  rozwigzah ~w  ramach  symulacji

hydrodynamicznych.

Proces tworzenia nowego Projektu jest prezentowany na rysunku 26. Polega on na
nadaniu nazwy i wskazaniu lokalizacji systemu odwodnienia, co jest wazne z punktu widzenia
generowania zestawu lokalnych hietograméw wzorcowych. Stad aplikacja pobiera dane celem
okres$lania natezen miarodajnych z Atlasu PANDa (Licznar i in., 2020) i wprowadzenia ich do

generatora hietogramow wzorcowych.

der CONNECT x T v - 8 x
€ > C 0 & comnectwaterfolder.com, * O»0@ :

L° Water Tylko do uzytku wewnetrznego! DolRconmatoncias - Polska

Nowy projekt

Dane inwestycji
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Rysunek 26. — Tworzenie projektu nowego systemu odwodnienia (RETENCJAPL)

W Projekcie nastepuje utworzenie Modelu systemu odwodnienia, czyli projektu sieci
odwadniajacej automatycznie konwertowanego w model hydrodynamiczny (rysunek 27.).
Tworzony Model jest domyslnie pusty (rysunek 28.), jednak po uruchomieniu Wizardu mozna
przystapi¢ do tworzenia tancucha obliczeniowo-projektowego z uzyciem kalkulatora doboru
przewodow grawitacyjnych (rysunek 29.). W kalkulatorze gromadzone sg najwazniejsze dane
do budowy topologii modelu hydrodynamicznego w postaci: dtugosci kanatéw, rzednych
terenu, rzednych dna kanaldow, ich spadkow i1 chropowato$ci. Wprowadzane sa takze
informacje o kolejno przylaczanych zlewniach 1 o ich powierzchni zredukowanej. Po

przeprowadzonym doborze znane sg takze $rednice poszczegdlnych kanalow. Pozwala to na
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odtworzenie podstawowej topologii sieci w standardzie SWMM. Przy czym konieczne jest
przeliczenie chropowatos$ci rur k wprowadzanych w kalkulatorze do formuly Colebrook'a-
White'a na odpowiadajace im wartosci wspotczynnika Manninga stosowanego w SWMM.

Konwersja ta jest prowadzona z uzyciem formuly zapisanej w PN-EN 752 (PKN, 2008):

K=1:(5)" togu () W

gdzie:

K — wspodlczynnik Manninga w metrach do potegi jednej trzeciej przez sekundeg;

g — stata grawitacji w metrach przez sekunde kwadrat;

D — wewngtrzna $rednica rury w metrach;

k — chropowato$¢ rury w metrach.

Przy transformacji zlewni przyjmuje si¢ w sposob uproszczony (domyslny), ze sg to zlewnie
nieprzepuszczalne o powierzchni odpowiadajacej powierzchni zredukowanej. Ponadto
szeroko$¢ zlewni jest pierwiastkiem jej powierzchni, wyrazonej w metrach kwadratowych,
a spadek ma domyslng wartos¢ 2,5% (typowa np. dla spadkéw spotykanych na drogach).
Dodatkowo przyjmowane sg standardowe wartosci parametrow takich jak np. Dstore-Imperv

i Dstore-Perv, czy tez N-Imperv i N-Perv prezentowane na rysunku 30.

€ 2 Cc O » ect watertolder co * ON8»0O@ :
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[ water
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®@ @ 0 ®
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@
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o
I
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Rysunek 27. — Utworzenie Modelu systemu odwodnienia, czyli projektu sieci odwadniajace;j,
automatycznie konwertowanego w model hydrodynamiczny (RETENCJAPL)
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Rysunek 28 — Utworzony, pusty jeszcze model systemu odwodnienia (RETENCJAPL)
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Rysunek 29. — Tworzenie tancucha obliczeniowo-projektowego z uzyciem kalkulatora doboru
przewodow grawitacyjnych (RETENCJAPL)
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Property
Name

X-Coordinate
Y-Coordinate
Description
Tag

Rain Gage
Outlet

Area

Width

% Slope

% Imperv
N-Imperv
N-Perv
Dstore-Imperv
Dstore-Perv
Y%Zero-Imperv
Subarea Routing
Percent Routed

Infiltration Data

Value

Zlewnia_1

raingage_typel
Studnia_1

0.31

55.68

25

100

0.01

0.1

1.5

5

100

QUTLET

100
CURVE_NUMBER

Groundwater NO
Snow Pack

LID Controls 0
Land Uses 0

Depth of depression storage on pervious area (mm)

Rysunek 30. — Domyslnie przyjmowane wartos$ci parametréw (takich jak np. Dstore-Imperv
i DstorePerv czy tez N-Imperv i N-Perv) przy konwersji zlewni sptywu na Subcatchments
w modelu (RETENCJAPL)

SWMM to odczyt wartosci domyslnych w modelu zaimportowanym do aplikacji
SWMM. Topologia modelu SWMM podlega dalszej modyfikacji po uzupehieniu systemu
np. o zbiornik retencyjny lub regulator przeptywu (rysunek 31.). Po doborze tych dodatkowych
elementow systemu odwodnienia nastepuje automatyczne wygenerowanie domyslnego modelu
hydrodynamicznego, potaczone z zacheta do przejscia do symulacji hydrodynamicznych
(rysunek 32.). Po akceptacji tego zaproszenia mozna wykona¢ symulacje dla lokalnych
hietogramow wzorcowych. Po ich wykonaniu otrzymuje si¢ zbiorcze podsumowanie
Z podaniem czasow trwania obliczen (rysunek 33.) oraz informacja dotyczaca spelnienia

(lub niespetnienia) poszczegodlnych kryteriow sukcesu symulacji (rysunek 34.).
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Rysunek 31. — Dalszy krok Wizardu, przyktadowe uzupetnienie systemu odwodnienia
0 dobor zbiornika retencyjnego wyposazonego w regulator o maksymalnym natezeniu
przeptywu 150 dm%/s, z jego montazem na dnie (dobér zbiornika moze byé prowadzony na
inne prawdopodobienstwo, niz kanalow sieci) (RETENCJAPL)

re—ea.

€ > C 3 & connectwaterfolder.com/pl/a

Uwaga!

Rysunek 32. — Automatyczne wygenerowanie domyslnego modelu hydrodynamicznego,
potaczone z zacheta do przej$cia do symulacji hydrodynamicznych (RETENCJAPL)
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Rysunek 33. — Podsumowanie wynikoéw symulacji dla trzech lokalnych hietograméw
wzorcowych (dla dwoch réznych Projektow i Modeli) (RETENCJAPL)
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€ 5 C O & conectwaterfolder.com /14 ! 3 s Q * O»0@ :

€5 G & comectwaterioldercom okt fd-eded 49 a s % ONO@ :

Rysunek 34. — Informacje dotyczace spetnienia lub niespetnienia wszystkich pieciu
podstawowych kryteriow sukcesu symulacji (przyktady dla dwdch réznych Modeli, panel
gorny i1 dolny) (RETENCJAPL)

Domys$lne ustawienia symulacji moga by¢ modyfikowane w zakladce Ustawienia
symulacji dla kazdego z lokalnych hietogramow (rysunek 35.). Dla kazdego z hietogramow
mozna modyfikowac czas jego trwania i prawdopodobienstwo (rysunek 36.). Domys$lnie czas
trwania opadu jest przyjmowany jako minimum réwny 30 min 1 dtuzszy lub réwny
dwukrotno$ci czasu odptywu wod przez system odwodnienia (co wynika z zalecen

I wytycznych Schmitta T. G., 2000). Ponadto mozna zmienia¢ czas trwania symulacji dla
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wybranego typu hietogramu wzorcowego (przyjmowany domyslnie czas symulacji jest rowny

24 h, jest to np. minimalny czas opr6zniania zbiornikéw retencyjnych).

+ Waterfolder CONNECT x [ v - o x

€ 5> C 3 @ connectwaterfoldercom e b * O»0@ :

[3 Water Tylko do uzytku wewnetrznego! pawallicznararotondapl o poiska

System sredni / System $redni

@]

o

Lista ustawien symulacji

M & m

Mevaum Pol RMEL gESMIL & hauraton

Rysunek 35. — Zaktadka Ustawienia symulacji dla przyktadowych trzech lokalnych
hietogramow (RETENCJAPL)

€ 9 C 0 @ connectwaterfolder.com " . " s g Q * O»0@ :

System $redni / System $redni / Lokalny hietogram typ 2

Rysunek 36. — Modyfikacja parametrow symulacji dla wybranego typu lokalnego hietogramu
wzorcowego (RETENCJAPL)
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Na koniec mozna przej§¢ do przegladu wynikéw symulacji hydrodynamicznych
opracowanego modelu, dla kazdego wybranego hietogramu wzorcowego, wybierajac
poszczegolne elementy sktadowe na Wizardzie (rysunek 37.) lub przegladajac zbiorcze raporty
w dolnej czgséci okna (rysunek 38.). Mozna takze przeglada¢ wyniki w postaci symulacji dla
wyselekcjonowanego profilu sieci, co wymaga przejscia do zakladki Animacja i wskazania
Sciezki profilu (jego poczatku i konca) (rysunek 39.). Na rysunku 40. zaprezentowany zostat
przyktadowy slajd z symulacji, na ktérym wida¢ negatywne odzialywanie zbiornika, ktory
powoduje ,.cofke”, a w efekcie prace ciSnieniowg wyzej potozonych kanatdéw i nadpigtrzenia

ze studni ponad poziom terenu.

3 Waterfolder CONNECT X o+ v 223 o X
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Rysunek 37. — Wybrane wyniki symulacji hydrodynamicznej dla wyselekcjonowanego
elementu na Wizardzie (wybrany obiekt to Studnia_2) (RETENCJAPL)
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Rysunek 38. — Przyktadowe zbiorcze wyniki symulacji hydrodynamicznej w zaktadce Raport
(RETENCJAPL)

,
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“

Rysunek 39. — Wskazania $ciezki profilu (jego poczatku i konca) celem wyswietlenia
animacji przeptywu (RETENCJAPL)
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Rysunek 40. — Animacja odptywu wod opadowych, widoczne oddziatywanie zbiornika
prowadzace do cofki w wyzej potozonych przewodach, z czego wynika niespetnienie
wszystkich pigciu kryteriow symulacji (zjawisko przeptywu ci$nieniowego 1 nadpigtrzen
sieci), co znajduje potwierdzenie na rysunku 41. (RETENCJAPL)

3 Waterfolder CONNECT X o+ v =2 o X
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Rysunek 41. — Zbiorcze wyniki symulacji hydrodynamicznej w zaktadce
Raport — wyszczegdlnienie obiektow niespelniajgcych kryteriow poprawnego dziatania sieci
(RETENCJAPL)
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Istnieje takze mozliwo$¢ pobrania opracowanego modelu hydrodynamicznego SWMM
wraz z plikami z wynikami symulacji i raportem z symulacji (pliki o rozszerzeniach inp, out,
rpt) (rysunek 42.).

€ 5 C 0 & connectwaterfoidercom ' ! ) * O»0@ :

. t i
o Water Tylko do uzytku wewnetrznego! ey n

e BB 0 @
I

<]

(ST}

& o

Rysunek 42. — Zaktadka do poboru opracowanego modelu hydrodynamicznego SWMM wraz
z plikami z wynikami symulacji i raportem z symulacji (pliki o rozszerzeniach inp, out, rpt)
(RETENCJAPL)

Wszystkie tworzone Projekty i zawarte w nich Modele (modele hydrodynamiczne) s3
przechowywane w chmurze, mozna do nich dotrze¢ z dowolnego urzadzenia po zalogowaniu
si¢ na platform¢ connect.watefolder.com (rysunek 43.). Ponadto juz istniejagce modele moga
by¢ w tatwy sposob powielane (kopiowane) celem petnienia roli prototypdéw nastepnych
modeli hydrodynamicznych, co pozwala na iteracyjne poprawianie (modyfikowanie) modeli

systemow odwodnienia (rysunek 44.).
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Rysunek 43. — Przyktadowe zestawienie Projektow na koncie uzytkownika na platformie
connect.watefolder.com (RETENCJAPL)
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Rysunek 44. — Przyktadowa struktura modeli hydrodynamicznych w kolejnych iteracjach
zmian projektu systemu odwodnienia na platformie connect.watefolder.com (RETENCJAPL)
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6.3. Prowadzenie symulacji z uzyciem silnika obliczeniowego SWMM

Celem prowadzenia symulacji hydrodynamicznych z uzyciem silnika obliczeniowego
SWMM na platformie connect.watefolder.com korzysta si¢ z ustugi AWS (Amazon Web
Services) Lambda. Lambda AWS to bezserwerowa (serverless) funkcja jako ustuga, czyli
Function as a service (FaaS), dostarczajaca obliczenia oparte na funkcjach. W skrocie Lambda
pozwala na tworzenie kodu i zarzadzanie aplikacja bez konieczno$ci utrzymywania wtasnych
serweréow. Umozliwia tworzenie aplikacji w chmurze. AWS Lambda uruchamia okreslony
kod, ktéry to moze to by¢ zapisany w jednym z jezykow obstugiwanych przez AWS Lambda:
Java, Node, js. Python lub C#. Usluga ta moze bez przeszkdd przenosi¢ biblioteki, artefakty
lub skompilowane natywne pliki binarne, ktére moga by¢ uruchamiane w $rodowisku
wykonawczym jako element pakietu kodu funkcji. Dzigki funkcji Lambda mozna uruchomic
kod dla praktycznie kazdego typu aplikacji lub ustugi backendu. Co istotne, lambda obstuguje
1 skaluje kod z wysoka dostgpnoscia. Dodatkowo w momencie, gdy istnieje wiele
jednoczesnych zdarzen (np. wielu uzytkownikow zechce jednocze$nie przeprowadzié
symulacje hydrodynamiczne), na ktdére nalezy odpowiedzie¢, AWS Lambda w prosty sposob
réwnolegle uruchamia wigcej kopii funkcji. Ta pozytywna cecha ustugi Lambda AWS zostata
potwierdzona w czasie testow, w trakcie ktorych uzyskano bardzo krotkie czasy obliczen,
pomimo generowania i symulacji jednoczesnie pakietow liczacych po 100 modeli systemow
odwodnienia dla tacznie 368 rdznych hietogramoéw. Funkcje Lambdy skalujg precyzyjnie
procesy obliczeniowe na serwerach AWS, wraz z wielko$cig obcigzenia, az do indywidualnego
zadania. Rozwigzanie to zostalo wybrane, gdyz jest pragmatyczne z uwagi na: brak
koniecznosci zarzadzania serwerem, elastyczne skalowanie 1 wysoka dostepnos¢ (aplikacje
bezserwerowe typu AWS Lambda majg wbudowang dostepno$¢ oraz tolerancje btedow). Nie
trzeba tez planowac i tworzy¢ rezerwowych blokow pojemnosciowych na potrzeby obliczen
czy magazynowania danych, a ponoszone przy tym koszty sa niskie, gdyz modelem
rozliczeniowym AWS Lambda jest model Pay-as-you-go. W przypadku platformy
connect.watefolder.com funkcja Lambda AWS obstuguje SWMM (EPA STORM WATER
MANAGEMENT MODEL) w wersji 5.2 (Build 5.2.3).

Funkcja Lambda jest skonfigurowana do monitorowania przy uzyciu ustugi AWS
CloudWatch.
Wszystkie dzienniki 1 metryki sg zbierane i przesylane do CloudWatch w celu

monitorowania wydajnosci 1 reagowania na btedy. Funkcja Lambda jest chroniona przez
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mechanizmy bezpieczenstwa dostarczane przez AWS, takie jak zarzadzanie rolami 1AM
(Identity and Access Management), kontrola dostepu i1 szyfrowanie danych w ruchu
I w spoczynku.
Srodowisko Uruchomieniowe AWS Lambda silnika obliczeniowego SWMM na platformie
connect.watefolder.com ma nastepujace parametry:

. Pamig¢ Wydzielona: 10 GB;

. Przestrzen Robocza: 5 GB;

. Limit Czasu Wykonania: 15 minut.

6.4. Testy transformacji projektu w model oraz niezawodnosci symulacji

Celem przetestowania opisywanej wczesniej aplikacji do automatycznej transformacji
projektu systemu odwodnienia w model hydrodynamiczny i oceny niezawodno$ci symulacji
hydrodynamicznych, z uzyciem silnika obliczeniowego SWMM uruchamianego na platformie
connect.waterfolder.com, sporzadzono 300 projektoéw systemow odwodnienia dla
100 lokalizacji w Polsce odpowiadajacych potozeniu 100 deszczomierzy projektu Atlasu
PANDa (tabela 1.). Zbior sporzadzonych projektow systemow odwodnienia obejmowat:

1) 100 matych systemow odwodnienia;
2) 100 srednich systemow odwodnienia;
3) 100 srednich systemoéw odwodnienia ze zbiornikiem retencyjnym.

Jako prototyp Sredniego systemu odwodnienia przyjeto sie¢ kanalizacji deszczowej
zamieszczong w podreczniku Blaszczyka (Blaszczyk i1 Roman, 1974). Sie¢ ta, o dlugosci
calkowitej 1165 m, posiada tagczng zlewnie o powierzchni zredukowanej 10,69 ha. W tabeli 7.
Zestawiono podstawowe parametry tej sieci, w tym dlugosci kanatéw, rzedne dna kanatdéw
1 terenu oraz powierzchnie zredukowane kolejno przytaczanych elementarnych zlewni sptywu.
Zapisane rzedne dotycza tylko lokalizacji sieci w Warszawie, zatem celem ich przeniesienia,
adaptacji do innych lokalizacji wyznaczono giebokosci poszczegolnych studni.

Jako prototyp $redniego systemu odwodnienia ze zbiornikiem retencyjnym przyjeto sie¢
kanalizacji deszczowej analogiczng, jak w tabeli 7., z modyfikacja polegajaca na zamianie

studni/wezta 9. w zbiornik retencyjny z regulatorem hydraulicznym. Doboru dokonywano na
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maksymalnym odptywie 150 dm®s dla czestosci deszczu C=10 lat (p=10%) i $rednim
wspotczynniku ryzyka (rysunek 31.).

Natomiast jako prototyp matego systemu odwodnienia przyjeto sie¢ kanalizacji jak
w tabeli 7., ale zredukowang do czterech pierwszych studni, a wiec o dlugosci 315 m

i powierzchni 1,46 ha.

Nr studni/wezta D*“g°§°'m 1]” P°W‘6fl;,23§2iff;il;k°wa“a 1};@?3;_33;’ Rz[fﬁ‘ﬁf;_erﬂ“’ Giebokosé, [m]
1 0,31 107,9 110,4 2,5
2 85 0,46 107,65 1105 2,85
3 170 1 105,05 107,55 2,5
4 60 1,13 104,8 107,3 2,5
5 90 1,23 104,4 106,9 2,5
6 75 1,73 103,95 106,55 2,6
7 60 0,52 103,15 105,75 2,6
8 140 0,86 102,55 105,15 2,6
9 335 3,45 95,9 98,5 2,6
10 150 - 93,8 96 2,2
Suma: 1165 10,69

Tabela 7. - Podstawowe parametry prototypowego $redniego systemu odwodnienia
(RETENCJAPL)

W dalszym etapie badan sporzadzono po 100 projektow systemow odwodnienia w trzech
wariantach (system maty, system $redni i system $redni ze zbiornikiem) dla 100 lokalizacji
w Polsce. Dokonano przy tym zabiegu lokalizacji, czyli dostosowania wysokos$ci przebiegu
terenu i dna sieci do warunkow lokalnych (rzednej deszczomierza w tabeli 1.), a takze przyjecia
odpowiednich lokalnych modeli opadowych Atlasu PANDa na podstawie wspolrzgdnych
z tabeli 1. do wymiarowania poszczegdlnych elementow systemoéw odwodnienia. Kanaty sieci
projektowano na deszcz miarodajny o czestosci C=5 lat (p=20%). W wyniku projektowania
uzyskano systemy o roznigcych si¢ gabarytach, dostosowanych do lokalnych warunkow
opadowych 1 wysoko$ciowych.

Zaprojektowane systemy, ktore automatycznie przeksztalcity si¢ na platformie
connect.waterfolder.com na modele hydrodynamiczne, skierowano do symulacji
hydrodynamicznych. W sposob zamierzony poszczegdlne typy systeméw odwodnienia
kierowano do obliczen catymi pakietami po 100 lokalizacji. Oznaczato to, Ze funkcja Lambda

AWS musiata jednoczes$nie obstuzy¢ uruchomienie 368 rownolegtych symulacji. Liczba 368
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symulacji jest tagczng sumg wszystkich bezwymiarowych hietogramoéw wyznaczonych na sieci
100 stacji (58 stacji z 3 wzorami, 37 stacji z 3 wzorcami i 5 stacji z 5 wzorcami)

Na podstawie przeprowadzonych badan stwierdzono, ze uzyskano petlng (100%)
efektywnos$¢ automatycznej transformacji projektow na modele hydrodynamiczne (dotyczyto
to wszystkich 300 projektow systeméw odwodnienia). Ponadto, pomimo pakietowego
(rownoleglego) prowadzenia kazdorazowo serii 368 symulacji dla ré6znych hietogramow dla
100 lokalizacji w Polsce, uzyskano dla wszystkich trzech typow systeméw peinag (100%)
niezawodnos$¢ symulacji hydrodynamicznych. Zdecydowana wigkszo$¢ symulacji zakonczyta
si¢ pozytywnym wypehieniem wszystkich pigciu kryteriow powodzenia symulacji. Jedynie
w przypadku kilku symulacji dla wybranych hietograméw zaobserwowano spetienie 4 z 5
kryteriéw powodzenia symulacji. W symulacjach tych pojawiaty si¢ chwilowe okresy pracy
ci$nieniowej niektorych kanatow sieci. Nalezy jeszcze dodaé, ze zachowywane pliki inp moga
by¢ otwierane w aktualnej wersji aplikacji SWMM, zawieraja one pelng struktur¢ bazy modelu
(np. zestawienia weztow, kanalow, szeregi czasowe opaddw, itp.) z mozliwoscig prowadzenia
nowych symulacji, ale sa pozbawione warstwy rysunkowej (w oknie graficznym SWMM nie
wyswietla si¢ po ich otwarciu schemat sieci).

W trakcie symulacji prowadzono pomiar czasu ich trwania dla kazdej lokalizacji
I hictogramu wzorcowego. Zanotowane wyniki sg bardzo dobre i w calej rozcigglosci
potwierdzaja zalety funkcji Lambda AWS, jako skalowalnej i efektywnej wydajno$ciowo
ustugi obliczeniowej w chmurze. Czasy obliczen dla matego systemu wynosity po 2 s na kazdy
hietogram wzorcowy. W przypadku systemow $rednich, ze zbiornikiem lub bez, czasy obliczen
byly okoto dwa razy dtuzsze i wahaly si¢ od 4 do 5 s. Nadal byly one znacznie kréotsze od

zatozonego limitu czasowego na poziomie 15 min.
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7. Podsumowanie i wnioski

Przeprowadzone badania pozwolity na opracowanie metodyki pozwalajgcej na
klasyfikacj¢ i grupowanie deszczy do reprezentatywnych wzorcow. Efektem dodatkowym
prowadzonych prac jest opisanie catego warsztatu, dzigki ktoremu w przysztosci bedzie mozna,
w oparciu 0 nowe, zgromadzone po 2016 roku dane, zaktualizowa¢ opracowane wzorce
opadow. Takie podejscie wydaje si¢ celowe i konieczne do realizacji, poniewaz aktualna
zmiana klimatu ma okreslony wplyw na charakter rejestrowanych deszczy i w przysztoSci
mozna spodziewac si¢ zmian nie tylko w intensywnosci deszczy miarodajnych, ale réwniez ich
dystrybucji w czasie (Mikotajewski i in., 2022).

W wyniku prac badawczych zaproponowano 100 zestawow lokalnych wzorcow
opadow, ktore odzwierciedlaja charakterystyke wszystkich deszczy wystgpujacych
w danym obszarze. W =zaleznosci od regionu bylo to 3, 4 lub 5 charakterystycznych
hietogramow. Ponad to opracowano baze danych zawierajaca wszystkie istotne opady
zarejestrowane na stacjach IMGW PiB w okresie 1986-2015, na ktorej podczas badan
przeprowadzono juz rézne analizy opisane w artykutach, a ktora to w przyszto§ci moze rowniez
postuzy¢ do dalszych badan nad opadami atmosferycznymi w Polsce. Opracowano metodyke
obiektywnej identyfikacji 1 grupowania hietogramow, ktéra stosowana moze by¢ zardwno
w skali catego kraju, jak i mniejszych obszarow, np. pojedynczych miast. Podjeto rowniez
proby analiz czasowych i obszarowych wydzielonych deszczy (Mikotajewski i in., 2024).

Przygotowane wzorce dystrybucji deszczu w czasie zostaly zatwierdzone
I wprowadzone przez zespot wdrozeniowy jako dane wejsciowe do przygotowywanej przez
firm¢ RETENCJAPL sp z o.0. nowej wersji aplikacji internetowej WaterFolder Connect.
Pierwsze testy, w niedostgpnej jeszcze dla uzytkownikow zewnetrznych wersji aplikacji,
wykazaty, ze symulacje hydrodynamiczne prowadzone z wykorzystaniem danych wej$ciowych
przygotowanych w oparciu 0 hietogramy wzorcowe realizowane sg prawidtowo, a czas
obliczen jest minimalny, krotszy nawet od tego, ktory zaktadano jako graniczny na poczatku
tworzenia zatozen. Zgodnie z planem rozwoju portalu internetowego dla projektantow, na
poczatku roku 2025 zostanie udostepniona pierwsza, komercyjna wersja, w ktorej system
doboru i symulacji uktadow odwodnienia realizowany bedzie w petni graficznym
i poprawionym interfejsie uzytkownika. Wszystkie realizowane w tej aplikacji symulacje
oparte beda na hierogramach wzorcowych, bedzie to domys$lny zbidr danych wykorzystywany

do analizowania pracy uktadéw odwodnieniowych tworzonych przez uzytkownikow.
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Na praktyczne wykorzystanie osiggnietych wynikow, nalezy poczeka¢ do chwili
komercyjnego startu platformy WaterFolder Connect. W chwili obecnej przygotowany materiat
jest dostepny wewngtrznie 1 wykorzystywany na potrzeby realizacji projektow prowadzonych
aktualnie przez dzial modelowania i1 analiz w krakowskim biurze firmy wdrazajacej to
rozwigzanie. Uzyskiwane wyniki sg bardzo obiecujace 1 potwierdzaja wszystkie zalozenia
jakich spodziewano si¢ podczas prowadzenia badan, tj. usystematyzowanie procesu, skrocenie
czasu symulacji, zwigkszenie wiarygodno$ci obliczen oraz uwzglgdnienie lokalnej
charakterystyki opadéw przy projektowaniu systemow odwodnieniowych.

Realne korzysci, osiggane na duza skale, bedzie mozna obserwowaé dopiero po
planowanym uruchomieniu platformy i udostgpnieniu jej projektantom. Skale, na jaka
wykorzystywane bedzie wdrazane narzedzie, na razie mozna tylko okres$li¢ na podstawie
danych zgromadzonych do tej pory na poprzedniej platformie producenta, ktéra pozwala na
doboér podstawowych parametrow elementéw uktadéw odwodnieniowych tylko na podstawie
natgzen deszczy miarodajnych z projektu PANDa. Aktualnie konto w aplikacji posiada ponad
8 000 uzytkownikow, a liczba ta caty czas rosnie (oficjalna liczba projektantow branzowych,
zarejestrowanych w Polsce oscyluje w okolicy 25 000). Mozna wigc przypuszczaé, ze
w najblizszych dwoch latach ilo$¢ aktywnych kont wzro$nie do 10 000 — 12 000, co spowoduje,
Ze teoretycznie prawie polowa inzynieréw projektujacych w naszym kraju systemy
odwodnieniowe bedzie mogla korzysta¢ z wynikow badan. Zardwno istniejgca wersja
narzedzia, jak i jego druga, wprowadzana powoli generacja (umozliwiajaca oceng pracy uktadu
w czasie 1 dla réznych scenariuszy deszczu) jest unikalnym rozwigzaniem na skale
mig¢dzynarodowa. Dodatkowym 1 bardzo waznym czynnikiem, ktory rowniez znaczaco wptynie
na popularyzacj¢ narzedzia wykorzystujacego opracowane hietogramy wzorcowe, jest fakt
coraz wigkszego zaangazowania w ten projekt producentow, ktorzy sa liderami w dostarczaniu
elementow infrastruktury odwodnieniowej. Tym firmom réwniez zalezy, aby ich rozwigzania
byty dobierane i wykorzystywane w sposob najefektywniejszy, dlatego od lat wspierajg rozwoj
narze¢dzi informatycznych stuzgcym tym celom i promujg je wsroéd swoich klientow oraz firm
projektowych.

Glownymi beneficjentami wynikow badan w najblizszym czasie beda wiec inwestorzy
planujacy budowe lub modernizacje systeméw odwodnienia, wyspecjalizowani projektanci
I biura projektowe, eksploatatorzy systemoéw kanalizacji deszczowej, jednostki miejskie
zarzadzajace zasobami wodnymi na swoich terenach oraz wszystkie inne podmioty, ktorym
potrzebne beda wyniki symulacji hydrodymamicznych sieci odwodnieniowych dostgpne

W bardzo prostej formie, od reki, za pomoca internetowej aplikacji mozliwej do uruchomienia
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na kazdym urzadzeniu z dostegpem do Internetu. W prostym rozrachunku przetozy si¢ to
bezposrednio na tworzenie miast lepiej wykorzystujacych zasoby naturalne, jakim niewatpliwie
jest deszczoéwka, zamiast lepiej przygotowanych na ekstremalne zjawiska, takie, jakimi sg
zarowno deszcze nawalne, jak i1 susze, miast, ktore lepiej zaadoptuja si¢ do zmiany klimatu
wprowadzajac do swojej tkanki dobrze przygotowane elementy zielono-niebieskiej
infrastruktury i w koncu miast, ktore beda bardziej przyjazne swoim mieszkancom, czyli nam

wszystkim.
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Streszczenie w jezyku angielskim

Despite the increasing availability of high-resolution time series precipitation data
in hydrology, especially in urban hydrology, engineers designing and modeling drainage
systems still rely on predefined scenarios of rainfall distributions in time, using standard
hyetograms. This creates a need for a reliable statistical workshop for developing and verifying
locally used standard hyetograms. The development of a workshop for identifying similar
precipitation patterns is also crucial for constructing real-time stormwater management
systems, particularly those based on artificial intelligence.

The research conducted during the doctoral project presents a complete workshop for
isolating intense rainfall events from the PANDa project database, clustering rainfall data into
clusters with similar distributions over time, allowing for targeted identification of local
standard hyetograms. This workshop is based on cluster analysis, including hierarchical
agglomerative methods and k-means clustering. A novel aspect of the proposed workshop
involves: objectifying the determination of the number of clusters based on the analysis of the
total within-sum of squares and the Calinski-Harabasz index; verifying the internal cohesion
and external isolation of clusters based on the bootmean parameter; and profiling the isolated
clusters.

This workshop was created and initially tested on a large urban rainfall field scale
specifically in the city of Krakéw using a dataset of 1,806 intense rainfall events from 25 rain
gauges. The results confirmed the utility and reproducibility of the developed methodology for
partitioning intense rainfall datasets and identifying standard hyetograms in individual clusters
across the entire city. Subsequently, this methodology was applied to analyze a dataset of
31,646 intense rainfall events extracted from the PANDa project database for 100 rain gauges
in Poland. The resulting data allowed for the creation of several local precipitation patterns for
each of the hundred areas in the country, grouping the most characteristic and frequently
occurring rainfall distributions over time for those regions. These sets of local hyetograms were
then implemented into the innovative web application WaterFolder Connect, which will
facilitate accurate design, modeling, and verification of small urban drainage systems for all
interested parties.

Until now, no software manufacturer for modeling urban drainage systems in the Polish

market has provided such a unique dataset, enabling easier, faster, and more accurate analyses.
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Streszczenie w jezyku polskim

Pomimo rosngcego dostepu do rejestracji szeregdw czasowych opadow w wysokiej
rozdzielczo$ci czasowej w hydrologii, a zwlaszcza w hydrologii miejskiej, inzynierowie przy
projektowaniu i modelowaniu systemoéw odwodnienia nadal korzystaja ze scenariuszy
rozktadow opadow w czasie, predefiniowanych z uzyciem hietogramoéw wzorcowych.
Wymusza to potrzebe dysponowania wiarygodnym warsztatem statystycznym sluzacym
opracowywaniu, wzglednie weryfikacji lokalnie juz stosowanych hietograméw wzorcowych.
Rozwdj warsztatu identyfikacji podobnych wzorcéw opadowych jest takze istotny z punktu
widzenia budowy systeméw sterowania odplywem wod opadowych w czasie rzeczywistym,
zwlaszcza tych opartych o sztuczng inteligencje.

W realizowanych podczas projektu doktorskiego badaniach prezentowany jest
kompletny warsztat wydzielenia deszczy nawalnych z bazy danych projektu PANDa, podziatu
zbioréw opaddw nawalnych na klastry opadoéw o podobnych rozktadach w czasie, pozwalajacy
na docelowg identyfikacj¢ zbioréw lokalnych hietogramow wzorcowych opadow. Warsztat ten
jest oparty o analizg skupien, w tym hierarchiczng metode¢ aglomeracji oraz grupowanie metoda
k — érednich (ang. k — means clustering). Novum postulowanego warsztatu polega na:
obiektywizacji ustalenia liczby klastrow bazujacej na analizie wartosci catkowitej wewnetrznej
sumy kwadratow (ang. total within sum of squares - wws) oraz indeksu Calinskiego 1 Harabasza
(CHIndex), weryfikacji wewnetrznej spojnosci i zewnetrznej izolacji klastrow na podstawie
parametru bootmean, profilowaniu wydzielonych klastrow.

Warsztat ten zostal stworzony i przetestowany najpierw w skali duzego miejskiego pola
opadowego — miasta Krakowa — na zbiorze Iacznie 1806 opadéw nawalnych
z 25 deszczomierzy. Uzyskane wyniki potwierdzity uzyteczno$¢ oraz powtarzalnosé
opracowanej w skali calego miasta metodyki rozdzialu zbiorow opadoéw nawalnych
1 identyfikacji hietogramow wzorcowych w poszczeg6élnych klastrach. Nastepnie metodyka ta
zostata wykorzystana do analizy zbioru 31646 deszczy nawalnych wydzielonych z bazy danych
projektu PANDa dla 100 deszczomierzy w Polsce. Uzyskane w ten sposob dane pozwolity na
stworzenie dla kazdego ze stu obszarow w kraju, kilku lokalnych wzorcéw opadowych, ktore
grupuja najbardziej charakterystyczne dla tych obszarow i najczesciej na nich wystepujace
dystrybucje opadu w czasie. Takie zestawy hietogramow lokalnych zostaly potem
zaimplementowane do tworzonej nowatorskiej aplikacji internetowej WaterFolder Connect,

ktora z ich wykorzystaniem bedzie umozliwiata wszystkim zainteresowanym na poprawne
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projektowanie, modelowanie pracy i weryfikacje dzialania matych, miejskich systemow
odwodnieniowych.

Do tej pory, na rynku polskim, zaden producent oprogramowania do modelowania
miejskich systemow odwodnieniowych nie dostarczat tak unikatowego zestawu danych,

pozwalajgcego na tatwiejsze, szybsze i doktadniejsze analizy.
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ABSTRACT

Despite growing access to precipitation time series records at a high temporal scale, in hydrology, and particularly urban
hydrology, engineers still design and model drainage systems using scenarios of rainfall temporal distributions predefined
by means of model hyetographs. This creates the need for the availability of credible statistical methods for the develop-
ment and verification of already locally applied model hyetographs. The methodology development for identification of
similar rainfall models is also important from the point of view of systems controlling stormwater runoff structure in real
time, particularly those based on artificial intelligence. This paper presents a complete methodology of division of storm
rainfalls sets into rainfalls clusters with similar temporal distributions, allowing for the final identification of local model
hyetographs clusters. The methodology is based on cluster analysis, including the hierarchical agglomeration method and
k-means clustering. The innovativeness of the postulated methodology involves: the objectivization of clusters determina-
tion number based on the analysis of total within sum of squares (wss) and the Califiski and Harabasz Index (CHIndex),
verification of the internal coherence and external isolation of clusters based on the bootmean parameter, and the desig-
nated clusters profiling. The methodology is demonstrated at a scale of a large urban precipitation field of Krakéw city on a
total set of 1806 storm rainfalls from 25 rain gauges. The obtained results confirm the usefulness and repeatability of the
developed methodology regarding storm rainfall clusters division, and identification of model hyetographs in particular
clusters, at a scale of an entire city. The applied methodology can be successfully transferred on a global scale and applied
in large urban agglomerations around the world.
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1. Introduction

Conducting calculations of non-stationary surface runoff of stormwaters
and their further transformation in the stormwater system, including deten-
tion and retention in water bodies, requires the scenarios availability of
rainfall temporal distribution. Precipitation scenarios employed by hydro-
logical models usually determine the values of outflow volumes observed
in the calculation results, the dynamics of their changes in time, and
changes in the water volume retained in various elements of the drainage
system. Due to historical conditions, and particularly calculation limita-
tions, for decades, only the simplest models naturally employing the sim-
plest rainfall scenarios could be implemented in practice in hydrology at
its various scales, and particularly in urban hydrology. An extreme example
can be the rational model, still commonly used today in designing urban
and road drainage systems. It employs block rainfall, i.e., a scenario of rain-
fall with a specified duration and constant intensity determined based on
the local IDF (Intensity-Duration-Frequency) model for the adopted fre-
quency of its occurrence (Kundzewicz and Licznar, 2021(2022)). The
block model is obviously a very specific rainfall scenario. Unlike in that
model, as observed for natural rainfall, hydrological analyses usually as-
sume the necessity of taking into consideration the temporal variability of
point rainfall intensity, usually described in the graphic form by means of
hyetographs. Adopting hyetographs in design aimed at reflecting rainfall
temporal distributions analogical to the temporal courses of locally re-
corded rainfalls, and implicitly also potential rainfalls that may occur in
the future. This has encountered numerous obstacles since the very begin-
ning, resulting not only from the stochastic (random) nature of rainfall,
but also from the multifractal nature of rainfall still unknown at the time.
It is currently already evidenced that even simple time series of rainfall re-
cords from single rain gauges have a multifractal structure escaping the
principles of simple Euclidean geometry (de Lima, 1998; Deidda et al.,
1999; Licznar, 2009). Due to this, and due to the limited availability of re-
search material (sets of precise rainfall records at a high temporal resolu-
tion), the historical methodology of hyetographs representative
development for modelling, customarily called model hyetographs, had to
be based on generalisation and simplification, and assumptions that should
be currently rejected or subject to suitable validation. All this creates the
need for undertaking new research in the scope of identification of model
hyetographs.

Interest in model hyetographs certainly increased with first attempts of
transition from stationary methods of calculation of urban stormwater sys-
tems towards non-stationary methods of simulation of their operation
during stormwater runoff. It became possible due to the implementation
of digital hydrodynamic models of sewage networks, such as
e.g., programme SWMM (Storm Water Management Model) (Nix, 1994).
Initially, however, due to the limited computing power of the available
computers, focus was only placed on flows simulations in the underground
canal system for single rainfalls. The model of stormwater runoff transfor-
mation in the sewage system was only combined with the hydrological sur-
face runoff model, describing stormwaters inflow to network nodes
(manholes and inlets) from the catchment area, and the stormwater system
effect. The interaction of the stormwater system with the rainfall receiver
was only possible to reflect by means of a suitable threshold condition on
the network outlet. Rainfall introduced to the first generation of stormwater
systems hydrodynamic models was a hyetograph of either a subjectively se-
lected actual storm rainfall recorded by a pluviograph, or an artificial model
hyetograph (often called model rainfall).

With rapid improvement of the computing power of computers, but
without excessive complication of the algorithms of hydrodynamic models,
it became possible to conduct simulations for entire series of local storm
rainfalls. Their use enabled actual implementation of long-term simula-
tions. After statistical processing, their final results could provide the
basis for the probabilistic verification of the drainage system functioning
in terms of stormwater system damming up frequency (Gires et al., 2012,
2013; Licznar, 2008), as well as e.g., the necessary volume of retention res-
ervoirs of stormwaters (Licznar, 2013). This new reality seemingly
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appeared to bring an end to the application of model hyetographs, at least
in the area of urban hydrology. Moreover, with the installation of urban
precipitation monitoring networks equipped with new generation elec-
tronic rain gauges, high temporal resolution rainfall series became much
more available. In simulations of large stormwater systems, particularly in
terms of development of their Real Time Control, records of rainfalls from
entire networks of rain gauges began to be applied, or even spatial data
from weather radars (Jakubiak et al., 2014). Afterwards at operational
phase of RTC systems above mentioned observational rainfall data sources
are often coupled with numerical weather predictions. It allows proper
short-term prediction of extreme rainfall events, indispensable for urban
flood alert broadcasting and selection of best scenarios of next RTC strate-
gies. Here, there is a vivid need for effective whether pattern recognition al-
gorithms, based on machine learning technique, as for example support
vector machine implemented by Nayak and Ghosh (2013) in case of Mum-
bai, India. Finally, in response to the stochastic nature of precipitation pro-
cesses, it was determined that it is the most credible to supply
hydrodynamic models with not so much historical precipitation data
(i.e., implementations of local precipitation processes that already took
place) as much richer synthetic data generated by means of local precipita-
tion generators (Molnar et al., 2006). Owing to progress in the scope of mul-
tiplicative random cascades, it became possible to develop generators not
only for generating rainfall series (1-D) (Giintner et al., 2001; Hingray
and Ben Haha, 2005; Licznar et al., 2011a, 2011b), but also spatial data
(2-D) (Over and Gupta, 1994; Rupp et al., 2012), or even spatiotemporal
data on rainfall (3-D) (Deidda, 2000).

Despite all the aforementioned conditions, the end of application of
model hyetographs in urban hydrology has not arrived yet. To a certain ex-
tent this probably results from the conservatism of the engineers them-
selves, preferring design and drainage systems modelling based on simple
and long-familiar model hyetographs. This facilitates their work e.g., in
terms of time and equipment requirements necessary for conducting hydro-
dynamic simulations, and in accordance with the conservative provisions of
rarely modified technical standards (Schmitt, 2000). Paradoxically, how-
ever, the application of model hyetographs is currently not limited to sim-
ple engineering works. They prove useful in the most advanced
consulting works. Such works employ a completely qualitatively new ap-
proach to modelling stormwater networks, called integrated modelling.
The software used for the purpose is much more advanced, because it com-
bines three models: the hydrological streams model (receivers of
stormwaters), the hydrodynamic stormwater network model, and the hy-
drological surface runoff model. The first two models are 1-dimentional,
whereas the surface runoff model is a 2-dimentional model with an addi-
tional fill parameter. Naturally, the latter must be coupled with the digital
terrain model (DTM). Although the application of integrated models brings
numerous benefits, e.g., in the form of the possibility of tracing floodings on
the surface of the DTM, it requires the use of complicated software
launched on equipment with high computing power. Also in this case, sim-
ulations of larger drainage systems prove time-consuming and prone to nu-
merical instabilities. As a result, simulation of runoff from the drainage
system ceases to be feasible for tens or even hundreds of scenarios of
storm rainfalls. In practice, complicated simulations on an integrated
model can be only conducted for certain characteristic precipitation. This
explains the return to the concept of the model hyetograph application or
a narrow group of model hyetographs in the case of time-consuming simu-
lations. It therefore remains an important issue to improve the methodol-
ogy that could efficiently and objectively determine what model
hyetographs would reflect local rainfall distributions variable in time in a
satisfactory way.

In the case of the methodology modernisation of the model hyetographs
development, it should be remembered that it began forming in the situa-
tion of strongly limited access to high temporal resolution rainfall records
and statistical tools supporting their processes. Rainfall was recorded by
means of simple rain gauges, e.g., pluviographs, and the records in the an-
alogue form were difficult to process. Their processing usually involved a
review of the records with designation of maximum rainfall with different
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durations and structure, and determination of the resulting empirical DDF
(Depth-Duration-Frequency) or IDF (Intensity-Duration-Frequency) depen-
dencies. Due to this, it was proposed to use the information contained in
DDF and IDF dependencies as the starting point for constructing model
hyetographs. Next to the rectangular shape of block rainfall mentioned in
the introduction, different authors recommended simple modifications of
the shape of hyetographs. For example, Sifalda (1973), analysing the hy-
draulic operation of the stormwater network, postulated a hyetograph
with a trapeze shape. At the scale of small catchments, Yen and Chow
(1980) proposed transformation of rainfall depth read for the predefined
duration and frequency from the DDF model into a triangular hyetograph.
Probably due to the common use of the unit hydrograph method in the con-
temporary hydrology aimed at providing an estimate of direct runoff
hydrographs resulting from given excess rainfall hyetograph, hyetographs
with possibly simple shapes were eagerly used, composed of regular geo-
metric figures. For example, in urban hydrology, Desbordes (1978) imple-
mented the application of a hyetograph composed of “three” triangles.
Peyron et al. (2002) attempted to simplify the shape through replacing
two triangles representing the start and end impulses with rectangular
courses. At the same time, in the conditions of Taiwan, Lee and Ho
(2008) postulated the application of a model hyetograph with a shape
built from two triangles. Even earlier, independently from the aforemen-
tioned papers, a concept appeared for the structure of the model
hyetograph to be completely based on the reading of the entire IDF curve.
The most classic example of the approach can be the continuous hyetograph
for the city of Chicago developed by Keifer and Chu (1957). Another repre-
sentative of this concept can be Euler type II model hyetograph (Schmitt,
2000), frequently encountered in the hydrodynamic modelling practice in
Poland and Germany. The underlying idea of this type of hyetographs struc-
tures assumes a single artificial rainfall scenario including maximum point
intensities for the entire hierarchy of partial times. It appears to be at vari-
ance with the observation of nature, where all maximums of point intensi-
ties are usually not recorded in a single rainfall at a specified level of
frequency for durations lower and equal to total duration. Nonetheless, re-
lying on the Euler type II hyetograph theoretically offers engineers the pos-
sibility to test the operation of the drainage system in a single simulation for
all maximum point intensities simultaneously at a specified level of fre-
quency of occurrence. Engineers are accustomed to using IDF curves, and
their transformation into a Euler type II model hyetograph requires only
simple algebra operations. In the case of analyses of larger drainage sys-
tems, it is even simpler for engineers in Poland and Germany to reach for
a hyetograph recommended in the guidelines of DVWK (1984). Its develop-
ment is based on the distribution of rainfall depth read from the DDF model
to three rectangles with different intensity levels.

With time, the methodology of model hyetographs determination could
be improved owing to the availability of increasingly richer measurement
data from rain gauge networks. It became feasible to determine model
hyetographs based on the large rainfall datasets analysis. The precursor of
such an approach was Huff (1967), who analysed data from 49 rain gauges
and 12 years (1955-1966) from the state of Illinois in the USA. Because the
rainfalls retrieved from the records had different total durations and depths,
he proposed normalisation of hyetographs, and application of dimension-
less hyetographs. This permitted comparison of a dataset of 261 rainfalls
that Huff (1967) classified according to whether the greatest percentage
of cumulative rainfall occurred in the first, second, third, or fourth quarter
of the storm duration. The resulting model Huff mass curves found numer-
ous applications in hydrology. The analogical methodology of temporal
variability analysis of rainfall distributions was not only repeated in further
research by Huff (1970, 1990) himself, but also by many other scientists,
e.g., Pani and Haragan (1981), Bonta and Rao (1987), Bonta (2004),
Terranova and Iaquinta (2011), Elfeki et al. (2014), Pan et al. (2017).
Hydrologists in the USA also commonly apply model hyetographs defined
by means of dimensionless mass curves recommended by the SCS (Soil
Conservation Service) (McCuen, 1986). The increasingly rapidly growing
digital databases of rainfalls records from electronic rain gauges, and the
progress in the scope of data mining techniques nowadays allows for the
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continuation of the trend determined by Huff (1967), and model
hyetographs determination based on the actual local rainfall analysis.

Access to a large data base from 25 electronic weight rain gauges from
the municipal precipitation monitoring network of Warsaw (Poland) has
become the impulse for the verification whether the Euler type II model
hyetograph applied in practice, developed based on the IDF curve, corre-
sponds with temporal distributions of actual rainfalls. For this purpose,
out of approximately 20-year precipitation series, Licznar and Szelag
(2014) desinated a total of 669 storm rainfalls. The set was then divided
into subsets with increasing durations, expressed in minutes: [0-45],
(45-60], (60-90], (90-120], (120-180], (180-240], (240-300],
(300-3601], (360-420]. Each of the subsets was moreover supplemented
by an additional Euler precipitation model (type II) developed based on
the local IDF curve. All subsets were then analysed with the application of
the hierarchical agglomeration method. Based on the obtained dendro-
grams, Licznar and Szelag (2014) observed that precipitation recorded in
Warsaw, even those with approximate durations, have evidently differing
hyetographs. Moreover, in each of the subsets, Euler model precipitation
(type II) was an extreme outlier in the structure of the dendrogram with
the highest bond distance towards all actual rainfalls. Results of the study
have become an impulse for the search for a method of designation of
more representative local model hyetographs. For this purpose, Licznar
et al. (2017) proposed the application of cluster analysis tools in the form
of not only the hierarchical agglomeration method, but also non-
hierarchical k-means clustering. The methodology also found applications
for example in research by Licznar (2018) and Wartalska et al. (2020).
Nonetheless, it leaves evident gaps. Its greatest weakness is completely sub-
jective a priori adoption of number k of clusters, i.e., the number of final
rainfall models. Two further missing components of the methodology in-
clude the objective assessment of the classification results and cluster profil-
ing. They are increasingly important, because in the context of new
challenges in urban hydrology, striving for ‘smart city’ solutions involves
not so much searching for model hyetographs themselves as the possibility
of fast and efficient search of similar temporal models of rainfalls. Runoff
control systems employing artificial intelligence aim at the implementation
of the most effective strategy of the forecasted scenario control of
stormwater runoff, adopted based on the already implemented in nature
and recorded precipitation phenomenon and runoff caused by rainfall
with possibly similar rainfall temporal distribution in reference to local
rainfall forecast from the nowcasting system. The final question to be an-
swered from the engineering practice point of view is: to what extent the
application of the cluster analysis brings results repeatable at the natural
spatial scale of extensive municipal drainage systems? Can for example
model hyetographs developed based on rainfall series from nearby rain
gauges be treated as credible for analyses of precipitation-runoff phenom-
ena in the territory of the entire city?

Considering the overview of the methodology state of rainfall classifica-
tion in terms of its temporal distribution and model hyetographs identifica-
tion, the primary objective of this paper is to present the complete cluster
analysis methodology supplemented by objective determination of the
number of classes, credible assessment of the classification results, and clus-
ter profiling. Another primary objective of the paper is to demonstrate the
postulated complete cluster analysis methodology at the scale of a large
urban precipitation field, and the resulting answer to the question whether
model hyetographs retrieved from records of different rain gauges show
mutual compatibility.

The pragmatic objective of the study is the complete methodology de-
velopment of designation of local model hyetographs throughout Poland.
In the years 2016-2020, the project of the Polish Atlas of Rains Intensities
PANDa was implemented, resulting in a digital base of rainfalls at high tem-
poral resolution (after 30 years of observation from 100 stations), and the
national rainfall atlas composed of 12,885 local IDF models ascribed to
areas designated through the division of Poland with a grid with field di-
mensions of 5 km per 5 km (Burszta-Adamiak et al., 2019; Licznar et al.,
2020). The PANDa atlas provides the basis for the publicly accessible digital
design platform www.waterfolder.com, where you can design and select
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among others: retention reservoirs of stormwaters, infiltration reservoirs
for stormwaters, linear drainage units, gravitational canals of stormwater
systems, stormwater pumps and pumping stations, and green roof surfaces.
In the scope of the new WaterFolder Connect project, works are currently
undertaken aimed at the integration of tools of selection and enabling hy-
drodynamic simulations of newly designed drainage systems. This will re-
quire the designation of local hyetographs for particular areas of Poland.
The developed methodology presented in this article is planned to be ap-
plied at the scale of the entire country, and then globally.

2. Materials and methods
2.1. Study area

Research on objective classification of storm rainfall hyetographs by
means of classification quality assessment indices was conducted at a
large scale of an urban precipitation field in the territory of Krakéw.
Krakéw is the second largest city in Poland in terms of population (~
767,000) and surface area (327 km?), located in the south of the country
on the Vistula River. The study employed part of the resources of the Polish
precipitation data base of the Polish Atlas of Rains Intensities (PANDa) pro-
ject, and records from the local rain gauge network of the Municipal Water
Supply and Sewerage Company (MWSSC) in Krakéw.

At the initial stage of the PANDa project in the years 2016-2017, a dig-
ital base of rainfall series was developed for a total number of 100 rain
gauges in Poland. Then it was analysed in terms of occurrence of maximum
rainfall intensity (Burszta-Adamiak et al., 2019). The base included among
others records from a rain gauge installed in the area of the Krakéw-Balice
airport (50°04’40”, 19°47’42") at a height of 237 m a.s.l., and rain gauge in
station Krakéw-Wola Justowska (50°03’50”, 19°53/25") at a height of 204
m a.s.l. (Fig. 1). For station Krakéw-Balice, records from the multiannual
period 1986-2006 were available, and for station Krakéw—Wola Justowska
records from the multiannual period 2007-2015. In that set, digital record
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series from the years 1986-1998 resulted from the digitalisation of
pluviograph recording strips. The computer-aided method of conversion
of pluviograph recording strips to digital format similar to that proposed
by Licznar et al. (2011a) was adopted. Records from a standard unheated
pluviograph (200 cm? orifice) covered warm year periods between spring
(April or May) and autumn (October or November) when most of storm
rainfall events occur in Poland. For later years, i.e., for the multiannual pe-
riod 1999-2015, all-year records from electronic tipping bucket gauges
were already available. On station Krakéw-Balice, rainfall was recorded
by an electronic rain gauge Aster TPG, and on station Krakéw-Wola
Justowska, by an electronic rain gauge Met One Instruments 60,030. The
resolution of recording rainfall depth in the case of the aforementioned de-
vices was 0.1 mm and 0.2 mm, respectively, and their inlet surface was 200
cm?. Records of local rainfall provided for the research by the MWSSC came
from a network of a total of 23 rain gauges distributed throughout the city
(Fig. 1).

The entire network was composed of electronic tipping bucket gauges
operating during both the summer and winter half-year. In all stations,
rain gauges Hobo RG3M were installed, with rainfall record resolution of
0.2 mm and inlet surface of 200 cm?. Unfortunately, records of rainfall se-
ries from these rain gauges were considerably shorter than in the case of
the data base of the PANDa project, covering a period of 30 years
(1986-2015). Detailed information regarding periods of rainfall records
by particular rain gauges of the measurement network in Krakéw is pro-
vided in Table 1 in the chapter discussing results obtained in the scope of
designation of storm rainfalls. It should be emphasised that all rain gauges
used in the analysis were located within the administrative boundaries of
the city. The only exception was rain gauge Krakéw-Balice located in the
direct vicinity of the city boundaries, in the area of the nearby airport. All
rainfall series from the entire period of monitoring of the precipitation
field, recorded directly in digital form by tipping bucket gauges, as well
as those resulting from digitalisation of records on pluviograph record
strips, had a uniform temporal resolution of 1 min.
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Table 1

Science of the Total Environment 829 (2022) 154588

List of rain gauges belonging to sets No. 1 and 2 with characteristics of designated storms.

No. Rain gauge location Observation Number of Minimum duration, Maximum duration, Minimum precipitation Maximum precipitation
period storm rainfalls min. min. amount, mm amount, mm
Set No. 1
1 Krakéw - Balice 1986-2006 313 24 2329 10.0 105.0
2 Krakéw — Wola Justowska 2007-2015
Set No. 2
1 Belzy 2016 + 2018 36 89 1639 10.6 74.0
2 Chabrowa 2014 + 2018 41 22 2206 10.2 52.8
3 Miedziana 2010 + 2018 128 20 4359 10.15 121.6
4 Jeziorany 2013 + 2018 86 59 2615 10.0 81.2
5 Kampus UJ 2014 + 2018 67 14 1940 10.2 67.6
6 Kostrze 2013 + 2016 33 49 2377 10.4 43.8
7 Krzemionki 2015 + 2018 59 39 1927 10.0 68.2
8 Kujawy 2013 + 2016 40 32 2258 10.2 93.6
9 Lindego 2008 + 2018 106 21 3015 10.0 60.0
10 Narciarska 2014 + 2018 49 17 2324 10.0 76.0
11 Olsza 2011 + 2012 11 38 1065 10.4 19.4
12 Plaszéw 2011 + 2018 100 26 2499 10.0 69.6
13 Reduta 2015 + 2018 49 47 2517 10.0 62.4
14 Rybna 2015 + 2018 43 22 1697 10.2 61.8
15 Rzepichy 2012 + 2018 80 22 2500 10.0 57.2
16 Senatorska 2013 + 2018 81 34 2134 10.2 67.2
17 Skotniki 2009 5 67 839 10.2 24.2
18 Stojatowskiego 2011 + 2018 92 32 3239 10.2 64.8
19 Szwedzka 2008 + 2018 49 21 4576 10.0 145.4
20 Wilga 2013 + 2018 102 25 2518 10.0 73.6
21 Witkowice 2013 + 2018 60 31 2121 10.2 86.0
22 Zaglowa 2012 + 2018 86 22 2405 10.0 82.4
23 Zawita 2013 + 2018 91 65 2595 10.2 82.2

2.2. Applied methodology

Based on the available time series of rainfall records (from the rain
gauges of the PANDa project and from the network of MWSSC), storm rain-
falls were designated by standard criteria proposed by Schmitt (2000) for
identifying storms for urban drainage systems modelling. They are standard
criteria applied in Germany and Poland, and used in the already cited paper
by Licznar et al. (2011a). The adopted threshold minimum value of the total
amount of storm rainfall was 10 mm, and the minimum time interval be-
tween single rainfall events was at least 4 h. The designation of rainfalls
in reference to dry periods also employed the minimum value of rainfall
depth of 0.1 mm during 5 min as the threshold value for the interval to
be considered as part of a rainfall event in terms of duration and precipita-
tion amount. The result of designation of storm rainfalls separately from
rain gauges of the PANDa project and the MWSSC network were data sets
called set No. 1 and No. 2, respectively. Set No. 3 analysed in the final
part of the research constituted a combination of sets No. 1 and No. 2.

Due to the differing durations and total depths of the designated storm
rainfalls, further analysis of the sets, i.e., mutual comparison and identifica-
tion of typical (quantifiable, model) distributions during rainfalls, involved
double normalisation of cumulative hyetographs. This procedure was con-
ducted in accordance with the methodology described in the publication
(Licznar et al., 2017). It corresponded with the methodology of develop-
ment of dimensionless hyetographs by Huff (1967). For this purpose, for
each storm rainfall, total duration and total rainfall depth was determined.
Next, each cumulative storm rainfall hyetograph with known total duration
was divided into 100 even time intervals. For each of the subsequent inter-
vals, a corresponding cumulative rainfall increase was determined. Subse-
quent cumulative precipitation increases were divided by total rainfall
depth, obtaining unitary cumulative precipitation increases. As a result,
the shape of each of the storm rainfalls was reflected by a hyetograph nor-
malised to a range from 0 to 100% for duration and to a range from O to 1
(100%) for rainfall depth.

The mutual comparison of shapes of normalised (dimensionless)
hyetographs within the analysed sets, and further designation of typical
storm hyetographs that could be considered model hyetographs, useful

e.g., for modelling of local drainage systems, employed tools for mining
large data sets in the form of cluster analysis algorithms. Unlike in the
case of earlier attempts to apply cluster analysis for the classification of
storm rainfall hyetographs and for identification of model hyetographs
(Licznar et al., 2017; Licznar, 2018; Wartalska et al., 2020), this study ap-
plied a complete cluster analysis methodology. The complete cluster analy-
sis methodology involves seven stages (Milligan, 1996; Zhou et al., 2014):

1) Selection of objects and variables;

2) Selection of the formula of normalisation of variable values;
3) Selection of distance measure;

4) Selection of classification method;

5) Determination of the number of classes;

6) Assessment of classification results;

7) Class description (interpretation) and profiling.

The implementation of the first two points of the methodology,
i.e., selection of objects and their variables, combined with normalisation
of their values, was already characterised earlier, and aimed at the develop-
ment of sets of normalised (dimensionless) hyetographs. Two further stages
3 and 4, covering the selection of classification methods and distance mea-
sures, were analogical to those in the already published papers by Licznar
et al., 2017, Licznar, 2018, Wartalska et al., 2020. In comparison to these
publications, three last missing stages of the cluster analysis were added
in this paper, including: objective determination of the number of classes,
and assessment of classification results, combined with simplified class pro-
filing. This resulted in a coherent research methodology allowing for the
classification of storm rainfall hyetographs, their division into the objec-
tively determined number of clusters, determination of courses of model
hyetographs, and their simplified profiling.

Cluster analysis tools find broad practical application in collating large
data sets. Their implementation in the case of such sets permits the separa-
tion of their objects into a certain number of subsets, called clusters, cover-
ing mutually similar objects. The requirement of decouplability and
sufficiency of the designated clusters is met, i.e., each of the elements be-
longs to a specific single cluster (Larose, 2005; Stanisz, 2007). Therefore,
the sum of all clusters corresponds with the initial large set of objects, and
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particular clusters are separate and have no elements in common. In each
cluster, objects are approximate, mutually similar, and simultaneously dif-
ferent from objects in other clusters. Depending on the adopted method,
the division into clusters can be conducted to an a priori determined or un-
determined number of clusters. In research in the Krakéw polygon, cluster
analysis was applied to the division of sets No. 1, No. 2, and No. 3 of dimen-
sionless cumulative hyetographs of storm rainfalls into an undetermined,
and then determined number of clusters. For this purpose, the hierarchical
agglomeration method and non-hierarchical k-means clustering method
were implemented.

Agglomeration methods have already found application in research on
precipitation, not only in the context of search for similarities in temporal
distribution of storm rainfalls for particular locations (Licznar et al., 2017;
Wartalska et al., 2020), but also in the case of research on the variability
of precipitation conditions within a large municipal precipitation monitor-
ing network (Licznar et al., 2015). In their research conducted on the mu-
nicipal monitoring network in Warsaw (including 25 rain gauges),
comparable to that in Krakéw in terms of size, Licznar et al. (2015) success-
fully implemented agglomeration methods to evidence similarities of em-
pirical distributions of breakdown coefficients (BDCs) of rainfall from rain
gauges located in different points in the city, for hierarchies of timescales,
corresponding with time from 5 min to 1280 min. Agglomeration methods
applied in this type of research aim at combining mutually similar objects
through the application of appropriate measures of their mutual distance
and the agglomeration method. The starting point is treating each object
as a separate cluster. At the subsequent stages of agglomeration, objects
most mutually approximate according to the defined measure (i.e., most
similar by default) are combined into new clusters, covering objects and
clusters resulting from earlier stages, until a single cluster is obtained.
Based on the experience of other authors (Licznar et al., 2017; Wartalska
et al., 2020), in research in the Krakow polygon, the already verified dis-
tance metrics were applied: Euclidean and Euclidean squared distance.
The Euclidean distance metric d(x,y) for two objects x = (xy, ..., X,) and
y = (1, ..., ¥r), characterised by r measurement values, is expressed in
the following formula (Larose, 2005; Stanisz, 2007):

d(x,y) = \/ T (=) )

The Euclidean distance metric has simple and natural interpretation in
the case of objects defined by only two or three measurement values (r =
2 orr = 3), because in that case its equivalent is distance on a plane and
in space of two points x and y. Through analogy, in the case of the analysed
sets of normalised hyetographs, the Euclidean distance between pairs of
hyetographs was determined in space with a considerably higher number
of dimensions (for r = 100).

Next to adopting a particular mutual distance metric for objects in the
measurement space, the objective of combining mutually similar objects
and clusters also requires the application of a particular method of their ag-
glomeration. In this case, also based on the already cited papers (Licznar
et al., 2017; Wartalska et al., 2020), the popular unweighted pair-group
method was applied. In this method, differences in distances between all
pairs of elements included to particular clusters are calculated. Values of
the averaged differences between all pairs are adopted as the measure of
distance between particular clusters. Due to this, it is known which ele-
ments of the sets are mutually similar and can be included to shared clus-
ters, and moreover to what extent particular clusters are mutually similar
and can be agglomerated into structures of larger clusters. A natural conse-
quence of this is forming on the dendrograms (the resulting diagrams of the
set structure in relation to the increasing bond distance, and therefore de-
creasing similarity between its elements) characteristic ‘chains’ made of
similar objects developing increasingly extensive clusters.

Considering the primary study objective, i.e., the determination of
model hyetographs, a more significant research tool was k-mean clustering.
The application of this tool permitted separation of the analysed sets into k
independent clusters differing to the greatest possible degree. In the case of
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earlier research on model hyetographs (Licznar et al., 2017; Wartalska
et al., 2020), the application of the k-means method always involved ques-
tionable adopting of k number of clusters subjectively estimated based on
the analysis of previously prepared dendrograms. It was assumed that at a
certain level of bond distance, the chains of clusters can be cut to obtain sev-
eral separate subsets of mutually similar dimensionless hyetographs. The
obvious weakness of such an approach was lack of justification of the
adopted level of bond distance at which the dendrogram was divided
(cut). Moreover, as not observed in earlier papers (Licznar et al., 2017;
Wartalska et al., 2020), simple cut-off of dendrograms at a given level of
and distance and obtaining k clusters was not equivalent to the determina-
tion of the same number k of independent clusters by means of the k-means
clustering method. Particular clusters could include differing subsets and
objects as a result of differences in the classification methods between the
hierarchical agglomeration method and non-hierarchical method, namely
k-means clustering.

Unlike in the case of the hierarchical agglomeration method, aimed at
combining objects and subclusters, agglomeration by means of the k-
means clustering method aims at fragmenting the entire set into the a priori
defined number k of clusters, whereas none of the k clusters is the subclus-
ter of another cluster. The algorithm of agglomeration by means of the k-
means clustering method therefore involves development of k subclusters,
and then moving objects across them for distances between them within
the subclusters to be as small as possible, and for distances between subclus-
ters to be as large as possible. The moving procedure is repeated iteratively
aiming at the most efficient separation of clusters (Larose, 2005). The final
objective is arriving at a solution in which the designated clusters meet two
criteria: that of internal coherence and external isolation (Gordon, 1999).
This task was implemented in the computing environment of language R
due to the resulting calculation difficulties. Their primary source was the
number of classified objects. The number of all divisions of a set of n ele-
ments into k non-empty clusters is escribed by the following formula
(Everitt et al., 2001; Gordon, 1999):

Link) = % 3~ (k >v )

s=1 §

where s is the number of class (s = 1..., k). In accordance with formula (2),
even in the case of a very small set of 10 objects with their division into 4
non-empty clusters, the number of all possible divisions is 34,105 (L
(10.4) = 34,105). For comparison, research has involved division of large
sets of hyetographs including hundreds or even thousands of storm rain-
falls.

These calculation challenges were further considerably multiplied dur-
ing analyses of measurement sets No. 1, 2, and 3 due to multiple launching
of the clustering algorithm with the application of the bootstrap method. In
statistics, bootstrap methods are used to estimate the distribution of estima-
tion errors by means of multiple sampling with replacement. Their imple-
mentation in the case of research on storm hyetographs from Krakéw
meant that the clustering algorithm was performed 150 times, each time
for random samples from the analysed sets. Results obtained in subsequent
iterations were compared, allowing for the designation of values of the
bootmean parameter. The bootmean parameter was calculated as a mean
value of the Jaccard index (Jaccard similarity coefficient) for each of the
designated clusters. The Jaccard coefficient itself measures similarity be-
tween two sets, and is determined as the ratio of power set of the intersec-
tion of sets and power set of sum of these sets. High values of the Jaccard
coefficient approximate to 1 strongly suggest perfect repeatability of the
separation of objects into clusters. It is assumed that exceeding the thresh-
old of 0.6 for Jaccard coefficients for each of the clusters suggests no occur-
rence among the designated clusters of clusters with random character,
i.e., those including rainfall models deviating from the remaining clusters,
but simultaneously not mutually similar. The verification of the above cri-
terion allows drawing conclusions regarding the resulting clusters meeting
the criteria of internal coherence and external isolation (Gordon, 1999).
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The bootmean parameter was used in the study for conducting assessment
of results of the classification of particular sets No. 1, 2, and 3.

The compute-intensive process of k-means clustering was preceded by
the stage of determination of the number of classes. For this purpose, a
methodology was adopted analogical to that applied in research on tempo-
ral distributions of hourly water uptakes by Dziminska et al. (2021). The
analysis of previously prepared dendrograms provided the basis for the de-
termination of a potential range of the number of clusters that should be
considered in the case of division of storm rainfalls in Krakéw. The optimal
number of clusters was designated from that range based on the analysis of
the total within sum of squares (wss) and values of the Caliniski and
Harabasz Index (CHIndex) for a variable number of clusters. Values of
total within sum of squares (wss) and the Califiski and Harabasz Index
(CHIndex) were calculated in accordance with the following formulas
(Walesiak and Gatnar, 2009):

wss = 3 3 ec, le—mill, ©)
SSp N—k

Hindex = 228 . 2% 4

CHIndex T “)

where: k —number of clusters, x — element of a set, C; —i-th data cluster, m; —
cluster centroid i, |x — mj||* Euclidean distance between two vectors, N —
total number of observations (elements of a set), SSg — total variance be-
tween clusters (trace of interclass covariance matrix), SSyy — total internal
cluster variance (trace of intraclass covariance matrix). The value of wss
naturally decreases with an increase in the number of clusters k. Nonethe-
less, the gradient of the decrease evidently decreases after reaching a cer-
tain number of clusters considered optimal. In the case of the Caliniski and
Harabasz Index, the number of clusters is searched, considered optimal,
for which its value is the highest. In accordance with formula (4), this
means the occurrence of maximisation of the ratio of SSz and SSy,
i.e., particular clusters differ from one another very significantly, and the el-
ements of the set agglomerated in particular clusters are strongly mutually
similar (relatively weakly variable).

The last seventh stage of the research covered the description (interpre-
tation) and profiling of the obtained clusters. For all the clusters, their cen-
troids were determined (arithmetic averages calculated from the original
values of each variable based on objects developing a given cluster). This
provided the basis for obtaining sets of normalised hyetographs for each
of the analysed sets No. 1, 2, and 3. They were subject to mutual compari-
son. Finally, simplified profiling of clusters was conducted. The objective of
cluster profiling is the identification of characteristic features of particular
clusters allowing for the determination of differences between them. Clus-
ter profiling is conducted based on variables that did not take part in the
process of classification of the set of objects. In the case of research on
hyetographs of storm rainfalls from Krakéw, the available variables that
did not participate in the process of classification of the set of objects
were total rainfall depths and total rainfall durations. These general rainfall
characteristics permitted the determination of distributions of mean precip-
itation intensities in particular clusters, i.e., simplified profiling of clusters
in terms of explanation of differences in the obtained types of model
hyetographs from the point of view of intensities of the represented storms.

3. Results and discussion

Based on the adopted criteria (Schmitt, 2000), from set No. 1, covering
time series of precipitation records from 30 years for rain gauges of the
PANDa project, a total of 313 storm rainfalls were designated (Table 1), cor-
responding to the frequency of their occurrence at a level of approximately
10 storms per year. Analogically, from the larger set No. 2 of precipitation
series from 126 years, recorded on 23 rain gauges of the MWSSC network,
a total of 1494 storm rainfalls were designated (Table 1), corresponding to
the frequency of their occurrence at a level of approximately 12 storms an-
nually. The obtained quantities of data sets were in accordance with the ex-
pectations and results of previously published research from the territory of
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Poland. For example, from a set of digitalised pluviography storm records
from 38 years from Wroctaw (south-western Poland), Licznar et al.
(2011a) designated 250 storm rainfalls based on the same criteria, deter-
mining their frequency of occurrence at a level of 6.6 times per year. The
lower precipitation frequency results from the fact that at each stage, pre-
cipitation records covered only periods of 5-6 months with positive air tem-
peratures that allowed for the exposure of non-heated pluviographs. For
comparison, in the polygon of the rain gauge network of the city of
Warsaw composed of 25 electronic weighing rain gauges recording precip-
itation throughout the year, the criteria proposed by Schmitt (2000) per-
mitted the designation of a total of 669 storm rainfalls (Licznar and
Szelag, 2014). The latter figure, in the context of records somewhat longer
than two years (114 weeks) for each of the rain gauges, translates into the
frequency of occurrence of storms equal to 12.3 events per year per single
observation point.

Particular rainfalls differed in their courses in time. It is evident based
on the example of cumulative normalised (dimensionless) hyetographs of
set No. 1 in Fig. 2. A large majority of rainfalls, both in the case of set No.
1 and No. 2, had hyetographs considerably differing from theoretical
hyetographs recommended for application as rainfall scenarios for hydro-
dynamic modelling of municipal drainage systems, such as: block rainfall,
model rainfall according to DVWK, or model rainfall according to Euler
type II. This observation also remains in accordance with research of
other authors who already previously questioned the justification of drain-
age systems modelling in Poland commonly being based on model rainfall
according to Euler type II (Licznar and Szelag, 2014; Licznar et al., 2017).

The designated storm rainfalls in particular sets No. 1 and 2 also differed
in terms of total durations and total rainfall depths. In set No. 1, total depths
of storm rainfalls were in a range from 10.0 to 105.0 mm, and their dura-
tions varied from 24 to 2329 min. These parameters in set No. 2 varied
within similar ranges from 10.0 to 145.4 mm and from 14 to 4576 min in
the case of total depths and total durations, respectively. These values
also showed similar distributions in both analysed sets, as confirmed by his-
tograms included in Fig. 3. A vast majority of storm rainfalls was
characterised by total rainfall depth in a range from 10 mm to 20 mm,
and their total durations varied from 2 h to 12 h. The similarity of total dis-
tributions of rainfall depths and durations in sets No. 1 and No. 2 presented
in Fig. 3 at least partially justifies the possibility of use of sets of storm rain-
falls recorded in stations in city outskirts and belonging to the national pre-
cipitation monitoring network in the context of issues regarding urban
hydrology at a scale of a city as large as Krakéw.

The analysed sets No. 1 and No. 2 of normalised cumulative precipita-
tion were used for preparing dendrograms presented in Fig. 4a and b, re-
spectively. As demonstrated based on the example of the least abundant
set No. 1 in Fig. 4a, even in the case of number of objects only slightly ex-
ceeding 300, their abundance makes the prepared detailed dendrogram
largely illegible. Due to this, the same dendrogram and all remaining den-
drograms for more abundant sets were prepared for a number of leaf
nodes reduced to 30 (Figs. 4a, b, 5a, and b), considerably improving their
legibility. In practice, this measure corresponded with cut-off of detailed
dendrograms at a level of bond distance of approximately 1.0. On the pre-
pared dendrograms in Fig. 4a and b, it is easy to recognise the characteristic
structures in the form of chains connecting similar objects or subclusters of
objects occurring for lower bond distances. The obtained image of dendro-
grams therefore corresponded in terms of quality to dendrograms published
in earlier papers regarding the application of agglomeration methods in the
analysis of precipitation hyetographs (Licznar and Szelag, 2014; Licznar
etal., 2017; Licznar, 2018; Wartalska et al., 2020). In the case of Fig. 4b, no-
tice that its structure included a cluster with number 29 with extremely
high bond distance (approximately 5.5). Detailed analysis of cluster No.
29 in Fig. 4b showed that it is composed of only one object.

The object was a hyetograph of a storm rainfall designated from records
of rain gauge No. 12 in Ptaszéw in 2014 (Fig. 6). The rainfall had a total
depth of 13.2 mm and total duration of 507 min. Although the rainfall
event formally meets the adopted criteria of storm rainfall (Schmitt,
2000), it showed very specific course in time (Fig. 6). For the first 460
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Fig. 2. Cumulative dimensionless hyetographs of 313 storm rainfalls from Krakéw (set No. 1).

min. of the rainfall, only 0.8 mm of rain was recorded. In the second, con-
siderably shorter, final part of the rainfall lasting 47 min, 12.4 mm of rain
was recorded. Considering this very specific course of the rainfall in time,
it was excluded from set No. 2, and the analysis was continued for a set of
1493 normalised hyetographs of the remaining rainfall events.

For the adjusted set No. 2 including 1493 objects, the dendrogram pre-
sented in Fig. 5a was obtained. As a result of elimination of outliers in the
form of a single rainfall event from rain gauge No. 12, a dendrogram was
obtained with a maximum bond distance at a level somewhat higher than
4.0, comparable like in the case of set No. 1 (Fig. 3). Importantly, after
the adjustment, the most deviating cluster with number 24 was not com-
posed of a single object, but covered normalised hyetographs for 9 different
storm rainfalls (combined into a single cluster for bond distances lower
than 1.0). At the final stage of application of hierarchical methods for
analysing structures of sets of normalised hyetographs, a dendrogram was
also prepared for set No. 3, constituting a combination of sets No. 1 and
No. 2, presented in Fig. 5b. The dendrogram obtained in the case of set
No. 3, prepared for 1806 dimensionless storm rainfall hyetographs, had a
structure analogical to that of the already discussed dendrograms in
Figs. 4a and 5a. Its maximum bond distance did not exceed 4.0, and it
showed characteristic chain connections of similar subclusters of objects,
mutually connecting for bond distances of less than 1.0. Irrespective of
the similarities indicated herein, the comparison of three dendrograms ob-
tained for sets No. 1, 2 and 3 (Figs. 4a, 5a, and b) provided no basis for an-
swering the question regarding the appropriate and unquestionable
number of classes in the division of normalised hyetographs from Krakéw
into clusters. To illustrate the problem in a simple way, even if a certain sub-
jective level of bond distance is adopted a priori, e.g., 1.75, then the struc-
ture of the dendrogram of sets No. 1, 2 and 3 allows for designating the
following mutually divergent numbers of clusters: 11, 9 and 6. Considering
the substantial discrepancy in terms of number of clusters in further re-
search, a potential range of the number of clusters k was subject to analysis,
covering values from 2 to 20.

The results of calculations of the Califiski and Harabasz Index values
(CHIndex) as well as total within sum of squares (wss) for the number of
clusters k within a range from 2 to 20 for set No. 1 are presented in Fig. 7.

Diagrams of both parameters directly suggest that the optimum number
of clusters for set No. 1 should be adopted as equal to 4 (k = 4). By theory,
wss values naturally decrease with an increase in the number of clusters k,

although the decrease gradient evidently decreases after reaching number
of clusters k = 4. For the same number of four clusters, maximum CHIndex
value is also observed (CHIndex = 170). In accordance with formula (4), a
high CHIndex value is correlated with maximisation of the ratio of SSp and
SSw. This means that particular clusters very significantly differ from one
another, and elements of the set grouped in particular clusters are strongly
similar to one another (relatively weakly variable).

The determination of the optimum number of clusters k = 4 was
followed by the k-means clustering process for set No. 1 of normalised cu-
mulative hyetographs from Krakéw. Through the application of the boot-
strap method, the following values of the bootmean parameter were
obtained for subsequent clusters from 1 to 4: 0.72; 0.65; 0.84, and 0.74.
Bootmean parameter values were higher than 0.6 for all four clusters.
This evidences that the designated four clusters included no cluster with
random character, i.e., one that includes rainfall models deviating from
the remaining three clusters, but at the same time not mutually similar.
As a result of the k-mean clustering process for set No. 1 including 313 cu-
mulative normalised hyetographs from Krakéw, clusters No. 1, 2, 3, and 4
were ascribed 102, 93, 68, and 50 rainfalls, respectively. This corresponded
with the share of 35%, 32%, 23%, and 17%, respectively, throughout the
set of analysed rainfalls.

For the designated clusters, averaged dimensionless cumulative storm
rainfall hyetographs were determined, presented in Fig. 8. The cumulative
dimensionless hyetographs were also transformed to the form of storm rain-
fall hyetographs presented in Fig. 9.

The analysis of the obtained model hyetographs shows that the most fre-
quently occurring hyetographs of type 1 and 2 (35% and 32%, respectively)
have relatively even values of point rainfall intensity (point rainfall depths
for unitary duration intervals of 1/100 of total duration do not exceed 2%
total rainfall depth). The rainfalls, however, do not correspond with the
simplified block rainfall model, commonly used in designing drainage sys-
tems, and even sporadically applied in their hydrodynamic modelling. In
the case of numerous unitary duration intervals, point rainfall depths differ
from 1%, they are considerably lower, and frequently approximate to 0.5%,
or considerably higher, reaching approximately 2% of total rainfall depth.
The substantially more seldom occurring model hyetograph for cluster 3
has a shape very generally approximate to model rainfall according to
Euler type Il recommended by Schmitt (2000) for modelling stormwater
systems. Unlike in the case of rainfall model according to Euler type II,
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Fig. 3. Histograms of rainfall depths and durations for the designated sets of rainfalls from Krakéw, diagrams in the top row for set No. 1 (313 rainfalls), diagrams in the

bottom row for set No. 2 (1493 rainfalls).

the greatest rainfall accumulation occurs not in 1/3 of rainfall duration, but
already in its initial part, during the first 10% of the duration of the entire
rainfall. Moreover, this accumulation has no character of a very sharp
peak (point rainfall depths for unitary duration intervals of 1,/100 of total
duration do not exceed 4% of total rainfall depth). The most seldom occur-
ring hyetograph shape is that determined in the case of cluster 4. With a
high degree of generalisation, the hyetograph can be treated as a mirror re-
flection of the model hyetograph of cluster 3. This is not strictly accurate,
because the rainfall accumulation occurring in the final part of the
hyetograph is very obscure. It is observed in the final interval covering ap-
proximately 30% of the entire rainfall, and point rainfall depths for unitary
duration intervals of 1/100 of total duration do not exceed 2.5% of total
rainfall depth in that case. Moreover, at the very beginning of the model
hyetograph for cluster 4, a small rainfall peak occurs, with no equivalent
in the final part of the model hyetograph for cluster 3. Referring to he dis-
cussed results obtained in the analysis of set No. 1 from Krakéw, it is
worth emphasising that the obtained courses of cumulative model
hyetographs in Fig. 8 were very approximate to the cumulative model
hyetographs obtained by Licznar (2018) for another rain gauge from
Poland, as a result of application of clustering of a set of 213 storm rainfalls
by means of the k-means clustering method for a subjectively adopted num-
ber of 4 clusters. The obtained results also remain in accordance with ear-
lier studies from the territory of Poland that question the justification of
common application of the synthetic rainfall model according to Euler

type II due to its deviation from the vast majority of scenarios of temporal
course of actual storm rainfalls (Licznar and Szelag, 2014; Licznar et al.,
2017).

Diagrams of the dependencies of the Caliiski and Harabasz (CHIndex)
index values and total within sum of squares (wss) on the number of clusters
k developed for set No. 2 are presented in Fig. 10.

Analogically to set No. 1, they provide the basis for the determination
that the optimum number of clusters for set No. 2 should be adopted as
equal to 4 (k = 4). For four clusters (k = 4), an evident peak of the CHIndex
is observed (CHIndex = 801), and the curve of total within sum of squares
(wss) flattens out to below 2000 after a rapid decrease from a level of ap-
proximately 5000. The cited CHIndex and wss values cannot be referred
to values obtained in the case of set No. 1 (Fig. 7). Orders of magnitude in
both cases are different, as results from different abundance of sets No. 1
and No. 2, and as accounted for by the structure of formulas (3) and (4).

The process of k-means clustering of set No. 2 of normalised cumulative
hyetographs from Krakéw into four clusters ended with the designation of
clusters meeting the criteria of internal coherence and external isolation
(Gordon, 1999). The confirmation of the above was obtaining values of
the bootmean parameter substantially exceeding the threshold of 0.6 for
each of the clusters. The parameter reached: 0.93; 0.91; 0.96, and 0.91, re-
spectively for clusters from 1 to 4. As the final result of clustering, subse-
quent clusters were ascribed, respectively: 510, 506, 232, and 245 storm
rainfalls. This corresponded with the respective share of 34%, 34%, 16%,
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and 16% in the entire population of analysed rainfalls in set No. 2. The cited
percent share of particular clusters in set No. 2 proved approximate, like in
the case of the previously discussed set No. 1. For particular clusters, aver-
aged cumulative storm rainfall hyetographs were also determined, pre-
sented in Fig. 11. The diagrams of averaged normalised cumulative
hyetographs in the figure pointed to very high compatibility in terms of
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temporal distribution with the previously discussed results for set No. 1
(Fig. 8).

The evident divergence of results of clustering of storm rainfall
hyetographs for sets No. 1 and No. 2 became an impulse for undertaking
analysis of set No. 3, constituting a combination of the aforementioned
sets. As expected, the obtained results proved to be virtually identical to

Numer of rainfalls
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Fig. 4. a. Dendrograms obtained for set No. 1 composed of 313 dimensionless cumulative rainfall hyetographs from Krakéw (top panel). Below find the same dendrogram
prepared for the reduced number of 30 leaf nodes (bottom panel). In the diagrams, vertical axes show bond distances for particular rainfalls and rainfall clusters. The
horizontal axis of the dendrogram on the bottom panel shows numbers of rainfalls in particular clusters; b. Dendrogram obtained for set No. 2 composed of 1494
dimensionless cumulative rainfall hyetographs from Krakéw. The dendrogram was prepared for the reduced number of 30 leaf nodes. The vertical axis of the diagram
shows bond distances for particular rainfall clusters, and the horizontal axis shows their numbers.
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Fig. 4 (continued).

results obtained previously for sets No. 1 and No. 2. Curves of variability of
values of the Caliriski and Harabasz index (CHIndex) and total within sum
of squares (wss) developed for this large set of 1806 storm rainfalls are pre-
sented in Fig. 12, and raise no doubts as for their interpretation. The evident
maximum of the CHIndex value (CHIndex = 1105) is obtained for four clus-
ters (k = 4). For four clusters, a very steep gradient of decrease in wss values
from more than 5500 to approximately 2000 is also rapidly levelled almost
to zero. Clustering by means of the k-means method of hyetographs in-
cluded in set No. 3 ended with creating four clusters meeting the criteria
of internal coherence and external isolation. The obtained bootmean pa-
rameter values were practically approximate to 1.0, and for subsequent
clusters they reached: 0.94; 0.93; 0.96, and 0.94, respectively. Clusters
No. 1, 2, 3, and 4 were ascribed: 613, 605, 288, and 300 rainfalls, respec-
tively, corresponding to a respective share of 34%, 33%, 16%, and 17%
in the entire set No. 3.

For particular clusters of set No. 3, averaged hyetographs of dimension-
less cumulative storm rainfalls were also determined, collectively presented
in Fig. 13.

The figure also presents dimensionless hyetographs developed by Huff
(1990), constituting the subject of a separate discussion. Pursuant to the ex-
pectations, the diagram in Fig. 13 proved strongly similar to the diagrams of
model hyetographs for clusters from 1 to 4 determined for sets No. 1 and
No. 2 (Figs. 8 and 11). For better assessment of the scale of similarity of
the model hyetographs obtained for particular clusters in the case of cluster-
ing sets No. 1, No. 2, and No. 3, Fig. 14 was additionally prepared.

The similarity of averaged normalised cumulative rainfall hyetographs
obtained for all three sets of storm rainfalls from Krakéw within particular
clusters is unquestionable. In the case of sets No. 2 and No. 3, the diagrams
of normalised cumulative hyetographs even overlap. In the case of cluster
No. 4, hyetographs resulting from the analysis of all three sets overlap.
This provides the basis for the presumption that the developed methodol-
ogy of application of cluster analysis for the designation of model
hyetographs shows repeatability in the scope of obtained results within
the urban precipitation field. In engineering practice, it can be therefore
used for the determination of local sets of model hyetographs based on
the analysis of approximately 30-year-long rainfall series even from single
rain gauges located near city boundaries. They will be able to supply com-
puter models for simulation of drainage systems in the centre of a city as
large as Krakow with satisfactory precision.

11

For a better understanding of the obtained results, particularly includ-
ing the determination of characteristic features of particular clusters that
differentiate them from one another, their profiling was performed. Such
profiling is called simplified, because it is only based on general variables
describing storm rainfalls in the form of their total depths, total durations,
and mean intensities. For this purpose, Table 2 presents mean values of
these variables within particular clusters for sets No. 1 and No. 2. Fig. 15a
and b present histograms of the frequency of occurrence of storm rainfalls
with different mean intensities within different clusters, respectively for
sets No. 1 and No. 2. Values of rainfall intensity in diagrams in Fig. 15a
and b and in Table 2 are expressed in a standard unit of dm>/(s*ha) applied
in urban hydrology.

Data included in Table 2 and in diagrams in Fig. 15a and b suggest that
rainfalls classified to cluster 3 usually showed mean intensities higher than
those of rainfalls included in other clusters. For the majority of storm rain-
falls included in cluster 3 in sets No. 1 and No. 2, mean intensities in sets
No. 1 and No. 2 were usually within the range from 5 to 20 dm®/(s-ha),
and their mean value within sets No. 1 and No. 2 exceeded 14 dm?/
(s'ha). High mean rainfall intensities in cluster 3 did not result from high
total rainfall depths, but from evidently shorter durations. In set No. 2,
mean rainfall depths for cluster 3 were even evidently lower than for the
three remaining clusters. Mean rainfall durations for cluster 3, however,
were approximately 6 h, whereas for the remaining clusters they were con-
siderably longer, within a range from approximately 8 h to 12 h. This sug-
gests that cluster n = 3 included short but very intensive rainfalls, probably
with convection genesis. This hypothesis would also explain the greatest
variability of point rainfall depths for unitary duration intervals shown on
the model hyetograph of cluster 3 in Fig. 9. Completely different profiling
results were obtained for cluster 2 which had a considerably more
equalised course of the model hyetograph (Fig. 9). Rainfalls classified to
this cluster had not only longer durations within the clusters in particular
sets No. 1 and No. 2, but usually also very low intensities within a range
from 0 to 5 dm®/(s-ha). This encourages a hypothesis that this cluster pri-
marily included frontal rainfalls with long durations, but low and consider-
ably more even in time intensities. The research hypotheses stated here
regarding the division of storm rainfalls into clusters by rainfall genesis
should be verified in further research. It will however require access to
synoptic records permitting more precise profiling of the designated
clusters.
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Fig. 5. a. Dendrogram obtained for adjusted set No. 2 composed of 1493 dimensionless cumulative rainfall hyetographs from Krakéw. The dendrogram was prepared for the
reduced number of 30 leaf nodes. The vertical axis of the diagram shows bond distances for particular rainfall clusters, and the horizontal axis shows their numbers; b.
Dendrogram obtained for adjusted set No. 3 composed of 1806 dimensionless cumulative rainfall hyetographs from Krakéw. The dendrogram was prepared for the
reduced number of 30 leaf nodes. The vertical axis of the diagram shows bond distances for particular rainfall clusters, and the horizontal axis shows their numbers.

In the summary of the entire discussion of results, it is also necessary to
refer to the classic papers by Huff (1967, 1990). Although the research on
Dimensionless, Cumulative Rainfall Hyetographs was implemented in dif-
ferent climate conditions (Illinois, USA), with a different approach to the
identification of single rainfalls, and with the application of a considerably
simpler method of their classification to the first, second, third, or fourth
quartile (depending on whether the highest percent of cumulative rainfall
occurred in the first, second, third, or fourth quarter of its duration, respec-
tively), relatively high correspondence of the courses of medians is ob-
served (50th-percentile) between dimensionless hyetograph curves
derived from point rainfall values derived by Huff (1967, 1990) and

12

model hyetographs in Figs. 8, 11 and 13. In the case of hyetographs from
Krakéw, cluster 3 corresponds with first-quartile storms, cluster 1 with
second-quartile storms, cluster 2 with third-quartile storms, and cluster 4
with fourth-quartile storms. Further analogies can be sought in general
characteristics of particular quartiles. For designing and modelling drain-
age systems, Huff (1990) recommended the application of first-quartile
storm hyetographs for time scales of about 6 h or less, and second-
quartile storm hyetographs for time scales of about 6 to 12 h. These recom-
mendations overlap with mean durations determined for clusters No. 3 and
No. 1 in sets No. 1 and 2, respectively (Table 2). Nonetheless, at a closer in-
vestigation of the study by Huff (1967), differences are observed in terms of
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Fig. 6. Hyetograph of a rainfall event recorded on station Krakéw-Plaszéw in 2014.

frequencies of occurrence of rainfalls with the adopted model hyetographs.
In the case of research from Illinois, the relative frequencies of the storms
were 30, 36, 19, and 15% for the first, second, third, and fourth quartiles,
respectively. They are not in accordance with frequencies of 16, 34, 33,
and 15% obtained for the analogical model hyetographs designated from
set No. 3, corresponding to subsequent clusters No. 3, 1, 2, and 4, respec-
tively. The determined divergence, however, does not undermine results
from Krakéw, because the analogical divergence has already been signalled
and discussed by Pani and Haragan (1981). Analysing a set of 117 rainfalls
from Texas (USA), recorded in months with the highest probability of

180
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occurrence of convection rainfalls, the authors obtained a median (50th-
percentile) dimensionless hyetograph curve with shapes fully correspond-
ing with results by Huff (1967), but the determined relative frequencies
of the storms were 13, 41, 32, and 14% for the first, second, third, and
fourth quartiles, respectively. The latter frequencies are considerably
more approximate to results from Krakéw, despite obvious differences in
the location of both research polygons and approach to processing rainfall
records and determination of model hyetographs. The qualitative compati-
bility of study results from Krakéw with classic papers by Huff (1967, 1990)
and Pani and Haragan (1981) is an additional premise confirming the
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Fig. 7. Value of the CHIndex and total within sum of squares (wss), and for a set 1 of 313 rainfalls from Krakéw, depending on the adopted number of clusters k.
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Fig. 8. Diagrams of averaged dimensionless cumulative rainfall hyetographs for four clusters designated by means of k-means clustering for Krakéw based on set No. 1 for 313

storm rainfalls.

accuracy of the methodology of identification of model hyetographs of
storm rainfalls based on complete cluster analysis and quality indices.

4. Summary and final conclusions

Progress in the scope of atmospheric precipitation measurements tech-
niques, and the occurring municipal rain gauge networks expansion re-
quires simultaneous modernisation of the methodology of recorded
precipitation series processing. A necessary element of such a methodology
are certainly modern methods of objective and automatic search of rainfalls
groups with similar courses in time that can be described in a general way
by means of model hyetographs. The practical application area of such
methods can currently exceed processing sets of local model hyetographs,

Cluster 1

2 0HM

and find implementation in the practical rainwater runoff control systems
operation. Due to the growing number of rain gauges and rapidly increasing
sets of rainfall records, also in the case of model hyetographs identification,
it becomes justified and necessary to reach for data mining tools, primarily
including the cluster analysis.

This paper is not pioneer in terms of the very idea of the cluster analysis
application in storm rainfall hyetographs classification. The application of
the cluster analysis in research on temporal distributions of storm rainfalls
has already been postulated by Licznar et al. (2017), and then tested for sev-
eral locations in Poland (Licznar, 2018; Wartalska et al., 2020). The pri-
mary objective of the paper was the improvement of the research
methodology to meet the requirements of the complete cluster analysis
methodology covering seven stages (Milligan, 1996), including: selection
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Fig. 10. Value of the CHIndex and total within sum of squares (wss), and for set No. 2 of 1493 rainfalls from Krakéw, depending on the adopted number of clusters k.

of objects and variables; formula selection of variable values normalisation;
selection of distance measure; selection of the classification method; the
number of classes determination; assessment of classification results; class
description and profiling. The aforementioned objective covered the three
primary detailed objectives involving: objectivization of the number of
clusters determination, the internal coherence and external isolation of
clusters verification, and profiling of the retrieved clusters.

Another substantial objective of the paper was to demonstrate the devel-
oped methodology at the scale of a large precipitation field in Poland. This
objective covered two detailed objectives, namely testing the methodology
on a large measurement set, and equally importantly, analysing its repeatabil-
ity at the scale of a large urban precipitation field. The basic question was also
to what extent model hyetographs developed based on records from nearby

100%

rain gauges (located e.g., at an airport or in suburbs) correspond with the
shapes of model hyetographs for rain gauges of the urban rain monitoring
network. Owing to the collaboration with the Municipal Water Supply and
Sewerage Company (MWSSC) in Krakéw, Poland, it was possible to apply
the developed complete cluster analysis methodology to a large measurement
set of 1806 storm rainfalls (Set No. 3), composed of set No. 1-313 storm rain-
falls designated from two nearby rain gauges belonging to the countrywide
network of IMGW, and set No. 2-1493 storm rainfalls designated from 23
rain gauges belonging to the municipal rain monitoring network of
MWSSC. Three applications of the complete cluster analysis methodology
for sets No. 1, No. 2, and No. 3 permitted its thorough testing, designation
of a set of model hyetographs for practical application in modelling of drain-
age systems in Krakéw, and drawing the following final conclusions:
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Fig. 11. Diagrams of averaged dimensionless cumulative rainfall hyetographs for four clusters designated by means of the k-means clustering method for Krakéw based on set

No. 2 for 1493 storm rainfalls.
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Fig. 12. Value of the CHIndex and total within sum of squares (wss), and for a set 3 of 1806 rainfalls from Krakéw, depending on the adopted number k of clusters.

1
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The complete methodology of the storm rainfall hyetographs cluster anal-
ysis should cover tools for both hierarchical and non-hierarchical analysis
of the sets structure. Before the application of the cluster of normalised (di-
mensionless) hyetographs, key in terms of the final products, i.e., model
hyetographs, by means of the k-means method, the hierarchical agglomer-
ation method should be applied to prepare dendrograms of similarity of
temporal courses of rainfalls in the analysed sets. The dendrograms should
be subject to expert analysis not only in terms of determination of a poten-
tial number of clusters in the analysed sets, but more importantly the iden-
tification of particularly peculiar rainfall patterns. Like in the case of set No.
2 and rainfall recorded by rain gauge No. 12 in Ptaszéw in 2014, such re-
cords should be removed before the division of the set using a predefined
number k of clusters by means of non-hierarchical methods;

100%

2) The diagrams analysis of correlation of values of the Califiski and Harabasz
index (CHIndex) and total within sum of squares (wss) with number k of
clusters permits completely objective determination of the correct number
of clusters for which the division of storm rainfall sets should be performed
from the similarity point of view of their normalised (dimensionless)
hyetographs. For the accurate, optimal number of clusters, maximisation
of CHIndex values is observed combined with an evident decrease in the
gradient of the decrease in wss values. In the case of all three analysed
sets of storm rainfalls from Krakéw, based on analyses of CHIndex and
wss values, the adopted optimum number of clusters was four (k = 4),
and the choice was positively verified in all further research through
obtaining clusters meeting the requirements of internal coherence and ex-
ternal isolation;
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Fig. 13. Diagrams of averaged dimensionless cumulative rainfall hyetographs for four clusters designated by means of the k-means clustering method for Krakéw based on set
No. 3 for 1806 storm rainfalls. For comparison, the diagram also shows Median Time Distributions of Heavy Storm Rainfall at a Point developed by Huff (1990).
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3)

The fundamental element for the credibility of the obtained results of
storm rainfalls divisions and model hyetographs identification is the assess-
ment of classification results. The study conducted on three sets of rainfalls
from Krakéw justified the repeated launching of the clustering algorithm
with the application of the bootstrap method. Although this undoubtedly
complicates the computing algorithms and prolongs the time of calcula-
tions, it allows for calculating the bootmean parameter corresponding to
the mean value of the Jaccard Index (Jaccard similarity coefficient) for
each of the designated clusters. The bootmean parameter permits drawing
objective conclusions on whether particular clusters meet the criteria of in-
ternal coherence and external isolation (Gordon, 1999). For all clusters
designated from three sets of rainfalls from Krakéw, the bootmean param-
eter usually exceeded the adopted threshold of 0.6, confirming that the
designated subclusters included no clusters with random character,

Table 2
Mean values of total depths, durations, and intensities of storm rainfalls included in
particular clusters for sets No. 1 and No. 2 from Krakéw.

Cluster Total depth, mm Total duration, min Mean intensity, dm®/(s'ha)
Set No. 1

1 20.0 577 13.0
2 19.3 598 8.5
3 19.5 348 14.7
4 18.8 505 9.7
Set No. 2

1 19.6 665 10.8
2 20.4 712 11.3
3 17.5 365 14.2
4 19.9 668 7.7

17

4)

5)

i.e., those including rainfall patterns deviating from the remaining clusters,
but also evidently mutually different. Relatively lowest values of the
bootmean parameter were obtained for the least abundant set No. 1 (in a
range from 0.65 to 0.84), whereas for approximately five or six times
more abundant sets No. 2 and 3, they were higher than 0.9, or even ap-
proximate to 1.0. The latter observation suggests that the k-means cluster-
ing method is predestined for the analysis of very large sets, and is more
reliable in their case;

The developed complex cluster analysis methodology for the division of
sets of storm rainfalls and identification of model hyetographs imple-
mented in the case of all three sets of storm rainfalls from Krakéw gener-
ated coherent final results. For each of the three sets, the optimum
number of clusters was four, and the resulting averaged normalised cumu-
lative hyetographs for particular clusters showed no mutual differences
within the three analysed sets. The coherence of the obtained results also
concerned the frequency of storm rainfalls occurrence included to particu-
lar clusters. For all the three sets, storm rainfalls were distributed in propor-
tions of approximately: 1/3, 1/3, 1/6, and 1/6 for clusters No. 1, 2, 3, and
4, respectively. All the aforementioned observations suggest the possibility
of development of model hyetographs based on multiannual records from
suburban stations (e.g., from the rain gauge at the nearby airport), and like
in the case of set No. 1, their application in practice throughout the city in
the case of lack of the possibility of hyetographs development based on re-
cords from the territory of the city itself (based on set No. 2).

The obtained set of model hyetographs for Krakéw does not include
hyetographs with a shape corresponding to that of synthetic hyetographs
developed based on IDF (Intensity-Duration-Frequency) or DDF (Depth-
Duration-Frequency) models, adopted a priori for hydrodynamic model-
ling of drainage systems in Poland, such as: model rainfall according to
Euler type II, block rainfall, or model rainfall according to DVWK. Nonethe-
less, the shapes of the developed hyetographs point to high similarity to
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classic medians (50th-percentile) of dimensionless hyetograph curves de-
rived from point rainfall values derived by Huff (1967, 1990) and Pani
and Haragan (1981). In results from Krakéw, model hyetographs for sub-
sequent clusters No. 3, 1, 2, and 4 correspond to medians (50th-percentile)
of dimensionless hyetographs for: first-quartile storms, second-quartile
storms, third-quartile storms, and fourth-quartile storms. Profiling of clus-
ters results of storm rainfalls from Krakéw also remain in complete accor-
dance with earlier research by Huff (1990) according to which first-
quartile storms (storms from cluster 3) usually correspond with time scales
of about 6 h or less, whereas second-quartile storms (storms from cluster
1) usually have longer durations within a range from 6 to 12 h.

The development of a complex methodology of storm rainfall
hyetographs analysis and its successful testing in a polygon of a large rain
gauge network in Krakéw offers the possibility of its implementation at a
considerably broader scale in the scope of implementation of the
WaterFolder Connect project. The practical objective here is to develop
credible sets of local model hyetographs in a network of 100 rain gauges
in Poland for the purpose of their later use in practice for supplying a digital
platform dedicated for designing and modelling drainage systems through-
out Poland. Further research, however, must be also undertaken due to new
hypotheses that appeared as a result of the study. Firstly, the research hy-
pothesis assuming the correlation of the division of storm rainfalls into par-
ticular clusters with the genesis of rainfalls needs to be verified. Moreover,
in the context of the determined lack of variability of model hyetographs at
the single urban precipitation field scale, it is important to verify the thesis
on the regionalisation of study results possibility from more mutually dis-
tant rain gauges, and the practical application of common sets of model
hyetographs in larger areas of the country. In the future, the developed
methodology of hyetograph analysis could be also implemented in other
countries around the globe.
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Abstract In the light of observed variability in precipitation
patterns, there is a growing need for comprehensive data
mining of regularly updated rainfall recording databases.
Therefore, an analysis of heavy rainfall and hyetographs was
conducted using a 30-year high-resolution dataset from 100
rain gauges across Poland, covering 31 646 rainfall events.
Distributions of rainfall depths, durations, and intensities
were explored, and maxima were compared to global
records. Spatial analysis revealed significant variations in
the frequency, depths, and durations of extreme rainfall
across different regions. Cluster analysis determined model
hyetographs for each station. The likelihood of regions
belonging to clusters with three to five model hyetographs
was assessed using Indicator Kriging. Findings underscore
the importance of using local, characteristics rainfalls in
hydrodynamic modelling of drainage systems and future
rainfall scenarios. These results provide a foundational step
towards understanding and monitoring the impacts of
climate change on rainfall characteristics, especially
extremes, in future decades.

Keywords Classification quality assessment indices -
Cluster analysis - Heavy rainfalls - Model hyetographs -
Poland - Precipitation modelling

INTRODUCTION

In recent years, the world has witnessed a significant shift in
the occurrence of extreme rainfall events, driven by ongoing

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s13280-
024-02069-6.

Published online: 16 September 2024
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and intensifying climate change. These changes in precipi-
tation patterns have profound implications for various
regions, including Poland. Characterising the prevailing
rainfalls in Poland, it can be stated that they are primarily
occurring during the movement of frontal zones from the
Atlantic Ocean. Their efficiency is higher when storms form
in the zone of cold fronts. Relatively short-lived but intense
rainfall is associated with convection within a homogeneous,
moist air mass. Their spatial distribution is most often ran-
dom and has no clear connection with the terrain. However,
maximum rainfall totals have a different origin. They occur
in the Carpathians and Sudetes Mountains during a northern
cyclonic situation, when moist air masses accumulate on the
windward slopes of the mountains. In Poland, rains of high
efficiency and intensity most often occur in June and July,
accounting for over 60% of cases. The natural water cycle in
Poland, like in many other parts of the globe, has experienced
disruption due to rapid changes in land use and land cover,
primarily stemming from urbanisation and the extensive
transformation of agricultural areas into built-up zones
(Tana$ and Trojanek 2014; Castanho et al. 2019; Gargula
et al. 2020; SOER 2020). One notable consequence of this
transformation is the increasing surface sealing, which hin-
ders rainfall from infiltrating into the ground. Consequently,
the retention capacity of built-up areas diminishes, and the
runoff coefficient rises. As rainwater cannot percolate into
the soil, it instead flows over paved surfaces, potentially
culminating in violent surface runoff. This alteration in the
natural water cycle has far-reaching implications for urban
areas and their vulnerability to flooding.

However, the challenges posed by shifting land use and
urbanisation are compounded by the broader context of
climate change. Climate change is not solely synonymous
with rising temperatures; it also entails shifts in the spatial
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and temporal patterns of extreme precipitation events.
These changes encompass an increase in both the intensity
and frequency of heavy rainfalls on a global scale
(Seneviratne et al. 2021), a trend similarly observed in
numerous European regions and countries (Madsen et al.
2014). This phenomenon aligns with the Clausius—
Clapeyron equation, which describes the relationship
between saturated vapour pressure and temperature, elu-
cidating that a warmer atmosphere can accommodate more
water vapour, potentially leading to more intense precipi-
tation (Kundzewicz and Pinskwar 2022).

Furthermore, formal detection and attribution analyses
(Pall et al. 2011) have unveiled a noteworthy contribution
of anthropogenic greenhouse gas emissions to the intensi-
fication of heavy precipitation. Consequently, the conse-
quences of increased intense precipitation are evident,
particularly in the form of pluvial floods—flash and urban
floods caused by heavy rainfalls—which have surged in
both frequency and magnitude. According to projections
for the future, the load is likely to aggravate, not only due
to increasing urbanisation, but also due to climate change.
Even if the nature of changes of extreme precipitation in
the warming climate of Poland is complex (Pinskwar
2022), the occurrence of long intervals with low precipi-
tation interspersed by episodes of increasingly heavy
rainfall can be expected. The system’s resistance should
therefore be increased to match the increasing load. Hence,
it is becoming necessary to upgrade municipal rainwater
drainage systems so that they can accommodate greater
loads (Kundzewicz and Licznar 2021). Rainwater drainage
systems are a key element of the critical municipal
infrastructure. The tasks they are facing today are not only
limited to the interception and discharge of rainwater to
nearby receivers, i.e. surface water bodies. There is an
increasing need to store water in drainage systems. Storage
reservoirs built on rainwater drainage systems are intended
not only to simply slow down the runoff of rainwater, but
also to restore and compensate for the water retention lost
due to sealing of natural surfaces. Water retention should
be of a long-term nature, and the rainwater captured in such
storage reservoirs should be treated as a resource for use by
city dwellers. Measures increasing the retention of drainage
systems aim at reducing not only the maximum runoff
caused by rainwater, but also the total runoff volume.
Active management of rainwater is also becoming
increasingly important. According to the smart cities con-
cept, drainage systems and their retention resources should
be managed intelligently. The growing role of drainage
systems and the need to restore rainwater retention pose
new challenges related to the modernisation of the toolbox
of engineering design and modelling. New tools and data
sources have already emerged. The design of drainage
systems is increasingly frequently carried out in specialised

@ Springer

computer applications using digital maps, GIS resources,
and digital terrain models.

Despite the vivid consequences of climate change on
precipitation dynamics, the assumption of stationarity, i.e.
temporal invariance of the frequency of annual maximum
daily precipitation, is commonly used in practice for
designing infrastructure: storm sewers, roads, railways,
bridges, and culverts (Kundzewicz and Licznar 2021). The
concept of design rainfall is of crucial importance in natural
hazard risk reduction, water management, and climate
change adaptation. The engineering design standards serve
as the basis of both designing the infrastructure and per-
ception of tolerable risk. Only in selected countries is the
awareness of climate change high enough to systematically
update technical standards based on the latest observational
data on precipitation or even make projections based on the
results of climate models (Kundzewicz and Licznar 2021).
The determination of design rainfall requires information on
the greatest observed point rainfalls, probable maximum
precipitation, as well as intensity—duration—frequency—area
and depth—duration—frequency—area relations (Markiewicz
2021). The advent of urban runoff models brought new
demands on hydroclimatology, namely the requirement of
information on the time-distribution characteristics of rain-
fall during heavy storms. This method is recommended for
computing runoff, particularly through rainfall-runoff
models used in designing and operating runoff control
structures, as well as for assessing individual storm events
after they occur. It is important to note that variations in time-
distribution models can significantly impact the results of
runoff modelling for urban basins.

Bearing in mind the increasing frequency and severity of
pluvial floods, flash floods, and urban floods, the understanding
of the structure of the spatial-temporal fields of extreme pre-
cipitation in Poland needs improvement (Stach 2009). This
includes the regional variability of characteristics of extreme
precipitation, as well as the temporal change (that can be
detected as a trend) and variability (deviations from the long-
term trend, if such is detected). Moreover, the distribution of
rainfall depth over the storm’s duration needs to be determined.

The calculation of non-stationary surface storm runoff
and its further transformation in the urban system requires
scenarios of temporal distribution of a rainfall episode
(Mikotajewski et al. 2022). Hydrological analyses require
consideration of the temporal variability of point rainfall
intensity, represented in the form of hyetographs. Adopting
hyetographs in design aims at reflecting the temporal dis-
tribution of rainfall in recent past, and implicitly also
potential rainfalls that may occur in the future, understood
as the assumed duration of operation of the designed
technical solutions. This is not a trivial task, however, not
only because of the stochastic (random) nature of rainfall,
but also of its multifractal nature (Deidda 2000; Gires et al.
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2012). Until recently, the availability of accurate rainfall
records at a high temporal resolution has typically been
very limited. Hence, the historical methodology of model
hyetograph development used to be based on generalisation
and simplified assumptions without adequate validation.
Interest in model hyetographs increased with first attempts
of transition from stationary methods of calculation of
urban stormwater systems. The model of stormwater runoff
transformation in the drainage system can be combined
with the hydrological surface runoff model, describing
stormwater inflow to network nodes such as manholes and
inlets from the catchment area and the stormwater system.
The interaction of the stormwater system with the rainfall
receiver could only be reflected by means of a suit-
able threshold condition on the network outlet.

Despite the currently growing access to precipitation
time series records at a high temporal resolution, in
hydrology, and particularly urban hydrology, engineers still
model and design drainage systems using scenarios of
temporal distributions of rainfall predefined by means of
model hyetographs (Mikotajewski et al. 2022). Knowledge
on how much rain can fall in a particular location in the
country is in increasing demand. Regionalisation can be
based on pooling similar or neighbouring stations together.
The use of geostatistical tools allows for the estimation of
the spatial field of precipitation depth with specific
exceedance probabilities in locations for which there are no
measurements (which allows for the extension of infor-
mation and coverage of the entire country), but also for the
estimation of the confidence intervals of these quantities.
Because climate, land use, and land cover have changed in
Poland in recent decades, and are projected to change in the
future, reliable knowledge about properties of time-distri-
bution of precipitation is needed for various spatial
locations.

The occurring and forecasted climate changes and the
resulting changes in recorded precipitation in Central
Europe are manifested not so much in changes in average
annual precipitation totals as in unfavourable prolongation
of drought periods and occurrence of more seldom
appearing, but more intensive rainfall. Proper monitoring
of such transformations requires reference knowledge on
heavy rainfalls from the period of recent decades. Con-
sidering the above, research was undertaken involving
complex analyses of heavy rainfalls in Poland in terms of
their basic characteristics and spatial distribution in the
country, as well as regarding only temporal distributions,
i.e. hyetograph models of recorded heavy rainfalls
(Mikotajewski et al. 2022).

This study represents a pioneering effort, utilising a
large and verified digital dataset of high-resolution pre-
cipitation data, and applying modern techniques such as
geostatistical simulations and data mining. It aims to
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determine reference statistics for heavy rainfalls in Poland
from 1986 to 2015 and develop methodologies for ana-
lysing extensive precipitation series from rain gauge net-
works. Pragmatically, it seeks to quantify the amount and
duration of maximum heavy rainfalls and establish typical
hyetographs, crucial for designing and modelling drainage
systems in Poland.

By employing advanced geostatistical and data mining
techniques, the study offers a robust methodological
framework adaptable to regions experiencing similar pre-
cipitation shifts. Its comprehensive analysis of the temporal
distribution of heavy rainfalls enhances understanding of
hydrological processes, vital for creating resilient infras-
tructure and sustainable urban planning practices globally.
This research underscores the need for updated engineering
standards and proactive adaptation strategies, making it
have a significant meaning to a readership widely inter-
ested in environmental sciences, urban planning, and cli-
mate change mitigation.

MATERIALS AND METHODS
Digital base of precipitation data

The study employed resources of the national precipitation
base of the Polish Atlas of Rainfall Intensities (PANDa)
Project. The base was developed in the period 2016-2017,
and covered data from 30 years of precipitation records
from 100 rain gauges in Poland (hence a total of 3000
station-years of observations), including synoptic stations
(I and II order), climatic stations (III and IV order), and
precipitation stations (V order). The list of all stations
included in the digital base of the PANDa project with their
geographic coordinates and heights above sea level is
presented in Table S1 (Supplementary information). The
preparation of the PANDa precipitation base employed
analogue records (pluviograph strip charts) subject to
digitisation with the application of a methodology pro-
posed by Licznar et al. (2011), and digital records from
electronic rain gauges. Analogue data in the form of plu-
viograph strip charts primarily covered observations of the
warm hydrological half-year (from May to October), and
digital data from electronic rain gauges already usually
covered complete year-long records. Precipitation data
recorded in the base adopt the form of time series with a
standard temporal resolution of 1 min. All precipitation
series in the base were verified in terms of accuracy,
referring them to alternative precipitation records and
analysing their structure with the application of methods of
multifractal research. Detailed information regarding the
PANDa digital precipitation base and its verification can be
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found in papers by Burszta-Adamiak et al. (2019) and Wilk
et al. (2020).

The database includes values recorded between 1986
and 2015. To fill in gaps in the observation data, about 2%
of the resources were supplemented with records from
earlier years (dating back to 1980) and from the later year
2016. Approximately 40% of the data in the resulting
PANDa database consists of year-round observations from
electronic rain gauges. The remaining 60% is analogue
data, which required digitising pluviographs from periods
of the warm half-year.

Designation of sets of heavy rainfalls

Based on the cluster analysis methodology, the observed
heavy rainfall sets were divided into rainfall clusters with
similar temporal distributions, allowing for the final iden-
tification of local model hyetograph clusters. The cluster
number was optimised in a rational, theoretically-justified
way. The study deals with rainfall only (no snow), although
in Poland snow may incidentally fall in late spring and
early autumn, i.e. during the warm half-year. The
methodology of the entire process, briefly described in this
chapter, is presented in the diagram below as a flowchart—
Fig. 1. References to individual blocks in this flowchart are
included in the text of this and next subsection.

Heavy rainfalls were designated from precipitation time
series of the PANDa database (Block [1] in Fig. 1) by
criteria proposed by Wilk et al. (2020) for the identification
of precipitation used for modelling municipal drainage
systems. The criteria are a standard applied in Germany
and Poland, and have been used, e.g. in papers written by
Licznar et al. (2011, 2017) and Mikotajewski et al. (2022)
(Block [2] in Fig. 1). A value of 10 mm was adopted as the
threshold of total amount of heavy rainfall, and 4 h as the
minimum time interval between individual rainfalls. These
criteria were derived from the Commentary on the DWA-
A-A118 guideline (Schmitt 2000). The foundation for this
criterion was the results of research conducted by Wenzel
and Voorhees (1981), which, in the context of urban
watershed analysis, allowed for the estimation of the
minimum break to distinguish independent cloudbursts
over a period of 4-5 h. The MDPD (minimum dry—period
duration) criterion according to the commentary on the
DWA—AI118 guidelines is frequently used in Poland
(Licznar and Szelag 2014; Mikotajewski et al. 2022). The
comparative rationale for adopting such an assumption is
the similarity of climatic conditions in central Europe, the
differentiation of rainfalls and periods with no rainfall
adopted the minimum value of rainfall depth equal to
0.1 mm over 5 min as a threshold, so that the interval, due
to the rainfall duration and depth, is considered as a part of
the rainfall event.
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Heavy rainfalls were designated automatically in the
RainBrain Internet Base' with the application of a specially
prepared function. Table S1 (Supplementary information)
which in addition to location data of measuring stations
included in the PANDa database, also contains information
on the number of heavy rainfalls distinguished on them,
based on the criteria given above. The result of the des-
ignation of heavy rainfalls separately from rain gauges of
the PANDa project was sets of heavy rainfalls. In sets of
heavy rainfalls from particular stations, not only their total
number and number in periods of the summer half-year
was determined, but also total depths and durations (Block
[3] in Fig. 1). The aforementioned parameters also pro-
vided the basis for the calculation of mean intensities of
particular heavy rainfalls (expressed in mm min~").

The selection and fitting of functions deQ3scribing the
continuous distributions of histograms for duration, depth,
and intensity at individual locations were done using
EasyFit Pro v 5.5 software (Block [5] in Fig. 1). Over 30
theoretical continuous distributions were tested. The
goodness of fit was assessed using Kolmogorov—Smirnov,
Anderson—Darling, and Chi-squared tests. From the avail-
able distributions, gamma, exponential, and general
extreme value were chosen. Those functions are frequently
used in analyses of precipitation regimes. In each case, the
empirical and theoretical distributions were found to be
consistent at the alpha level < 0.01. Additionally, the fit-
ting parameters of these distributions were determined for
the entire dataset of all rainfall events. Detailed informa-
tion about the used functions and their parameters is
described below:

Distributions of heavy rainfall depth were modelled by
means of the 2-parameter exponential distribution. The
function of probability density of the distribution is
described by the following equation:

flx) = -0, (1)

where /—inverse scale parameter (scale parameter is 1/4).
The parameter meets the condition A > 0, y—location
parameter (for each rain gauge 7y = 10, as resulting from
the adopted criterion of designation of heavy rainfalls as
precipitation with a depth higher or equal to 10 mm).

Distributions of values of total durations of heavy
rainfalls were modelled with the application of the gamma
distribution, given by the following probability density
function:

f(x)

1 1 b
= e )
@ S (2)

where a—shape parameter (a > 0), [—gamma function,
b—scale parameter (b > 0).

! https://retencja.pl/en/aplications/rainbrain/.

www.kva.se/en


http://dx.doi.org/10.1007/s13280-024-02069-6
https://retencja.pl/en/aplications/rainbrain/

Ambio

[5

[14]

[13]

=N

Selection and fitting of
probability distributions

Rainfall removal

[1]

[3]

PANDa

project
database

Storm rainfalls
identification (21
(D=10mm; MDPD =4h)

v

Y

PMP estimation

A

[4]

Storm rainfalls

Y

database (T, D, I)

—

Rainfalls normalisation
(T/D 0-100%)

v

Identification of
summer rainfalls

[21]

v

6]

Summer half-year

rainfalls database

Normalised rainfalls

database
YIS Hierarchical
classification for [8
locations

Rainfall registered
incorrectly?

Hyetograph evaluation

€ YES

[9

[11]

v

Expert evaluation

/[7]

v

F, T & D parameters

calculation

) v

[24]

F,T,&D?

Temporal trends of

of dendrograms

Occurrence
of unusual
rainfall?

WSS & CHIndex
calculation

[15]

Chindex & WWS
companson

YES

v

NO

[16]

K-means dustering
& bootstrap

Temporal trends of
hyetograph types?

[19]

A\ 4

[18]

Cluster frequency &
profiling / distribution

fitting

Model
hyetographs
database

Area probability
of hyetographs clusters

[20]

/
/[17]

Fig. 1 Flowchart of the entire process of creating standard hyetographs and additionally conducted data analysis. The numbers in square
brackets next to the individual components of the diagram serve as references in the descriptions of the stages of the methodology in the text

Distributions of values of average intensity of heavy
rainfalls were modelled with the application of the

\

Spatial interpolation -

of F, T&D 2=l

Y
DifferencesinF, T&D (26)
between clusters?

A

LEGEND

Action

E Database
<> Decision

\

A

generalised extreme value distribution (GEV). The func-
tion of probability density of the distribution for nonzero

www.kva.se/en

@ Springer

112:9708070587



Ambio

values of the shape parameter k (k # 0) is defined as
below:

flx) = G) : exp(—<1 e ; u)-'/k)
. (1_|_kx;#)*1*%, .

x—p
o

for 1 +k >0, 4)
and in the case of the shape parameter k = 0 with the
following equation:

= () enl-on(-559 -5,

where k—shape parameter, c—scale parameter, y—Iloca-
tion parameter.

The parameters in the distribution Eqgs. (1), (2), and (3)
have been designated using common notations found in
standard literature. Although different symbols are used to
denote the scale, shape, and location parameters across
different distributions, they refer to the respective proper-
ties of these distributions as described. For examples and
further details, refer to Ross (2014), Wasserman (2004), or
Rice (2006).

Analysis of heavy rainfall hyetographs

Due to differing durations and depths of the designated
heavy rainfalls, further analysis of the sets, i.e. mutual
comparison and identification of typical (measurable,
model) time distributions of heavy rainfalls, their cumu-
lative hyetographs were converted into so-called dimen-
sionless (normalised) cumulative hyetographs (Block [6] in
Fig. 1). The conversion was performed in accordance with
the methodology described in the publication by Licznar
et al. (2017) and in the report written by Licznar and
Mikotajewski (2021), also following the methodology of
preparation of dimensionless hyetographs originally pro-
posed by Huff (1967). Each cumulative hyetograph of
heavy rainfall with known total duration was divided into
100 equal time intervals. For each of the subsequent
intervals, a corresponding cumulative rainfall increase was
determined. Subsequent cumulative rainfall increments
were divided by total depth to obtain unitary cumulative
rainfall increments. As a result, the shape of each heavy
rainfall was modelled by a hyetograph normalised to a
range from O to 100% for duration and to a range from O to
1 (100%) for depth.

Mutual comparison of the shapes of dimensionless
hyetographs within the analysed sets of heavy rainfalls
from a hundred analysed stations, and further designation
of clusters of typical (model) rainfall hyetographs
employed the expanded methodology described in detail in
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paper by Mikotajewski et al. (2022). The applied research
methodology covered tools for hierarchical and non-hier-
archical analysis of the structure of groups of dimension-
less heavy rainfall hyetographs. The application of the
hierarchical agglomeration method permitted preparation
of dendrograms of similarity of dimensionless hyetographs
in the analysed groups (Block [8] in Fig. 1). The dendro-
grams were subject to expert analysis for the purpose of
determination of a potential number of clusters in the
analysed groups, and identification of particularly specific
rainfalls (Block [9] in Fig. 1).

Specific rainfalls observed in the dendrograms (Block
[10] in Fig. 1) (separate rainfalls incompatible with others)
were analysed by assessing their course over time (Block
[12] in Fig. 1). Example of dendrograms with specific
rainfall is presented in Fig. S1 supplementary information.
Experts rejected rains whose intensity was greater than the
measuring capacity of used rain gauge, or those whose
hyetograph suggested that the device was not working
properly (Block [13] in Fig. 1). Incorrectly recorded hye-
tograph, which was caused by clogged funnel, is presented
in Fig. S2 in supplementary information.

Then, for corrected groups (with the exception of
specific rainfalls), diagrams of dependency of Calinski and
Harabasz Index (CHIndex) values and total within sum of
squares (wss) (Mikotajewski et al. 2022) on the number of
k—clusters were prepared (Block [11] in Fig. 1). The
analysis of these diagrams provides the basis for the
determination of the cluster number for which a division of
clusters of heavy rainfalls should be performed from the
point of view of similarity of their dimensionless
hyetographs.

The maximum value read from the CHIndex
chart combined with the value in which the gradient of the
wss index decrease significantly allowed to determine the
value of k corresponding to the number of clusters (Block
[15] in Fig. 1), (Fig. S3 in supplementary information).

The accuracy of adopting the optimum cluster number
(meeting the requirements of internal coherence and
external isolation) was verified at the stage of clustering of
sets of hyetographs by means of the k-mean method and
with the application of bootstrap (with 150 repetitions of
the grouping algorithm for each of the sets and number of
clusters in the range of 2-20), (Block [16] in Fig. 1). The
number 150 was determined based on examining the
course of the function of the ratio of standard deviation to
the mean for the bootmean values for number of simula-
tions of the Bootstrap parameter in the range of 20-250.
For bootstrap = 150, the lowest not exceeding 6% values
were obtained. Example is shown in Fig. S4 in supple-
mentary information. The accuracy of the adopted number
of clusters and the performed division of hyetographs was
verified through control of obtaining the average Jaccard
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index value for each of the clusters at a minimum level of
0.6 (Mikotajewski et al. 2022). In the case of a lower
Jaccard index value for any of the clusters, the number of
clusters was reduced, and the bootstrap calculations were
repeated until obtaining Jaccard index values not lower
than 0.6 for all clusters. After meeting that criterion, cen-
tres of gravity were determined for all clusters (arithmetic
means calculated from the original values of each variable
based on objects included in a given cluster). As a result,
averaged cumulative dimensionless hyetographs of heavy
rainfalls were obtained for the designated clusters. A set of
model hyetographs was eventually identified for each rain
gauge (Block [17] in Fig. 1).

In each set of model hyetographs, the frequency of
occurrence of rainfalls with hyetographs classified to par-
ticular clusters was analysed (Block [18] in Fig. 1).
Moreover, profiling of clusters was conducted with the
application of variables that did not participate in the
process of classification of the set of objects. Such vari-
ables included total depths and total durations, as well as
the resulting mean intensities of heavy rainfalls.

RESULTS
Heavy rainfalls and their characteristics

The numbers of designated heavy rainfalls in a hundred
analysed stations are presented in Table S1 in supple-
mentary information. According to the data from Table S1
(Supplementary information), the number of designated
heavy rainfalls (except for strongly deviating rainfalls with
particularly specific precipitation models) varied from 200
to 726 within 100 analysed rain gauges. Nonetheless, in the
case of three stations to reach at least a 200-element sets, it
was necessary to supplement the number of heavy rainfalls
by events designated from additional observation years.
For the rain gauge from Poznan, heavy rainfalls from 2018
and 2019 were added, for the rain gauge from Biebrza from
2017, and for the rain gauge from Chwatkowice from 2016
and 2017. A total of 31 646 heavy rainfalls were therefore
designated and accepted for further analyses. The depths
and durations of all the designated heavy rainfalls are
presented in Fig. 2.

Pursuant to expectations, total amounts of heavy rain-
falls did not exceed maximum interval precipitation
amounts designated in the implementation of the PANDa
project (Licznar et al. 2020), or the values described by the
scale dependency of the probable maximum precipitation
(PMP) (Block [4] in Fig. 1) (Banasik and Ostrowski 2010):

PD =65 - D0.475’ (6)
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Fig. 2 Set of 31 646 designated heavy rainfalls on the background of
scale dependencies of maximum rainfalls recorded globally (Paulhus
1965), in Great Britain (Wilson 1990), and in Poland in selected
stations during floods in the years 1997-2002 (Banasik 2005, 2009).
Moreover, the diagram shows maximum phase rainfalls designated in
the scope of the PANDa project on a network of a hundred stations in
Poland for durations from 5 to 4320 min with their scale dependency

where Pp—point probable maximum precipitation (mm),
D—rainfall duration (h).

However, the scale dependency (6) was determined
based on an independent set of heavy rainfalls, collected by
Ozga-Zielinska and Ozga-Zielinski (2003), that caused the
greatest floods in Poland in the multiannual period
1997-2002.

Values of probable maximum precipitation PMP deter-
mined based on formula (6) are approximately 3.5 times
lower than probable maximum precipitation PMP deter-
mined globally (Paulhus 1965). It is, however, not
methodically justified to compare values of precipitation
extremes in Poland with precipitation extremes recorded by
rain gauges in other climate zones or at considerably dif-
ferent latitudes, i.e. in areas with substantially higher
annual precipitation totals. Due to this, Ozga-Zielinska and
Ozga-Zielinski (2003) postulated operating on relative
values of maximum precipitation, referred to annual nor-
mal precipitation. In that case, the relative record precipi-
tation values from Poland become approximate to those of
relative global record precipitation with more than day-
long durations, e.g. from India or the Philippines.
According to Banasik and Ostrowski (2010), relative val-
ues of record precipitation from Poland presented by Ozga-
Zielinska and Ozga-Zielinski (2003) can be described by a
common formula:

Pojp =0.10- D%, (7)
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where Pp—point probable maximum precipitation PMP
(mm), Py—annual normal precipitation (mm), D—rainfall
duration (h).

Relative depths of 31 646 designated heavy rainfalls
were calculated through dividing their depth by normal
precipitation determined for particular stations. The
resulting values are plotted versus rainfalls durations on
scatter plot in Fig. 3.

The highest of the obtained values exceeded threshold
values described by formula (7). Due to this, the red colour
(dotted line) in the plot denotes the course of a new, higher
scale equation:

PD/py =0.12- D, (8)

where Pp—point probable maximum precipitation PMP
(mm), Py—annual normal precipitation (mm), D—rainfall
duration (h).

It is worth emphasising that although the higher scale
dependency limiting maximum relative rainfall depth was
drawn, according to the expectations, the curve was below
the curve previously developed for relative maximum
phase precipitation from the PANDa project. The latter
curve is marked in Fig. 3 with blue colour, and is described
with the following formula (Licznar et al. 2020):

PD/Py =0.20 - D", (9)
where Pp—point probable maximum precipitation PMP

(mm), Py—annual normal precipitation (mm), D—rainfall
duration (h).

N
o
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Fig. 3 Scatter plot of ratios of depths of 31,646 designated heavy
rainfalls to the corresponding normal precipitation in the duration
function. Analogical ratios for maximum depths of interval (phase)
rainfalls designated in the scope of the PANDa project in a network of
a hundred stations in Poland for durations from 5 to 4320 min are also
marked on the plot. The upper limiting scale dependencies were
determined for both sets
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As already mentioned, in the case of each station, the
obtained sets of heavy rainfalls were analysed in terms of
distributions of rainfall depths, durations, and mean
intensities. For this purpose, histograms of the aforemen-
tioned parameters were prepared, and probability distri-
butions were fitted (2-parametric exponential, gamma, and
GEV distributions, respectively) (Block [5] in Fig. 1).
Example histograms with fitted probability distributions
prepared for the rain gauge from Warsaw, the capital of
Poland, are presented in supplement as Figs. S5-S7.
Moreover, for a combined set of 31 646 designated heavy
rainfalls, histograms of rainfall depth, duration, and mean
intensities were prepared, and relevant probability distri-
butions were fitted: 2-parametric exponential, gamma, and
gev. The histograms with fitted probability distributions are
presented in supplementary information—Fig. S8. Except
that the variability of parameters of fitted probability dis-
tributions within a hundred analysed stations is presented
in supplement as Fig. S9. The analysis indicates substantial
variability in the distribution parameters fitted to data from
100 meteorological stations analysed in Poland. The box
plots illustrate the dispersion of parameter values for dif-
ferent distributions, suggesting differences in climatic
conditions among various regions of the country. More-
over, the identification of outliers underscores potential
anomalies in the data that could be significant for further
climatological analysis.

The investigation of heavy rainfalls also covered the
analysis of the frequency of their occurrence in particular
stations, as well as mean total rainfall depths and mean
total durations. Pursuant to the limitations of the base of the
PANDa project, the analysis was narrowed down to the
summer hydrological half-year (from 1 May to 31 Octo-
ber). In this period, a total of 28 457 heavy rainfalls
occurred the statistics of which are presented in Table S2
(Supplementary information). Table S2 which shows
PANDa project stations’ statistics of the designated set of
heavy rainfalls of the summer half-year is presented in
supplement. According to the data in the table, the mean
frequency of occurrence of heavy rainfalls in the summer
half-year is 9.5 heavy rainfall events per year, and its
highest value of 22.5 heavy rainfall events per year was
recorded for Hala Gasienicowa station located in Tatra
Mountains (1523 m a.s.l.). The lowest value of 5.7 heavy
rainfall events per year was captured at Poznan station
(88 m a.s.l.). The determined frequencies are in accordance
with expectations and results of previously published
research from the territory of Poland. For example, Licznar
et al. (2011) designated 250 heavy rainfalls from a set of
digitised precipitation records from pluviographs from
38 years from Wroclaw (south-west Poland) using ana-
logical criteria. They determined their frequency of
occurrence at a level of 6.6 times per year. For comparison
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in Warsaw, the capital of Poland, in a network of 25
electronic weight rain gauges recording precipitation all
year round, a total of 669 heavy rainfalls were designated
by Licznar and Szelag (2014), which was equivalent to a
frequency of occurrence of heavy rainfalls equal to 12.3
events per year.

The frequencies of occurrence of heavy rainfalls are
evidently higher in the belts of mountain and coastal sta-
tions. Analogically, the longest mean annual durations of
rainfalls of the summer half-year and mean annual depths
of heavy rainfalls of the summer half-year are recorded for
mountain stations. The longest mean durations of heavy
rainfalls and their highest total depths of 260.2 h and
667.2 mm, respectively, were again observed for the
highest located rain gauge on Hala Gasienicowa. For
comparison, mean values of these parameters in the set of
100 analysed stations are 85.4h and 191.4 mm,
respectively.

Hyetographs of heavy rainfalls and their
classification

For all hundred stations, their cumulative, dimensionless
(normalised) hyetographs were developed for all desig-
nated heavy rainfalls. At the next stage of the study, by
means of the methods of hierarchical agglomeration, den-
drograms of similarity of temporal courses of rainfalls were
prepared in the analysed sets of particular rain gauges.
Prior more advanced -clustering studies, particularly
specific, most probably improperly recorded precipitation
patterns, like presented in Fig. S2, were removed (in ana-
logical way like in the case of research from Krakdow,
Mikotajewski et al. 2022). The necessity of removal of
extreme outliers among hyetographs occurred only for 29
heavy rainfalls recorded in 11 out of 100 analysed stations,
constituting less than 0.09% of the entire base of heavy
rainfalls.

Based on the graph analysis, the optimum and maximum
number of clusters k was determined using WSS and
CHIndex values. The accuracy of the chosen number of
clusters and the hyetograph classification was verified
through bootstrapping. If any cluster’s Jaccard Index was
too low, the initial number of clusters k was reduced, and
bootstrapping was repeated. Consequently, as detailed in
Table S1, the final cluster numbers were setas k = 3,k = 4,
and k = 5 for 37, 58, and 5 rain gauges, respectively. In all
clusters, the Jaccard Index values were maintained above
0.6, confirming the robustness of the clustering.

Averaged cumulative dimensionless hyetographs of
heavy rainfalls were determined for the designated clusters
(Fig. 4). The variability of the resulting courses of model
hyetographs in subsets of 37, 58, and 5 stations for which
the optimum cluster number was k =3, k=4, and k =5,
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respectively, is presented on the graphs in Fig. 4. More-
over, frequency of occurrence of heavy rainfalls with a
distribution approximate to the determined model hyeto-
graphs was calculated for each station. The variability of
per cent shares of heavy rainfalls classified to particular
clusters in subsets of 37, 58, and 5 stations for which the
optimum cluster number was equal to k = 3, k =4, and
k = 5, respectively, is presented in box plots in supplement
as Figs. S10-S12. More detailed analysis of Fig. S11 shows
that in the case of stations with a cluster number of k = 4,
heavy rainfalls with hyetographs classified to clusters No. 3
and 2 were recorded the most often (average of 37% and
31%, respectively). Heavy rainfalls with hyetographs with
highly variable rainfall intensity values, corresponding
with patterns in clusters 1 and 4, were recorded consider-
ably more seldom (on average 15% and 17%, respectively).
The designated standard hyetographs on the aggregate
chart (Fig. 4d) evenly cover its surface, indicating conti-
nuity between the various types of rainfall distributions.
The arrangement of hyetographs on the aggregate chart is
symmetrical (Fig. 4d). The most distinct (located at the
extremes) are the hyetographs for the cluster with the
greatest number of types (5), followed by those for clusters
with fewer types. Clusters 3.2 and 5.3 are practically
identical.

Analogically as in the case of research in the Krakdw
polygon (Mikotajewski et al. 2022), also research regarding
relations of large-scale forcings in the form of, e.g. depth,
duration, and mean intensity of rainfall with particular
types of local model hyetographs was undertaken. Results
of that research are presented in Figs. S13-S15 shown in
supplementary information, including diagrams of proba-
bility distribution density fitted to sets of values of depth,
duration, and mean intensity of heavy rainfalls classified to
subsequent clusters in the case of respective subsets: 37,
58, 5 of the analysed rain gauges for which the optimum
cluster number was equal to k=3, k=4, and k=35,
respectively.

Distributions of rainfall depths and durations could be
modelled by means of 2-parameter exponential distribution
and gamma distribution respectively, whereas distributions
of values of mean intensities of heavy rainfalls in particular
clusters could be fitted with the application of a GEV
distribution. In the case of each subset of stations, heavy
rainfalls classified to clusters No. 1 due to the shapes of
their hyetographs are usually characterised by the highest
intensities and shortest durations. This is fully confirmed
by data presented in Table 1 regarding mean values of
depths, durations, and mean intensities of rainfalls classi-
fied to particular clusters. For example, values of mean
rainfall intensity and duration in cluster No. 1 in a subset of
58 stations with determined cluster number k = 4 were
0.092mmmin~' and 356 min, respectively. For
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Fig. 4 Diagram a shows averaged dimensionless cumulative rainfall hyetographs for three clusters identified through k-means clustering using a
37-gauge subset in Poland (optimum cluster number: 3). Diagram b displays averaged dimensionless cumulative rainfall hyetographs for four
clusters identified using a 58-gauge subset in Poland (optimum cluster number: 4), including a comparison with Huff’s Median Time
Distributions of Heavy Storm Rainfall at a Point (1990). Diagram ¢ presents averaged dimensionless cumulative rainfall hyetographs for five
clusters identified using a 5-gauge subset in Poland (optimum cluster number: 5). The mean values for each cluster are represented by lines on a
semi-transparent background of standard deviation ribbons. Diagram d contains a summary of averaged cumulative precipitation hyetographs for

all three subsets of gauge sites

comparison, mean intensities and durations of rainfalls in
clusters No. 2, 3, and 4 were 0.072, 0.059, and
0.054 mm min~" and 587, 672, and 562 min, respectively.
Similar observations can be done for the two remaining
subsets of stations. They are analogical to conclusions from
research by Huff (1967, 1990) in the USA and
Mikotajewski et al. (2022) in Krakéw. Huff (1990) postu-
lated the application of first-quartile hyetographs for time
scales of approximately 6 h and shorter in designing and
modelling drainage systems, and second-quartile heavy
hyetographs for time scales from approximately 6—12 h.
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Regionalization of sets of model hyetographs
and spatial variability of heavy rainfalls

A broader analysis of the spatial variability of the heavy
rainfall regime in Poland will be included in a separate
study. This subchapter presents selected and simplified
results, important in the context of hyetographs modelling.

Climatic conditions in the territory of Poland, including
precipitation regime, are strongly dependent on two mesos-
cale factors. One of them is location between the “penin-
sula” of West Europe and the core of the Eurasian
“continent” where there is frequent and active air flow from
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Table 1 Mean values of total depths, durations, and intensities of heavy rainfalls classified to particular clusters

Cluster Mean rainfall depth, Mean rainfall duration, Mean rainfall intensity, Number of % of all rainfalls
mm min mm min~’ rainfalls

37-gauge subset with cluster number k = 3

Cluster No. 1 19.00 405.8 0.0896 2883 9

Cluster No. 2 20.28 651.7 0.0626 5720 18

Cluster No. 3 19.07 588.5 0.0572 3140 10

58-gauge subset with cluster number k = 4

Cluster No. 1 18.90 355.7 0.0919 2784 9

Cluster No. 2 20.14 587.0 0.0724 5729 18

Cluster No. 3 20.92 672.0 0.0587 6743 21

Cluster No. 4 18.65 562.2 0.0541 3032 10

5-gauge subset with cluster number k = 5

Cluster No. 1 18.00 348.0 0.0807 168 1

Cluster No. 2 18.79 576.4 0.0746 409 1

Cluster No. 3 19.49 769.4 0.0504 518 2

Cluster No. 4 20.07 798.8 0.0459 409 1

Cluster No. 5 17.65 557.4 0.0456 168 1

the west and relatively fast movement of successive pressure
systems. Climate in the territory of Poland therefore shows
collision of moist air masses from the Atlantic with drier
continental masses. This contributes to high year-to-year
variability of the spatial and temporal distribution of pre-
cipitation, including proportions between solid and liquid
precipitation. On the other hand, it contributes to a generally
longitudinal course of multiannual means of many climatic
parameters. The other factor affecting the characteristics of
Polish climate at the mesoscale is the character and genesis
of the land relief. The majority, i.e. more than 75% of the
territory of Poland, is occupied by low (0-200 m a.s.l.) and
relatively flat plain areas, primarily covered with relatively
uniform glacial deposits, and mostly used for agriculture.
They constitute the northern and central part of the country.
In the south, a bipartite zone of uplands, basins, and medium-
height mountains occurs, dissected by the depression of the
Moravian Gate. Due to the size of Poland and the afore-
mentioned factors, its climatic variability is low, and regio-
nal boundaries are vague. In addition to the evident boundary
between the mountains with uplands and lowlands, most
climatologists also designate a narrow belt of coastal low-
lands with a width of several tens of kilometres at the Baltic
coast, and a zone of lakelands of north Poland with a high
share of postglacial lakes and forests. An example of such
regionalisation is the classic study by Romer (1949) (Fig. 5).

Statistical tests (Block [26] in Fig. 1) performed for both
means (Kruskal-Wallis) and variances (Bartlett) have
shown that belonging to clusters with 3, 4, and 5 model
hyetographs does not significantly differentiate, in Poland,
both due to the average annual frequency of heavy rainfall,
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as well as their duration and depth (Supplement informa-
tion, Fig. S16). Also, the geographic distribution of sites
belonging to individual clusters (Fig. 6) does not show any
relationship with the analysed, annual average, values of
parameters that characterise heavy storms. These variables
are strongly correlated with each other. For this reason,
their spatial distribution is very similar (Fig. 6 and Block
[25] in Fig. 1).

It reflects the belt, latitudinal layout of the main relief
zones of Poland (the Baltic coast, lake districts created
during the last glaciation, a belt of great old glacial valleys
and lowlands, and the bidivided—Sudetes and Carpathi-
ans—zone of highlands and mountains) and the dominant
influence of the north-western circulation from the Atlan-
tic, the North Sea, and the Baltic Sea (Olechnowicz-
Bobrowska 1970; Paszynski and Niedzwiedz, 1999;
Kirschenstein and Baranowski 2005). Their arrangement is
very similar to the total precipitation sums from the sum-
mer half-year (May—October) or summer (June—August),
regardless of the analysed multi-year period (Olechnowicz-
Bobrowska 1970; Paszynski and Niedzwiedz, 1999;
Kirschenstein and Baranowski 2005; Lorenc 2005;
Lupikasza and Matarzewski 2021) and despite the exis-
tence of long-term trends of some characteristics of
extreme precipitation (Lupikasza 2010; Pinskwar et al.
2019). This proves the existence in Poland of relatively
stable, regional relations within the precipitation field.

The map in Fig. 5 (Block [20] in Fig. 1) visualises lack
of evident relations between climatic variability in the
territory of Poland and distribution of sites classified to
particular clusters due to the number of designated model
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Fig. 5 Determined cluster numbers of model hyetographs on a grid
of 100 analysed rain gauges in Poland on the background of climatic
regions of Poland (Romer 1949). Explanations: A—Baltic climates,
B—Ilakeland climates, C—climates of the “Land of Great Valleys”,
D—climates of central uplands, E—climates of submontane lowlands
and basins, F—mountain and submontane climates, G—mountain
basin climate. Dotted lines are boundaries of lower order regional
units

hyetographs. None of the first level regions is uniform in
these terms—each of them includes at least two clusters.
Second level regions usually cover an insufficient number
of measurement sites (in some cases none) for recognising
the uniformity encountered in some cases as credible.
However, when approach at the supraregional scale with
excluded single outlier locations, the obtained results show
certain geographic patterns in their distribution. In the
north, in the zone covering coastal lowlands and the
northern part of the lakelands (region A and part of region
B), a cluster with four model hyetographs is dominant. The
situation is similar in the eastern and western part of the
belt of “Great Valleys” (region C). In the central part of
the belt of “Great Valleys” and the neighbouring southern
fragments of the region of lakelands (region B) and uplands
(region D), the dominant locations are from a cluster
composed of three model hyetographs. Over the remaining
area of the “mosaic” of uplands, mountains, and mountain
basins (regions D, E, F, and G), sites classified to various
clusters neighbour on each other over very small distances.
The characteristic location of points classified to a cluster
with five model hyetographs is very interesting (Fig. 5).
They are located directly at boundaries between first order
regions (A/B, B/C, C/E, D/E, and F/G). It is difficult to
presume it is incidental.

The distribution of points classified to particular clusters
was generalised for the entire territory of Poland by means

@ Springer

of Indicator Kriging for qualitative data (Goovaerts 1997,
Remy et al. 2009). The method assumes that the applied
classification is complete, and the association with classes
(groups, clusters) is mutually exclusive (total probability of
membership in all classes is 1). Interesting results were
obtained in the determination of the surface area occupied
by the value of probability of membership in particular
“clusters” higher than 0.5. The data considerably differ
from the proportions of measurement points classified to
them. For a cluster containing three model hyetographs it is
only 11.41% (previously 37% of points), for a cluster
composed of four hyetographs it is as much as 78.87%
(previously 58% points), and for a cluster composed of 5
hyetographs it is only 0.75% (previously 5%). The
remaining 8.97% is an area where the probability of
membership to any cluster is not higher than 0.5—i.e. the
“uncertain” area.

Conclusions resulting from the analysis of the map
presented in Fig. S17 in supplementary information are
evident. Firstly, they suggest that locations where the
optimum division resulted in five model hyetographs are
anomalies. Their occurrence is probably related to very
local orographic conditions or land cover/use, or specific
atmospheric pollutants affecting the stability of the atmo-
sphere and conditions of precipitation development. Sec-
ondly, to a certain degree also areas with the occurrence of
three model hyetographs can be designated, particularly in
north Poland. Three “regions” are clearly marked, how-
ever, with a greater range, namely the Ktodzko Basin,
western part of the Carpathians (West Beskids), and the
belt extending from Rzeszow through Kielce, £.6dz, then
turning east towards Warsaw. The occurrence of the third,
largest zone can be related to the location of the edge of the
central Polish uplands and depressions of the Sandomierz
Basin and Vistula River valley, although this explanation is
currently a hypothesis requiring further verification.
Thirdly, it may be suggested that model with four hyeto-
graphs is “typical” of the territory of Poland, and that
division should be recognised as “default:” in practical
applications.

Changes in the heavy rainfall regime over time

The analysed 30-year period, 1986-2015, is a time of
acceleration of climate change (Gulev et al. 2021; Forster
et al. 2023). During its duration, previous global air tem-
perature records were exceeded several times (Alexander
et al. 2006; Papalexiou et al. 2018; Seneviratne et al. 2021).
Precipitation extremes were also observed at that time,
although they were continental or regional, rather than
global (Alexander et al. 2006; Asadieh and Krakauer 2015;
Seneviratne et al. 2021). Therefore, it would be reasonable
to check whether there are any time trends in the analysed
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Fig. 6 Interpolated spatial distributions of average long-term characteristics of heavy precipitation in the summer half-year. Explanations:
A frequency of occurrence of heavy rainfalls (1/year), B mean duration of heavy rainfalls (h/year), C mean depth (total) of heavy rainfalls (mm/
year). For better contrast, the colour scale covers a range from 1 to 99% of the variable distribution. The maps also include markings of the
locations of sites for which 3, 4, or 5 model hyetographs of heavy rainfall have been established

set of heavy rainfall and whether they could have influ-
enced the results of the classification of their time courses
(hyetograms). So far, researchers studying changes in the
rainfall regime in Poland (Lupikasza 2010; Pinskwar et al.
2019; Lupikasza and Matarzewski 2021) have not had such
comprehensive data on the characteristics of heavy rainfall
as used in this study. Since the issue mentioned here is a
side topic in this study, the analysis of time variability was
carried out in the most simplified way. A more thorough
assessment will be carried out in a separate study.

The simplification involved: (1) omitting local and regio-
nal variability by aggregating all data from Poland, and (2)
assessing temporal variability over three decades
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(1986-1995, 1996-2005, 2006-2015) and six pentads
(1986-1990,  1991-1995,  1996-2000,  2001-2005,
2006-2010, 2011-2015). The first stage of the analysis uti-
lised one-way ANOVA, followed by pairwise comparison
tests when the ANOVA indicated a rejection of the null
hypothesis (Block [24] in Fig. 1). The ANOV A results for the
number of heavy rainfall events, their duration, depth, and
intensity divided into decades showed very significant dif-
ferences for all analysed parameters. The probability that they
were accidental was negligible (p < 0.00001). The average
annual number of torrential rainfall events recorded at the
measuring station in the following decades was 8.0, 9.6, and
13.8, average duration: 478.3, 519.3, and 682.8 min, average
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depth: 19.0, 20.3, and 20.0 mm, and average intensity: 0.072,
0.074, and 0.060 mm min~' (Fig. S18 in supplementary
information). This shows that the number and duration of
heavy rains increased over a decade, while their depth and
intensity increased in the second decade, and either remained
at the same level (depth) or decreased significantly (intensity)
in the third decade. Pairwise comparison tests showed that
while their decadal means differ significantly in the number of
rainfall events and duration in each combination, in the case
of their depth there is no significant difference between the
second and third decades, and in the case of intensity—be-
tween the first and second decades. Since the numbers and
variances of values in the compared groups differed signifi-
cantly, Welch’s F test and Kruskal-Wallis test were also
calculated. The results obtained were fully consistent with
those obtained from classic ANOVA.

Since the PANDa database, from which the set of heavy
rains analysed in this study was selected, was created by
combining registrations from classic analogue pluviographs
and automatic tipping bucket rain gauges, it is possible that
the observed differences in the rainfall regime in different
periods are apparent and are in fact the result of a change in
methodology. Until 1998, all measurement stations carried
out measurements with analogue pluviographs, and after
2009—only with electronical ones. However, in most loca-
tions, the change of recorders took place between 2001 and
2005. If the replacement of measuring devices influenced the
statistics of heavy rainfall parameters, the analysis of vari-
ance carried out for the pentad periods should show a sig-
nificant difference between the first three pentads
(1986-1990; 1991-1995 and 1996-2000), and the last two
(2006-2010 and 2010-2015) with the pentad of 2001-2005
as a transitional one.

An ANOVA performed on the data divided into pentad
subsets also showed very significant differences
(p < 0.00001). The temporal relations, however, are more
complicated than before (Fig. S19 in supplementary infor-
mation). The average annual number of heavy rain events
remained at a similar level in the first four pentads (8.5, 7.2,
9.0, and 8.8) and then increased dramatically (13.1 and 14.0).
Their average duration in the first two pentads was almost
identical (476.2 and 480.9 min). Later, there is a statistically
significant, although small, increase: in 1996-2000 and
2001-2005 it was 514.7 and 524.1 min, respectively. In the
last two pentads, the duration of heavy rainfall is also similar
and significantly longer than before: 691.2 and 674.8 min.
The average rainfall depth increases in the first three pentads
(18.6, 19.5 and 20.3 mm), then remains at a similar level
(20.1 and 20.2 mm) and finally decreases slightly (19.8 mm).
The intensity of rain increases slightly at the beginning
(0.070 and 0.074 mm min "), then remains at a similar level
(0.073 and 0.075 mm min '), and finally decreases very
significantly (0.060 and 0.060 mm min~"). Pairwise
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comparison tests showed significant differences between
pentads 1-4 and 5 and 6 for the average number of cases.
There are no significant differences within these two groups.
With regard to the duration of rainfall, the situation is slightly
more complex. Statistically significant differences were
found, as before, between pentads 1-4 and 5 and 6, and
pentad 2 differs from pentads 3 and 4. The rainfall depth
recorded in pentad 1 shows very statistically significant
differences in relation to all later periods. The difference
between pentads 2 and 3 is borderline significant (p = 0.03).
Other comparisons for this parameter did not show signifi-
cant differences. The analysis of changes in rainfall intensity
showed a previously existing pattern, namely significant
differences between pentads in two periods: 1-4 and 5 and 6,
with no significant differences within them. In the light of the
results of pairwise comparison tests discussed above and the
graph in Fig. S19 in supplementary information, we can
basically reject the hypothesis that the change of recorders is
the reason for the observed trends in the heavy rainfall
regime. Pentad 4 (2001-2005), when changes were made to
the instrumentation at most measurement stations, is not of a
“transitional” nature at all. It is either very similar to the
earlier period (number of cases, duration, and intensity) or
the later period (depth).

The Chi-square test was used to assess whether the fre-
quency of occurrence of the distinguished types of heavy
rainfall time courses changed significantly during the anal-
ysed 30-year period (Block [19] in Fig. 1). As before, the
entire dataset was divided into decades and pentads. The test
was performed on the basis of a summary table, the columns
of which represented periods (the entire dataset and decades
or pentads), and the rows represented hyetograph types (3, 4,
or 5 depending on the cluster). The frequencies of their
occurrence in subsequent periods are recorded in individual
cells of this table. The obtained results do not indicate the
possibility of temporal changes in the frequency of the dis-
tinguished types of rainfall time courses. Only in one out of
six tests significant differences were obtained (p < 0.0001).
This was the case when the division into decades was anal-
ysed in a cluster of sites with three reference hyetographs.
The analysis of the test components showed that the result
was caused by a large overrepresentation of type three in the
decade 20062015, with a simultaneous deficit in the years
1996-2005. This case should be considered random in the
context of the remaining results.

DISCUSSION

Despite being conducted in Poland, a relatively compact
area (322 575 km?) with a moderate Central European
climate, the study found significant spatial variations in the
frequency and characteristics of heavy rainfall events.
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Using a dataset spanning 30 years from a network of 100
rain gauges, the study identified 31 646 heavy rainfall
events, mostly (28 457 events) during the summer half-
year. On average, there were 10.5 events per year, though
excluding extreme values such as those at high mountain
stations like Hala Gasienicowa (22.5 events per year), local
frequencies ranged widely from approximately 7 to 15
events annually. Similarly, average durations of heavy
rainfall varied widely, from under 60 to around 160 h per
year, as did annual depths, from under 150 to over 300 mm
per year. Maps developed from this data depict clear pat-
terns akin to longstanding knowledge of precipitation
regimes in Poland, influenced by northwest circulation
from the Atlantic, North Sea, and Baltic Sea. Annual sums
of heavy rainfall generally correlate with total precipitation
sums, contributing approximately 30% of annual precipi-
tation at most stations. Comparable studies in Europe, such
as those by Madsen et al. (2014), have also noted diverse
durations and depths of extreme rainfalls, linked to regional
climate patterns and geographic factors.

The analysis found that rainfall depths, durations, and
mean intensities at stations could be modelled using the
2-parametric exponential distribution, gamma distribution,
and generalised extreme value (GEV) distribution,
respectively. Due to spatial variations in the parameters of
heavy rainfall events, significant variability was observed
in local distributions of rainfall depths, durations, and mean
intensities. For instance, parameters for the 2-parametric
exponential distribution of rainfall depth across 31 646
heavy rainfalls in Poland were 4 = 9.819 and y = 10.00,
with A ranging from 7 to 13. Similar variability was noted
for gamma distributions of rainfall durations, ranging from
below 1.4 to close to 2.0 for parameters a, and from slightly
above 200 to around 500 for parameters b, after excluding
outliers. Overall, these variations in parameters translated
into wide ranges for local parameters of mean rainfall
intensities (i, o, and k), which ranged from slightly above
0.02 to just under 0.04, from 0.016 to 0.025, and from
slightly below 0.5 to above 0.8, respectively. For com-
parison, parameters for mean rainfall intensities across the
dataset were u = 0.0295, ¢ =0.0209, and k = 0.6101.
These findings underscore the importance of considering
local characteristics when analysing extreme hydrological
events. Future studies will explore whether parameters
exhibit spatial autocorrelation among the 100 stations,
potentially enabling spatial estimation for Poland as a
whole.

The analysis of heavy rainfall events using high-tempo-
ral-resolution data from 1986 to 2015 did not find precipi-
tation maxima exceeding previously established probable
maximum precipitation (PMP) values for Poland by Banasik
(2005, 2009), based on a limited dataset from major floods in
1997-2002. PMP values from this formula are
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approximately 3.5 times lower than those from the globally
proposed PMP relationship by Paulhus (1965), reflecting
Central Europe’s precipitation realities under a moderate
climate dominated by lowlands. Relative values of maxi-
mum precipitation normalised by annual normal precipita-
tion (Pp/Py) required a 20% correction based on rainfall
durations (formulas (8) and (7)), due to broader database
analysis and improved temporal resolution. The relationship
between PMP and (P/P,) from the 31 646 identified heavy
rainfall events was lower than relationships from 100 sta-
tions analysed under the PANDa project, which focussed on
peak maxima. This difference highlights varying rainfall
intensities over time during heavy rainfall events.

The literature underscores the importance of capturing
rainfall dynamics, specifically momentary intensity vari-
ability during events, when studying extreme hydrological
phenomena, especially in modelling urban catchments
prone to flooding or stormwater retention reservoirs. A
significant part of the research focussed on identifying
standard hyetographs across 100 locations and regionaliz-
ing results to correlate hyetograph types with rainfall event
genesis. These are among the first comprehensive studies
of this scale in Central Europe, employing modern cluster
analysis and geostatistical methods to analyse data from a
network of rain gauges, akin to methods used by Castanho
et al. (2019) for classifying rainfall events globally.

Based on analysis of parameters like the wss parameter
and CHIndex index, optimal hyetograph clusters were
determined: k =3, k =4, and k = 5 for 37, 58, and 5 rain
gauges analysed, respectively. There were no clear corre-
lations found between Poland’s climatic diversity and the
distribution of classified sites due to varied hyetograph
models within individual clusters. The only consistency
was stations with five hyetograph classes located at the
borders of primary climatic regions. The spatial distribu-
tion of clusters with 3, 4, and 5 standard hyetographs did
not exhibit clear geographic patterns (Figs. 5, 6), contrary
to established knowledge of precipitation patterns (Fig. 6)
in Poland. This discrepancy likely stems from the nor-
malisation of genetically different rainfall types with sim-
ilar temporal patterns in Central European conditions.

Future studies should consider reversing the approach
by first dividing geographically or statistically, then clas-
sifying normalised hyetographs within those groups. Pre-
liminary cluster analysis of frequency, duration, and depth
of precipitation from 100 locations identified three or four
distinct groups. Additionally, a two-dimensional frequency
histogram for duration and intensity showed that about
90% of rainfall analysed lasted up to 1400 min with
intensities up to 40 mm, forming a distinct peak in the
dataset.

In-depth spatial analysis of the variability of the number
of standard hyetographs using Indicator Kriging suggests
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that four model hyetographs are the most typical for
Poland, and this division should be considered the default
in practical applications. Generally, heavy rainfalls with
hyetographs most similar to precipitation with uniform
intensity were usually recorded for all stations. Heavy
rainfalls with hyetographs exhibiting more variable
instantaneous rainfall intensity values were recorded
approximately 50% less frequently than hyetographs with
temporally smoothed intensities. For most frequent stations
with a cluster number k = 4, heavy rainfalls with hyeto-
graphs ascribed to clusters 3 and 2 accounted for an
average of 37% and 31%, respectively, of the total rainfall
sets. For the same stations, heavy rainfalls with hyeto-
graphs classified to models in clusters 1 and 4, with more
variable rainfall intensities, were observed considerably
less frequently (accounting for an average of 15% and
17%, respectively, of the total rainfall sets). The obtained
standard hyetograph patterns at stations divided into four
patterns exhibit a clear similarity to the results of earlier
studies by Huff (1990) from the USA area. In this regard,
the model hyetographs of cluster 1 constitute a specific
analogy towards first-quartile heavy hyetographs, postu-
lated by Huff (1990) in designing and modelling drainage
systems for time scales of approximately 6 h and shorter.
According to the results, events classified into cluster 1 in
Central European conditions had significantly shorter
durations, usually from 30 to 100 min, and higher average
intensities compared to events classified into other clusters.

In the Anthropocene era and amidst climate change, it is
obvious that heavy rainfall events and their characteristics
cannot be treated as stationary variables. In this context, the
results obtained cannot be compared with previous refer-
ence statistics since, to the authors’ best knowledge, similar
analyses on this spatial and temporal scale and using high-
resolution rainfall data have not been conducted for Poland
and Central Europe. From this perspective, the present
study is intended to serve as a reference for future analyses
conducted on newly collected datasets of analogous tem-
poral and spatial resolution of rainfall, both in terms of
obtained statistics and the potential application of pro-
cessing methods for registration datasets. The potential of
such an approach is evidenced by the results of sectional,
simplified analyses of trends in basic characteristics of
heavy rainfall events over decades and pentads in the
analysed 30-year period from 1986 to 2015. Their main
conclusion is the clear and statistically significant changes,
manifested especially by the increase in the number and
duration of heavy rains in successive decades. However,
these clear trends do not align with trends regarding the
depths and mean intensities of heavy rainfall events. It is
evident that the depth and intensity increased in the second
decade, and either remained at the same level (depth) or
decreased significantly (intensity) in the third decade. It
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must be emphasised, however, that these results have very
limited reliability, influenced by the too short period of
available high-resolution rainfall data and somewhat
resulting from their simplified methodology. It can also be
presumed that the observed trends, in the form of reduc-
tions in the heights and intensities of heavy rainfall events,
may be the result of the non-homogeneity of the dataset
itself. It should be remembered that around and after the
year 2000, the process of conversion from pluviographs to
trough automatic rain gauges began, the inherent and
confirmed feature of which in many studies is a tendency to
underestimate the intensity of rainfall, especially those
classified as heavy. Regardless, the obtained results
demonstrate the need for systematic, albeit cyclical, mon-
itoring of basic characteristics of heavy rainfall events. It
can be assumed that with the increase in new datasets, such
comparisons will also be possible regarding changes in
developed sets of standard hyetographs for the first time.

CONCLUSION

It is essential to emphasise the practical, applicative aspect
of the conducted research. In engineering issues such as
hydrodynamic modelling of drainage systems and when
seeking future rainfall scenarios, computer models should
use local information about the heights of heavy rainfall
combined with equally precise local knowledge of poten-
tial distributions of this rainfall over the assumed duration
of its occurrence. Information about the heights of heavy
rainfall is already readily available for engineers for many
areas in the form of rainfall atlases such as NOAA Atlas 14
in the USA,2 KOSTRA in Germamy,3 or PANDa in
Poland.* Reference and global assistance can also be pro-
vided to engineers by dependencies such as Py/Pd or PMP.
In the specific case of Poland, statistical distributions of
heights and durations of heavy rainfall can also be devel-
oped in research. In a broader context, such data are also
possible to obtain from global climate model simulations
for future climate change scenarios, albeit with the obvious
limitations of their resolution and the possibility of further
downscaling. Access to information about maximum
rainfall heights can be considered common practice, and
the practice of using heights resulting from local statistical
models is firmly established in engineers’ awareness. The
need to operate with truly local and potentially possible
scenarios of the distribution of maximum rainfall heights
appears much less pronounced in engineering

2 https://hdsc.nws.noaa.gov/pfds/.

3 https://www.dwd.de/DE/leistungen/kostra_dwd_rasterwerte/
kostra_dwd_rasterwerte.html.

4 https://atlaspanda.pl.
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consciousness. This lack results from the frequent absence,
in many areas of the world, of access to analyses of stan-
dard hyetographs, postulated by Huff (1967). In this per-
spective, the set of standard hyetographs obtained
eliminates these gaps for Poland and presumably neigh-
bouring areas of Central Europe. The compiled results
indicate the necessity of operating with complete sets of
hyetographs as alternative scenarios of rainfall occurrence
and variation in engineering solutions based on this,
including perhaps considering the frequency of occurrence
of individual rainfall scenarios. Operating with a set of 3, 4,
or even 5 hyetographs with known occurrence frequencies
in the local dataset of heavy rainfall events is a pragmatic
approach, not requiring engineers to perform a series of
time-consuming simulations but leaving at least a partial
margin for probabilistic interpretation of the obtained
results. Therefore, the methodology practically tested on a
large dataset of 30-year registrations from 100 rain gauges
should be applied in other areas where analyses of standard
hyetographs in high temporal resolution have not yet been
conducted.
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Fig. S2 The chart represents incorrectly recorded precipitation No-182 (same as specific one
in Fig. S1). Such a hyetograph is characteristic of a blocked rain gauge funnel.
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Fig. S3 Charts presenting the example of CHIndex and wss parameters functions, used to
assess the optimal number of clusters. In the above example, the maximum of the CHIndex
function and the inflection of the wss function were the criteria for separating 4 clusters.
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Fig. S4 The chart illustrates the ratio of standard deviation to the mean for the bootmean
values calculated for each of the four clusters determined in successive simulations with a
bootstrap number of 20, 50, 100, 150, 200, and 250 for a randomly chosen location. The value
of 150 resulted in the lowest values of this index, not exceeding 6% for all clusters.

60 T T T T

a
o

N
o

20

Number of storm rainfalls
w
o

-
o

70 350 630 910 1190 1470 1750 2030
Duration, min

Fig. S5 Histogram of rainfall durations for a set of 214 heavy rainfalls from Warsaw, the
capital of Poland, with fitted gamma distribution (a= 1,8819, b= 239.91).
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Fig. S6 Histogram of rainfall depth for a set of 214 heavy rainfalls from Warsaw, the capital
of Poland, with fitted 2-parameter exponential distribution (1=0.11794, y=10,00).
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the capital of Poland, with fitted generalised extreme value distribution (1=0.03548 o=
0.02297, k= 0.49621).
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Fig. S8 These diagrams (a, b, c) show rainfall patterns in Poland based on a combined dataset
of 31,646 storm rainfalls. Diagram a) displays the histogram of rainfall durations (gamma
distribution: a=1,584, b=367.3). Diagram b) shows the histogram of rainfall depths
(exponential distribution: 1=9,819, y=10,00). Diagram c) presents the histogram of mean
rainfall intensities (generalized extreme value distribution: 4=0,0295, 4=0,0209, k=0,6101).
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Fig. S9 Box plots showing the variability of fitted distribution parameters among 100
analysed gauges in Poland, respectively for shape a and scale b parameters of gamma
distributions, A4 parameters of 2-parameter exponential distributions, location y, scale o, and
shape k parameters of generalized extreme value distributions. The red lines in the middle of
each box are samples medians, whereas the bottoms and tops of each box are the 25th and
75th percentiles of the samples, respectively. The whiskers extend to the most extreme data
points not considered outliers. Outliers are assumed to be values higher than 1.5 times the
interquartile range away from the bottoms or tops of the boxes, plotted individually using
the '+' marker symbols.
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Fig. S10 Box plots showing the variability of percentage shares of rainfalls classified to
clusters 1, 2, and 3 among a 37-gauge subset out of 100 analysed gauges in Poland, where the
optimum cluster number was equal to 3. Box plots convention is similar to Fig. S9.
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Fig. S11 Box plots showing the variability of percentage shares of rainfalls classified to
clusters 1, 2, 3, and 4 among a 58-gauge subset out of 100 analysed gauges in Poland, where
the optimum cluster number was equal to 4. Box plots convention is similar to Fig. S9.
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Fig. S12 Box plots showing the variability of percentage shares of rainfalls classified to
clusters 1, 2, 3, 4, and 5 among a 5-gauge subset out of 100 analysed gauges in Poland, where
the optimum cluster number was equal to 5. Box plots convention is similar to Fig. S9.
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Fig. S13 Diagram a) displays gamma distributions fitted to rainfall depths assigned to clusters
1 to 5 using 5 gauges (optimum cluster number: 5) Diagram b) showcases gamma
distributions fitted to rainfall depths assigned to clusters 1 to 4 using 58 gauges (optimum
cluster number: 4). Diagram c) presents gamma distributions fitted to rainfall depths assigned
to clusters 1 to 3 using 37 gauges (optimum cluster number: 3). All of these distributions are
plotted at a log scale for better discrimination and provide insights into the distribution
patterns of rainfall depths across different clusters.
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Fig. S14 Diagram a) showcases 2-parameter exponential distributions fitted to rainfall
durations assigned to clusters 1-5 using 5 gauges (optimum cluster number: 5). The
distributions are plotted on a log scale for improved discrimination. Diagram b) presents the
same analysis for clusters 1-4 using 58 gauges (optimum cluster number: 4), also plotted on a
log scale. Diagram c) displays the distributions for clusters 1-3 using 37 gauges (optimum
cluster number: 3), with a log scale used for better visualization. These figures provide
valuable insights into the distribution patterns of rainfall durations across different clusters,

visualized using a log scale.
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Fig. S15 Diagram a) showcases generalized extreme value distributions fitted to mean
intensities of rainfalls assigned to clusters 1-5 using 5 gauges (optimum cluster number: 5).
Similarly, diagram b) presents the fitted distributions for clusters 1-4 using 58 gauges
(optimum cluster number: 4), while diagram c) displays the fitted distributions for clusters 1-3
using 37 gauges (optimum cluster number: 3). The distributions at all diagrams are plotted
with a log scale aiding in enhanced visualization. These diagrams provide insights into the
distribution patterns of mean rainfall intensities across different clusters.



~
|

—1 160

13 T A_ B
Tn ] — - 10 o
“.'-.__:11 T \T/ I - 120 E,_
> 10 — Q i g
e 1N ) =3 [\ 100 2
3.1 N ¢85 [ AN [/__\1 50 <
L ) 2X o &

6 +—— 1 T T [0 =

5 . T 40

T
3 4 5
Cluster of hyetographs

280

Cluster of hyetographs

Fig. S16 Boxplots of average multi-year characteristics of storm rainfall in locations of sites
for which 3, 4 or 5 model hyetographs of storm rainfall have been established. Explanations:
A — frequency of occurrence of storm rainfalls (1/year), B — mean duration of storm rainfalls
(h/year), C — mean depth (total) of storm rainfalls (mm/year). The principle of chart
construction is similar to Fig. S9, with the exception of taking into account outliers. Box
notches represent the 95% confidence interval for the median.

138:5551171078



Cluster
probability

0.9 ——0.9 0.9

0.8 0.8 0.8

0.7 0.7 0.7

0.6 0.6
0.5 IO.S
Fig. S17 Probability of membership of land in clusters with three, four, and five model
hyetographs determined by means of Indicator Kriging. Colours denote probability of
membership in a given cluster, if it is higher than 0.5. White (empty) spaces denote areas with

the highest uncertainty, i.e. the probability of membership in any cluster is not higher than
0.5.
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decades from 1986 to 2015 and their standard errors. Earlier years were included in the first
decade, and later years were included in the third decade. The best-fitting trend line is marked
on the charts and its coefficient of determination and significance level are given.
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Table S1 The PANDa project stations with their location information, and statistics of the
designated groups of storm rainfalls and identified clusters of model hyetographs.

Number of .
No.| Name of station | Latitude |Longitude Altitude, storm rainfalls rerl:lllé\r:l?jegtg:m Number of ,k\)/(l)l(:ltlnr:euar:
mas.l. | (exceptthe rainfalls clusters k value
removed ones)
1 [Baligrdd Mchawa [49°21°14” [22°17°01" (430 472 4 0.64
2 |Bardo 50°30°33" |16°44°39" (320 288 3 0.83
3 [Biatystok 53°0626" [23°09°44" (148 283 4 0.74
4 |Biebrza 53°39°02" [22°34°42" (115 207 5 0.62
5 [Biecz-Grudna 49°44°07" 21°17°44" 285 309 4 0.64
6 |[Bielsko-Biata 49°48°29” (19°00°04" (390 588 3 0.84
7 |Bodzentyn 50°56°49" [20°57°05" (270 270 4 0.70
8 [Bogatynia 50°53759" |14°58°50" (295 308 3 0.87
9 [Bolkéw 50°55°30" |16°05°55" (310 292 4 0.75
10 (Chojnice 53°42°55" 117°31°57" (164 287 3 0.84
11 |Chwatkowice 51°26°54" |16°36°47" (180 224 3 0.84
12 [Cisow 50°45'31" [20°54°10" 326 252 3 0.86
13 |Czgstochowa 50°48743" 19°05°30" {294 349 3 0.94
14 |Dhugopole 50°14°59" 116°38°00" (365 330 3 0.94
15 [Dobrogoszcz 50°45°31" |17°01°02" (175 259 4 0.72
16 |Dzierzoniéw 50°43°11" |16°39710" 260 285 4 0.68
17 [Elblag 54°13°24" |19°32°37" (189 312 3 0.82
18 |Gdansk - Port 54°23°59" (18°41°52" |2 252 4 0.86
IPétnocny
19 (Gdynia 54°31°08" |18°33°34" |2 217 4 0.70
20 |Gluchotazy 50°18°08" |17°23"14" (350 325 3 0.83
21 |Gotdap 54°18°31" [22°16°14" (160 271 4 0.71
22 |Gorzow 52°44°28" |15°16°38" |71 226 4 0.78
23 |Grudziadz 53°26°15" |18°42°34" (25 220 4 0.79
24 [Hala Gasienicowa (49°14°38" [20°00°21" (1523 726 4 0.69
25 [Hel 54°36°13" |18°48°43" |1 271 4 0.61
26 [Jabtonka 49°28°20" (19°41°45" 614 389 3 0.90
27 Pelenia Gora 50°54°01" [15°47°20" (342 309 3 0.92
28 [Kalisz 51°46°52" 118°04°51" 137 239 3 0.85
29 [Karpacz 50°46°44" 115°46°10" [575 398 4 0.74




30 |Katowice 50°14726" {19°01°58" |278 377 0.65
31 [Ketrzyn 54°04°02" [21°22°00" (106 292 0.66
32 [Kielce 50°48°38" [20°41°32" |260 309 0.62
33 [Klodzko 50°26"13" |16°36°51" |356 315 0.87
34 [Koto 52°11°59" |18°39°37" (115 238 0.66
35 [Kotobrzeg 54°10°57" |15°34°47" |3 256 0.67
36 |Koszalin 54°12°16" {16°09°19" |33 381 0.65
37 [Koscierzyna 54°07°43" |17°57°43" |190 286 0.71
38 [Kozienice 51°33753" [21°32737" (123 298 0.84
39 |Krakow - Bielany  [50°04740" |19°47°42" (237 320 0.66
40 |Krosno 49°42°24" 21°46°09" (329 396 0.61
41 |Legnica 51°11°33" |16°12728" |122 294 0.68
42 |Lesko 49°27°59" |22°20°30" (420 480 0.87
43 |Leszno 51°50°08” 16°32°05" 91 270 0.64
44 Lebork 54°33°11" |17°45°25" |39 365 0.62
45 [Lidzbark Warminski [54°08°09” [20°35°10” |90 274 0.73
46 |Limanowa 49°41°37" 20°25°06" (515 437 0.68
47 |Lubachow 50°45°50" 116°25°43" (310 349 0.60
48 |Lublin 51°13°00" [22°23°35" |238 286 0.66
49 .eba 54°45713" |17°32°05" |2 328 0.80
50 fodz 51°43°06" |19°23°14" (175 243 0.78
51 [Miechow 50°21°46" [20°01°58" |299 300 0.63
52 Migdzylesie 50°09712" {16°40°15" 1450 395 0.88
53 Mikotajki 53°47°21" [21°35723" |127 293 0.68
54 Mtawa 53°06°15" [20°21°40" (147 291 0.85
55 [Namystow 51°03°59” {17°43°00” |150 200 0.65
56 [Niezabyszewo 54°08718" |17°25°24" (160 278 0.70
57 [Nowy Sacz 49°37°38" [20°41°19" (292 406 0.74
58 |Olsztyn 53°46°07" [20°25°17" |133 279 0.92
59 (Opole 50°37°37" |17°58°08" |163 286 0.85
60 (Otmuchow 50°28720” {17°09°59" |210 307 0.71
61 [Pita 53°07°50" |16°44°50" (72 251 0.79
62 [Ptock 52°35718" {19°43°33" |106 222 0.69




63 [Polanica Zdrdj 50°25°31" |16°31°06" (390 296 0.64
64 [Polkowice 51°30°02" |16°03°22" (160 207 0.87
65 [Poznan 52°25°00" |16°50°05" (88 201 0.59
66 Prabuty 53°44°22" 119°12°54" (100 269 0.63
67 [Pszenno 50°51°14" 116°32°35" (225 270 0.61
68 [Raciborz 50°03°40" |18°11°27" 206 281 0.64
69 [Resko 53°45°49" |15°23°36" [52 326 0.77
70 [Rzeszow - Jasionka [50°06°39” [22°02°32" 206 339 0.84
71 |Sandomierz 50°41°48" [21°42°57" 217 304 0.88
72 (Siedlce 52°10°52" [22°14°41" (152 273 0.73
73 |Skierniewice 51°57°55" [20°09°37" (128 257 0.79
74 [Stubice 52°20°55" |14°37°11" [53 277 0.60
75 |Staszow 50°35742" [21°11°06" [219 254 0.65
76 |Sulejow 51°21°12" |19°51°59" (188 303 0.91
77 |Suwatki 54°07°51" [22°56°56" (184 268 0.75
78 [Szczecin 53°23°43" |14°37°22" |1 248 0.70
79 [Swider 52°06°57" [21°14°15" |94 275 0.80
80 [Swieradow Zdréj 50°53°54" |15°21°31" 500 536 0.87
81 [Swierzawa 51°00°46" |15°54°10" (300 295 0.60
82 Swiety Krzyz 50°51'34" [21°03°05" [575 316 0.85
83 [Swinoujcie 53°55724" |14°14°32" |5 236 0.61
84 [Tarndw 50°01°48" [20°59°02" (209 375 0.81
85 [Terespol 52°04°43" [23°37°19" (133 263 0.81
86 [Torun 53°02°31" |18°35°44" (69 277 0.93
87 |Ustka 54°35718" |16°51°15" (3 340 0.73
88 \Walim 50°42°10" {16°26°21" |490 372 0.88
89 |Warszawa Bielany [52°16°53" [20°57°48" 98 214 0.86
90 [Wielun 51°12°40" |18°33°28" (200 280 0.70
91 |Wistoczek 49°30°03" [21°51°56" [520 460 0.75
92 [Wistok Wielki 49°22°43" 21°59°57" 540 473 0.87
93 [Wtlochow 51°05°56" [20°36°44" (345 299 0.86
94 |Wiodawa 51°33712" [23°31°46" |177 254 0.63
95 [Wroctaw 51°06°12" |16°54°00" (120 296 0.68




96 [Wymystow 50°49°53" [20°05°38" |250 299 0 4 0.73
97 Wysowa 49°26°17" 21°1021" 519 473 0 4 0.7
98 [Zakopane 49°17°38" |19°57°37" (855 642 0 4 0.82
99 [Zawoja 49°36°43" 119°31°07" (697 580 0 3 0.84
100Zielona Gdra 51°55748” |15°31°29" |192 258 0 4 0.75

Table S2 The PANDa project stations’ statistics of the designated set of storm rainfalls of the
summer half-year.

Frequency of |Means duration| Mean depth of
Number of -
. Number of observation| storm rainfalls |  2¢CUrrence of .Of storm storm rainfalls of
No. | Name of station ears of the summer storm rainfalls of | rainfalls of the {the summer half -
y the summer half -| summer half - | year in a year,
half - year .
year per 1 year |yearinayear, h mm
1  [Baligrdd Mchawa (30 432 14.4 126.0 308.2
2 [Bardo 30 274 9.1 74.8 194.0
3 |Biatystok 30 250 8.3 74.1 161.6
4 |Biebrza 31 196 6.3 44.1 109.6
5 |Biecz-Grudna 30 288 9.6 82.4 197.8
6  [Bielsko-Biata 30 532 17.7 197.9 401.2
7  |Bodzentyn 30 250 8.3 60.9 157.8
8  [Bogatynia 30 284 9.5 80.9 208.7
9  Bolkow 30 269 9.0 79.4 193.4
10 |Chojnice 30 237 7.9 71.4 146.7
11 [Chwatkowice 32 219 6.8 56.0 135.0
12 |Cisow 30 238 7.9 60.3 149.8
13 |Czestochowa 30 307 10.2 102,.5 203.5
14 |Dhugopole 30 315 10.5 84.4 210.7
15 [Dobrogoszcz 30 239 8.0 61.4 169.1
16 [Dzierzoniow 30 265 8.8 74.7 193.7
17 [Elblag 30 266 8.9 85.3 160.1
18 |Gdansk - Port 30 232 7.7 59.3 145.2
Pénocny
19 |Gdynia 30 205 6.8 53.1 119.6
20 [Gluchotazy 30 288 9.6 92.4 217.0
21 |Goldap 30 249 8.3 61.2 147.6
22 |Gorzéw 30 189 6.3 53.3 113.0




23  |Grudziadz 30 211 7.0 49.6 124.3
24 |Hala Gasienicowa [30 675 22.5 260.2 667.2
25 [Hel 30 226 7.5 71.8 146.8
26 [Jablonka 30 356 11.9 108.1 2335
27 Velenia Gora 30 291 9.7 91.0 198.5
28 |Kalisz 30 213 7.1 63.5 126.2
29 |Karpacz 30 369 12.3 115.1 274.5
30 |Katowice 30 329 11.0 117.5 220.7
31 [Ketrzyn 30 264 8.8 78.0 155.1
32 |Kielce 30 273 9.1 84.4 183.4
33  |Ktodzko 30 284 9.5 98.1 198.7
34  [Koto 30 209 7.0 59.5 126.3
35 |[Kolobrzeg 30 245 8.2 69.5 160.7
36 |Koszalin 30 315 10.5 104.6 203.4
37 |[Koscierzyna 30 262 8.7 70.5 159.8
38 [Kozienice 30 256 8.5 84.4 156.8
39 [Krakéw - Bielany (30 290 9.7 80.9 190.7
40  |Krosno 30 352 11.7 131.9 248.4
41 |Legnica 30 274 9.1 89.4 192.1
42 |Lesko 30 423 14.1 137.2 291.5
43 |Leszno 30 243 8.1 71.1 151.8
44 [Lebork 30 298 9.9 107.6 188.7
45  |Lidzbark 30 241 8.0 59.1 145.9
'Warminski
46  |Limanowa 30 409 13.6 131.3 297.2
47  |Lubachow 30 323 10.8 89.2 238.9
48  |Lublin 30 260 8.7 72.4 158.5
49  |lLeba 30 284 9.5 101.9 173.2
50 {odz 30 203 6.8 64.2 125.3
51 |Miechéw 30 283 9.4 77.4 182.1
52 Migdzylesie 30 342 11.4 94.9 224.8
53 Mikotajki 30 266 8.9 69.0 166.6
54 [Miawa 30 252 8.4 73.1 153.1
55 [Namystow 30 192 6.4 52.7 120.1




56 [Niezabyszewo 30 245 8.2 66.5 152.2
57 [Nowy Sacz 30 373 12.4 119.6 258.0
58 |Olsztyn 30 227 7.6 66.2 142.5
59 |Opole 30 258 8.6 82.6 167.9
60 [Otmuchow 30 276 9.2 72.8 189.0
61 [Pita 30 223 7.4 62.2 138.2
62 [Plock 30 195 6.5 57.1 121.3
63 [Polanica Zdroj 30 266 8.9 66.9 178.5
64 |Polkowice 30 189 6.3 51.9 127.3
65 [Poznan 32 181 5.7 44.9 105.9
66 [Prabuty 30 257 8.6 61.2 154.6
67 [Pszenno 30 248 8.3 66.8 177.3
68 |Raciborz 30 264 8.8 83.6 172.1
69 [Resko 30 274 9.1 86.2 168.0
70 |Rzeszéw - Jasionka |30 309 10.3 91.7 198.1
71 [|Sandomierz 30 280 9.3 81.6 172.1
72 |Siedlce 30 232 7.7 67.5 146.0
73 [Skierniewice 30 225 7.5 50.7 136.3
74 |Stubice 30 233 7.8 70.5 152.2
75 [Staszéw 30 239 8.0 59.5 145.3
76  [Sulejow 30 260 8.7 82.2 173.6
77  |Suwatki 30 235 7.8 65.6 145.6
78 |Szczecin 30 211 7.0 61.7 130.5
79  [Swider 30 265 8.8 59.1 160.4
80 [Swieradow Zdroj (30 451 15.0 148.3 327.0
81 [Swierzawa 30 275 0.2 78.7 194.9
82 |Swiety Krzyz 30 278 0.3 74.4 179.4
83  [Swinoujscie 30 196 6.5 60.1 118.7
84 [Tarnéw 30 339 11.3 116.3 261.9
85 [Terespol 30 235 7.8 73.8 154.0
86 (Torun 30 245 8.2 71.8 160.9
87 |Ustka 30 297 9.9 102.7 187.1
88 Walim 30 350 11.7 104.1 266.8




89 |Warszawa Bielany (30 204 6.8 49.9 125.9
90 [Wielun 30 247 8.2 72.5 155.9
91 [Wistoczek 30 403 13.4 120.1 299.8
92 |Wistok Wielki 30 436 14.5 125.4 315.7
93  [Wiochow 30 264 8.8 66.2 169.7
94  |Wlodawa 30 233 7.8 73.4 148.2
95  [Wroctaw 30 271 9.0 87.7 177.4
96 [Wymystow 30 282 9.4 68.2 186.0
97 |Wysowa 30 456 15.2 123.8 315.3
98 |[Zakopane 30 568 18.9 238.5 449.4
99 |Zawoja 30 501 16.7 167.2 359.8
100 [Zielona Gora 30 224 7.5 73.1 146.3
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