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Abstract

Introduction

Severe weather phenomena associated with deep moist convection create a significant threat
to human lives and property. In Poland, an average of 10 people are killed each year due to
severe thunderstorms including tornadoes up to F4 in Fujita scale, large hail up to 10 cm in
diameter and convective wind gusts up to 40 m s™. Despite such an impact, not many studies
on severe thunderstorm risk were made for Poland. Except studies that analyzed basic
distributions of thunderstorm days based on human observations, no climatological analyzes
involving lightning data were performed. A similar situation arose with tornadoes. Although
some of the tornado reports from 21% century have been collected and analyzed, no
comprehensive study on tornado occurrence existed for Poland. However, the development of
such studies has now become possible thanks to changes that took place in Poland in the last
15 years. These included the development of POLRAD and PERUN networks, the increase in
the exchange of weather information, the increase in severe weather monitoring, and more
systematic efforts to collect severe weather reports (the foundation of the European Severe
Weather Database and the Polish Stormchasing Society). In order to rectify the absence of
severe thunderstorm studies for Poland and take advantage of the changes that has taken place
in recent years, the main goal of this research was to investigate the occurrence of

thunderstorms and tornadoes in Poland.

Objectives

a. To determine the climatology of a cloud-to-ground lightning.
b. To determine the climatology of tornadoes.

To investigate historical sources in the search of yet undocumented tornado events.

i

To estimate the return period of rare events such as violent and killer tornadoes.
e. To investigate atmospheric conditions conducive to the tornado formation and assess

their forecasting possibilities.



Datasets

d.

European Severe Weather Database — tornado reports from the territory of Poland for the
years 1820-2015.

PERUN lightning detection network — a cloud-to-ground lightning data for the years
2002-2013.

NOAA National Climatic Data Center — daily summaries regarding thunderstorm
occurrence over 44 meteorological stations in the years 2002—2013.

University of Wyoming sounding database — radiosonde observations from 10 sounding
stations in and around Poland for the years 1977-2012.

Digital libraries — 12 Polish digital libraries containing original scans of various archival
newspapers with a local and national coverage.

Other sources — web searches (media reports, social media, forum of the Polish
Stormchasing Society), damage surveys, in-situ observations, lightning data, satellite
data, radar data, aerial and global forest change project data. The boundary and initial
conditions derived from the Global Forecast System (for the purposes of Weather

Research and Forecasting Model simulations).

Methodology

d.

Statistics of annual, monthly and hourly variation of cloud-to-ground lightning flashes in
years 2002—-2013 are computed. Data is presented in the form of charts, tables and maps.
Temporal and spatial variability of polarity, peak current and percentage of nighttime
cloud-to-ground lightning flashes is involved as well.

All available tornado reports in years 1899-2014 are collected. Cases are divided on
waterspouts, weak tornadoes, and strong tornadoes. Statistics involving monthly, diurnal
and spatial variability are computed. A comparison of Polish tornado records with records
from United States and Europe are presented as well.

All available deadly tornado reports in years 1820—2015 are collected. An investigation
into historical records from 19" and 20" centuries is performed. Cases are analyzed in
terms of their intensity and temporal variability in decades, months and time of the day.
The most important factual information on each case is provided as well.

Atmospheric conditions conducive to the tornado occurrence in Poland are defined by
combining tornado reports with radiosonde measurements. Proximity sounding are
considered if tornado event took place up to 3 hours prior to 6 hours after the sounding

time, and no farther than 200 km away from the sounding site. Cases are divided



according to their intensity and surface temperature. Results are presented in the form of
scatter-plots and box-and-whisker charts.

Possibilities to forecast tornadoes are evaluated by: reviewing scientific literature,
analyzing available forecasting techniques, local climate characteristics and the
prevalence of the tornadoes in Poland.

A tornado event of 14 July 2012 is studied by analyzing: the course of the event, synoptic
and mesoscale meteorological conditions, and by assessing the possibilities of its short-

term prediction within the use of Weather Research and Forecasting Model simulation.

Results

d.

The annual average of around 360 000 cloud-to-ground lightning flashes occur each year
in Poland. This results in an average of 150 days with thunderstorms appearing anywhere
in Poland. The average annual number of days with a thunderstorm within a particular
location increases from the coast of the Baltic Sea in the northwest (15-20 days), to the
Carpathian Mountains in the southeast (30—35 days).

The spatial distribution of the mean annual cloud-to-ground lightning flash density varies
from 0.2 to 3.1 flashes km™ yr' reaching the lowest values along the coast of Baltic Sea
and the highest in the southwest-northeast belt from the Krakow-Czestochowa Upland to
the Masurian Lake District.

The vast majority of cloud-to-ground lightning flashes are detected during the daytime
with the peak activity at 1400 UTC and the minimum at 0700 UTC. While the activity of
less severe thunderstorms drops after 1700 UTC, intense thunderstorms remain active
until the late evening hours.

The days with the most intense thunderstorms occur from May to August and peak in
July (an average of 4 days with at least 10 000 cloud-to-ground lightning flashes).

On average 8-14 tornadoes occur each year in Poland, of which 5-7 are weak tornadoes
and 1-3 are significant ones. A mean of 2-3 waterspouts are reported annually. Violent
tornadoes occur once every one or two decades.

An average of 1-2 killer tornadoes with 5 fatalities may be depicted for each decade. It is
estimated that around 5-10% of significant tornadoes cause fatalities.

Tornadoes in Poland occur most likely from May to September with July as the peak
month for tornadoes forming over land, and August for waterspouts.

Tornadoes forming over land take place mostly between 1500 and 1800 UTC, whereas
waterspouts peaks between 0900 and 1200 UTC.



i. In years 1899-2013 significant tornadoes were the most frequent in the southwest-
northeast belt from the Krakéw-Czestochowa Upland up to the Masovian Lowland.

j. Warm airmass tornadoes feature with high atmospheric instability and moderate wind
shear while cold airmass tornadoes are characterized by dynamic wind field (high wind
shear) and marginal instability.

k. Significant tornadoes are characterized by higher than in weak cases: convective
available potential energy, deep layer wind shear, low-level wind shear, storm relative
helicity, boundary layer's moisture, and the presence of low-level jet stream. Their
occurrence is related to supercell thunderstorms that are possible to predict within the use
of the numerical weather prediction models.

l. Weak tornadoes are characterized by increased convective available potential energy
released below 3 km above ground level, low lifted condensation level and weak vertical
wind shear. They are related to wind-shift boundaries with preexisting vertical vorticity
and developing convection. Tornadoes forming this way are difficult to predict.

m. The use of Weather and Research Forecasting Model simulations may be supportive of
predicting atmospheric conditions conducive to severe convective weather, including

tornadic supercells.

Conclusions and discussion

It has to be accepted that due to only 12 years of lightning detection measurements and
limitations regarding tornado reporting, obtained climatological results will always be
uncertain and remain only an approximation of the real distributions. Nevertheless, knowing
at least the primary modes of spatial and temporal variability of thunderstorms and tornadoes,
can help various groups such as weather forecasters, emergency managers, insurance
companies, and the public to be better prepared. For this reason, it is believed that obtained
results carry a practical value and may be used alike in operational forecasting, as well as in

other studies on severe thunderstorm occurrence in Poland.

Perhaps one of the most important finding concerns the discovery of historical tornado cases
that took place over the last 200 years, and proved that Poland is threatened to the occurrence
of even F4 tornadoes. This finding stays in the opposition to the popular statement that
“tornadoes in Poland are a new thing and become more frequent due to changing climate”.
Obtained results indicate that this phenomenon is not new for Poland and that numerous
significant and killer tornadoes occurred in the past. High-quality European tornado

observations that began only in the late 2000s also do not allow to determine any reliable
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climate trends regarding tornado occurrence.

The second important finding concerns study on a cloud-to-ground lightning climatology that
is the first of this type ever performed for Poland. Although the occurrence of thunderstorms
based on human observations has been previously studied, this research introduced numerous
new findings regarding temporal and spatial variability of lightning. One of the most
important ones indicates that severe thunderstorms are most likely to appear in the southwest-
northeast belt from the Krakow-Czestochowa Upland up to the Masovian Lowland. Almost
the same conclusion is to be found in the study regarding spatial distribution of significant

tornadoes over the course of the last 100 years.

The analysis regarding possibilities of tornado forecasting in Poland indicate that thanks to
numerical weather prediction models and POLRAD radar network, it is possible to issue
tornado forecasts and real-time warnings for Poland. However, due to rather low frequency of
tornadoes in Poland, still low severe weather awareness of the Polish society, and lack of
systems that would allow to share such an information quickly and efficiently to the public,
one may question the need for such procedures. Perhaps unjustly. Based on the records from
the entire period of study, it is estimated that an average of 20 significant and 1-2 deadly
tornadoes occur each decade in Poland. Each year Poland experiences 150 days with the
thunderstorm including 10 with at least 10 000 CG lightning flashes. Approximately 10
people die due to severe thunderstorms each year. For these reasons, the author believe that
the consideration of a real-time severe thunderstorm and tornado warning procedures in
Poland (similar to those performed by the National Weather Service in the United States)
should be taken into account. This way people would have a possibility to receive a highly
credible information about a possible danger in their surroundings, and shortly before the
incident, take action to protect their lives. We can neither prevent nor control the occurrence
of severe thunderstorms, but because human safety is the most important issue, we should be
able to do everything in order to inform people, about upcoming danger. Numerous high-
impact killer tornadoes that occurred over the last 200 years, indicate that similar events are
highly likely to appear in the future. The question is whether we will be able to protect people

when the next such an event is going to happen.
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Streszczenie (in Polish)

Wstep

Niebezpieczne zjawiska atmosferyczne zwigzane z gleboka konwekcja, stwarzaja duze
zagrozenie dla zycia i mienia ludzkiego. Kazdego roku w Polsce z powodu silnych burz,
statystycznie ginie okolo dziesieciu oséb. Polska narazona jest na wystepowanie trab
powietrznych o sile dochodzacej do F4 w skali Fujity, opadéw gradu o srednicy do 10 cm
oraz konwekcyjnych porywoéw wiatru osiggajacych do 40 m s. Pomimo zagrozenia jakie
te zjawiska generuja, niewiele prac naukowych zostato poswieconych tematyce wystepowania
silnych burz w Polsce. Dotychczas podstawowe charakterystyki zjawisk burzowych bazowaty
na tradycyjnych obserwacjach wykonywanych przez cztowieka. Brak jednak bylo
kompleksowego opracowania klimatologicznego wykorzystujacego dane (z niezaleznych
od czynnika ludzkiego) systeméw detekcji wyladowan atmosferycznych. Podobna sytuacja
dotyczyla takze tragb powietrznych. Pomimo, ze czes¢ raportow z XXI wieku poddano analizie
w pojedynczych artykutach naukowych, to w dalszym ciagu brak bylo kompleksowego
opracowania dotyczacego klimatologicznych aspektow wystepowania trab powietrznych
w Polsce. Opracowanie takich badan stalo sie jednak mozliwe dzieki rozwojowi
meteorologicznej infrastruktury pomiarowej, ktora ulegla znacznym zmianom na przestrzeni
ostatnich 15 lat. Zmiany te dotyczyly m. in. rozwoju sieci pomiaréw teledetekcyjnych
POLRAD oraz PERUN, wzrostu wymiany informacji pogodowej, poprawy jakosci
monitoringu zjawisk niebezpiecznych oraz bardziej efektywnego zbierania raportow
o niebezpiecznych zjawiskach atmosferycznych (zalozenie bazy danych European Severe
Weather Database oraz stowarzyszenia Polskich L.owcow Burz). Z tych wzgledéw, celem tej
pracy bylo wykorzystanie ww. zmian oraz uzupeinienie miedzynarodowej literatury naukowej

o charakterystyki wystepowania burz oraz trab powietrznych na obszarze Polski.

Cele

a. OkresSlenie przestrzennej oraz czasowej charakterystyki wystepowania doziemnych

wytadowan atmosferycznych.
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Okreslenie przestrzennej oraz czasowej charakterystyki wystepowania tragb powietrznych.
Analiza zrodet historycznych celem znalezienia opisow trab powietrznych nieznanych
dotad literaturze naukowej.

Oszacowanie czestosci wystepowania trgb powietrznych powodujacych duze straty
materialne oraz ofiary Smiertelne.

Analiza warunkéw atmosferycznych sprzyjajacych powstawaniu trab powietrznych oraz

oszacowanie mozliwosci ich prognozowania na obszarze Polski.

Dane

d.

European Severe Weather Database — raporty tragb powietrznych z obszaru Polski
dla okresu 1899-2013.

Sie¢ detekcji wyladowan atmosferycznych PERUN — okolo 5 milionéw doziemnych
wyladowan atmosferycznych z obszaru Polski dla okresu 2002-2013.

NOAA National Climatic Data Center — dobowe podsumowania dotyczgce raportowania
zjawiska burzy z 44 stacji meteorologicznych z obszaru Polski dla okresu 2002—-2013.
Baza danych radiosondazowych Uniwersytetu Wyoming — pomiary radiosondazowe
z 10-ciu stacji aerologicznych z obszaru Polski oraz krajow sasiedzkich dla okresu 1977—
2012.

Biblioteki cyfrowe — 12 polskich bibliotek cyfrowych zawierajacych oryginalne skany
historycznych dziennikéw informacyjnych o zasiegu lokalnym oraz krajowym z XIX
i XX wieku.

Inne Zrodta — doniesienia prasowe, informacje pochodzace z mediéw spotecznosciowych,
forum internetowego Polskich f.owcéw Burz, produkty obrazowan satelitarnych oraz
zdjecia lotnicze, dane radarowe, analizy zniszczen, dane z detektorow wyladowan
doziemnych, naziemne pomiary meteorologiczne, projekt Global Forest Change oraz
warunki brzegowe modelu Global Forecast System (na potrzeby downscalingu przy

uzyciu modelu Weather and Research Forecasting Model).

Metody

d.

Opracowanie czasowych (lata, miesigce, pory dnia) oraz przestrzennych statystyk
wystepowania doziemnych wyladowan atmosferycznych dla okresu 2002-2013. Dane
zaprezentowano w formie tabel, wykresow oraz map. W pracy przedstawiono réwniez
przestrzenne oraz czasowe zroznicowanie polarnosci, pradu szczytowego oraz odsetka

doziemnych wyladowan atmosferycznych wystepujacych w nocy.
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Skatalogowanie wszystkich dostepnych raportow trab powietrznych dla okresu 1899-
2014. Przypadki podzielono na traby wodne, traby powietrzne stabe oraz traby
powietrzne silne. Statystyki ich wystepowania opracowano w ujeciu lat, miesiecy, pory
dnia oraz w aspekcie zréznicowania przestrzennego. Dane zaprezentowano w formie
tabel, wykresow oraz map. W pracy poréwnano wystepowanie trgb powietrznych
w Polsce z ich wystepowaniem na obszarze Stanéw Zjednoczonych oraz w Europie.
Ryzyko wystepowania trab powietrznych powodujacych ofiary $miertelne oszacowano
na podstawie analizy wszystkich dostepnych raportow z okresu 1820-2015. W tym celu
przeszukano 12 bibliotek cyfrowych, posiadajacych Zrdédia historyczne z XIX oraz XX
wieku. Zebrane przypadki poddano analizie pod katem intensywnos$ci zjawiska,
zmiennosSci przestrzennej oraz wystepowania w ujeciu dekadowym, miesiecznym oraz
w porach dnia. W pracy przedstawiono rowniez najwazniejsze informacje faktograficzne
dotyczace kazdego przypadku.

Warunki atmosferyczne w jakich powstajq traby powietrzne w Polsce zostaly ustalane
poprzez porOwnanie ich wystepowania z pomiarami radiosondazowymi ze stacji
oddalonych nie dalej niz 200 km od miejsca raportowania zdarzenia. Sondowania, ktore
uwzgledniono w analizie zostaly wykonane na 6 godzin przed lub do 3 godzin
po wystapieniu traby powietrznej. Przypadki podzielono ze wzgledu na ich intensywnos$¢
oraz temperature masy powietrza. Wyniki zaprezentowano w formie wykresow
pudetkowych oraz punktowych.

Mozliwosci prognozowania trab powietrznych w Polsce oceniono poprzez analize
dostepnej infrastruktury radarowej, dostepnych metod prognozowania, uwarunkowan
klimatycznych Polski oraz poprzez przeglad literatury naukowej opisujacej mechanizmy
powstawania tragby powietrznej.

Przypadek traby powietrznej z dnia 14 lipca 2012 r. przeanalizowano pod katem ustalenia
przebiegu wydarzen, warunkéw meteorologicznych w skali synoptycznej i mezoskalowej
oraz oceny mozliwosci prognozowania tego zdarzenia przy pomocy symulacji

modelowej Weather and Research Forecasting Model.

Rezultaty

d.

Kazdego roku w Polsce wystepuje Srednio 360 000 doziemnych wyladowan
atmosferycznych oraz okoto 150 dni burzowych. Srednia roczna liczba dni z burzami dla
okreslonej lokalizacji wzrasta od 15-20 dni w Polsce p6inocno-zachodniej, az do 30-35

w Polsce poludniowo-wschodniej.
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. Przestrzenne zroznicowanie S$redniej rocznej gestosci doziemnych wyladowan
atmosferycznych waha sie od 0,2 do 3,1 wyladowania km™ rok™. Najnizsze warto$ci
wystepuja wzdluz wybrzeza Morza Baltyckiego natomiast najwyzsze w pasie
rozciggajacym sie od Wyzyny Krakowsko-Czestochowskiej az do Pojezierza
Mazurskiego.

Zdecydowana wiekszo$¢ doziemnych wyladowan atmosferycznych  zostala
zarejestrowana w ciggu dnia, osiggajac szczyt aktywnosci o godzinie 1400 UTC przy
minimum o godzinie 0700 UTC. Podczas gdy aktywnos¢ burz spada po godzinie 1700
UTGC, silne burze potrafig pozosta¢ aktywne do p6znych godzin wieczornych.

. Burze o wysokiej aktywnosci elektrycznej wystepuja w Polsce od maja do sierpnia
ze szczytem swojej aktywnosci przypadajacej na lipiec.

Kazdego roku w Polsce wystepuje srednio 8—14 trab powietrznych, sposrod ktérych 5-7
to stabe przypadki, 1-3 to silne, a 2—-3 to traby wodne. Traby powietrzne o bardzo duzej
intensywno$ci wystepuja $rednio raz na jedng lub dwie dekady.

Statystycznie w kazdej dekadzie wystepuja Srednio 1-2 trgby powietrzne, ktore
powoduja 5 ofiar Smiertelnych. Szacuje sie, ze okoto 5-10% silnych tragb powietrznych
wystepujacych w Polsce powoduje ofiary Smiertelne.

Okres zwiekszonego wystepowania trab powietrznych trwa od maja do sierpnia, z lipcem
jako miesigcem o szczytowej aktywnoSci dla trab powietrznych formujacych sie nad
ladem oraz sierpniem dla trab wodnych.

. Traby powietrzne wystepuja najczesciej w godzinach od 1500 do 1800 UTC, podczas
gdy szczyt aktywnosci wystepowania trab wodnych przypada pomiedzy godzing 0900
a 1200 UTC.

W latach 1899-2013 silne traby powietrzne wystepowaly najczeSciej w pasie
rozciagajacym sie od Wyzyny Krakowsko-Czestochowskiej az do Niziny Mazowieckiej.
Traby powietrzne w cieplych masach powietrza charakteryzuja sie wysoka
niestabilnoscig termodynamiczng oraz umiarkowanymi pionowymi uskokami wiatru.
W chlodnych masach powietrza wystepuja przy jednoczesnym wystgpieniu wysokiej
dynamiki pola wiatru (silne pionowe uskoki wiatru) oraz marginalnej niestabilnosci
termodynamiczne;.

Silne traby powietrzne charakteryzuja sie wyzszymi niz w przypadku stabych trab
powietrznych wartoSciami parametréw: deep layer shear, low-level shear, storm relative
helicity, niestabilnosci termodynamicznej, zawartosci wilgoci w warstwie granicznej oraz

obecno$ci niskotroposferycznego pradu strumieniowego. Ich wystepowanie zwigzane jest
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gléwnie z burzami superkomérkowymi, ktore sa mozliwe w prognozowaniu przy uzyciu
numerycznych modeli pogody.

l. Slabe trgby powietrzne charakteryzuja sie  podwyzszona niestabilnosciq
termodynamiczng do wysokosci 3 km nad poziomem gruntu, niskim poziomem
kondensacji oraz stabym pionowym uskokiem wiatru. Tworzq sie zazwyczaj wzdtuz stref
konwergencji wiatru z wbudowanymi strefami pionowej wirowosci powietrza oraz
rozwijajaca sie konwekcja. Tragby powietrzne rozwijajace sie w ten sposéb sg trudne
W prognozowaniu.

m. Uzycie modelu mezoskalowego Weather and Research Forecasting Model moze byc¢
pomocne w prognozowaniu warunkéw atmosferycznych sprzyjajacych powstawaniu

niebezpiecznych zjawisk konwekcyjnych, w tym superkomorek tornadowych.

Whioski oraz dyskusja

Nalezy zauwazy¢, ze prezentowane wyniki pozostaja tylko przyblizeniem stanu
rzeczywistego. Uzyskane charakterystyki klimatologiczne sa niepewne, ze wzgledu
na ograniczenia zwigzane z raportowaniem trab powietrznych oraz relatywnie krotki ciag
pomiarowy systemu detekcji wyladowan atmosferycznych. Niemniej jednak, wiedza
dotyczaca zmiennosci czasowe]j oraz przestrzennej wystepowania silnych burz moze pomoc
synoptykom, centrom zarzadzania kryzysowego, firmom ubezpieczeniowym oraz
spoteczenstwu w lepszym przygotowaniu na ewentualne zagrozenia zwigzane
z wystepowaniem tych zjawisk. Z tego powodu, uzyskane rezultaty posiadaja wartosc¢
praktyczna i moga byc¢ zastosowane zarowno w meteorologii operacyjnej, jak i w przysztych
badaniach dotyczacych niebezpiecznych zjawisk burzowych w Polsce.

Jednym z najwazniejszych wnioskéw wynikajacych z przeprowadzonych badan jest
odkrycie wielu historycznych przypadkow trab powietrznych, ktére mialy miejsce w ciagu
ostatnich 200 lat. Przypadki te udowodnily, ze Polska jest zagrozona zjawiskami o sile
dochodzacej nawet do F4 w skali Fujity. Wyniki pracy znajduja sie w opozycji
do popularnego stwierdzenia, ze ,,trgby powietrzne w Polsce sq czyms nowym i pojawiajq sie
coraz czesciej poprzez postepujqce zmiany klimatyczne”. Uzyskane rezultaty wskazuja,
ze traby powietrzne powodujace duze straty materialne oraz ofiary sSmiertelne wystepowaty
w przesztosci regularnie i zjawisko to nie jest niczym nowym dla obszaru Polski. Ponadto,
systematyczne obserwacje trab powietrznych, ktére rozpoczety sie dopiero na poczatku XXI
wieku, nie pozwalaja na wiarygodne okreslenie trendow klimatycznych dotyczacych

wystepowania tych zjawisk.
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Drugi istotny wniosek dotyczy opracowania charakterystyki wystepowania doziemnych
wytadowan atmosferycznych, ktdre jest pierwszym tego typu opracowaniem stworzonym dla
Polski. Pomimo, Ze charakterystyki wystepowania burz w oparciu o tradycyjne obserwacje
wykonywane przez czlowieka byly juz dobrze udokumentowane w polskiej literaturze
klimatologicznej, to dzieki zastosowaniu danych teledetekcyjnych mogly by¢ one
uzupetnione o szereg nowych ustalen dotyczacych m.in. czasowej i przestrzennej zmiennosSci
wyladowan doziemnych. Jedno z najwazniejszych ustalen wskazuje, ze silne burze wystepuja
najczesciej w pasie rozciggajacym sie od Wyzyny Krakowsko-Czestochowskiej az do Niziny
Mazowieckiej. Podobne rezultaty uzyskane zostaly rowniez na podstawie analizy
wystepowania silnych trab powietrznych na przestrzeni ostatnich 100 lat.

Przeprowadzone badania dotyczace mozliwosci prognozowania trgb powietrznych
w Polsce wskazuja, Ze dzieki numerycznym modelom pogody i sieci radarowej POLRAD,
mozliwe jest wydawanie prognoz oraz ostrzezen w czasie rzeczywistym. Jednakze ze wzgledu
na niska czestoS¢ wystepowania trab powietrznych w Polsce, wcigz malg $wiadomos¢
spoleczenstwa o wystepowaniu zjawisk burzowych, a takze brak ogélnodostepnych systemow
przekazu takich informacji w sposob szybki i efektywny - procedury takie nie istnieja.
Wymienione powyzej czynniki sprawiaja, ze potrzeba ich utworzenia jest czesto
kwestionowana. By¢ moze jest to dzialanie niestuszne. Na podstawie danych z catego
analizowanego okresu (1820-2015) szacuje sie, ze kazdej dekady wystepuje w Polsce okoto
20 silnych i 1-2 tragb powietrznych powodujacych ofiary $miertelne. Kazdego roku w Polsce
wystepuje 150 dni burzowych, a statystycznie okolo 10 oséb ginie z powodu silnych burz.
Majac na uwadze powyzsze przestanki, zdaniem autora wprowadzenie w Polsce ostrzezen
meteorologicznych (przed trgbami powietrznymi oraz silnymi burzami) wydawanych
w czasie rzeczywistym, kiedy zjawisko juz powstato (podobnych do tych, jakie wydawane
sa przez National Weather Service w Stanach Zjednoczonych) powinno zosta¢ rozwazone.
W ten sposéb ludzie mogliby otrzyma¢ wysoce wiarygodng informacje o nadchodzacym
zagrozeniu oraz uzyskac czas na podjecie dzialan majacych na celu ochrone ich zycia. Nie
mozemy zapobiega¢ wystepowaniu silnych burz ani ich kontrolowa¢, ale poniewaz zycie
ludzkie jest najwazniejsze, powinnisSmy zrobi¢ wszystko, aby informowac¢ spoteczenstwo
o mozliwym zagrozeniu. Liczne tragby powietrzne o duzej sile, ktére mialy miejsce
na przestrzeni ostatnich 200 lat, Swiadcza o tym, ze wystgpienie kolejnych takich zjawisk
w przysztosci nie moze zosta¢ wykluczone. Pozostaje tylko pytanie, czy bedziemy wtedy

przygotowani, aby ostrzec ludzi przed niebezpieczenstwem.
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Chapter 1

Introduction

Severe weather phenomena associated with the deep moist convection create a significant
threat to human lives and property. One of such examples may be tornadic thunderstorms that
in a short period of time may cause great damage. In spite of the common opinion, Poland is
threatened to the occurrence of such a strong phenomena as tornadoes up to F4 in Fujita scale
(Fujita 1971), large hail up to 10 cm in diameter and convective wind gusts up to 40 m s™
(European Severe Weather Database, ESWD; Groenemeijer et al. 2004, Dotzek et al. 2009).
On average 10 people are killed in Poland each year by severe thunderstorms, as shown by the
data from the Polish National Institute of Statistics and ESWD. Cases in recent years when
Poland experienced violent storms with severe wind and tornadoes that have caused the death
of people (e.g.: 21.08.2007, 15.08.2008, 14.07.2012) make it worth performing studies that
aim to improve the predictability and understanding of such events. However, severe
convective events are very rare and site specific, often difficult in reporting. It therefore

becomes a significant challenge to create accurate climatological maps of their occurrence.

Reporting of phenomena such as tornadoes shares a number of problems associated with the
lack of witnesses, evidence of the phenomenon (photography, video), a system to archive the
event, and, finally, the accuracy of the report (e.g., some events are described as tornadoes
rather than wind gusts because of a desire to experience a tornado). Another problem arises
when trying to determine the long-term climatology across multiple regions. A lack of
uniformity in standards for data collection, high degree of underreporting during socialistic
period and changes through time in the way data is collected makes comparisons across space
and time very problematic (Antonescu et al. 2016). For a long time, tornadoes in Poland were
regarded by society as strange and rare phenomena reserved mainly for the territory of the
United States (Dotzek 2001). Doswell (2003) described this situation as a self-fulfilling

prophecy, in which denying the existence of tornadoes resulted in no record keeping of such
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events. Due to such problems, it has to be accepted that climatological results will always be
uncertain and remain only an approximation of the real distribution. Nevertheless, knowing at
least the primary modes of spatial and temporal variability can help various groups such as
weather forecasters, emergency managers, insurance companies, and the public to be better

prepared (Brooks et al. 2003a).

In contrast to the United States and Western Europe, not many studies on severe
thunderstorms were made for Poland. Before 2013, except some studies that analyzed basic
distributions of thunderstorm days based on human observations (e.g. Bielec-Bakowska 2003,
Bielec-Bagkowska and Lupikasza 2009, Kolendowicz 2006, 2012), no climatological studies
were performed within the use of lightning data. Although human observations of
thunderstorms allow one to analyze long-term changes in the number of thunderstorm days,
they cannot estimate intensity of such a phenomena (Rakov and Uman 2003). For this reason,
a new study (within the use of a lightning data) with more detailed information related to
thunderstorm occurrence and its intensity was necessary for Poland. A similar situation arose
with tornadoes. Although tornado reports from 1979-1988 and 1998-2010 have been
collected by Lorenc (1996, 2012), and there have been some case studies (e.g. Guminski
1936, Rafatowski 1958, Parczewski et al. 1959, Kolendowicz 2002, Niedzwiedz et al. 2003,
Parfiniewicz 2009, Chmielewski et al. 2013) no comprehensive study on environmental
conditions and climatology of tornadoes existed for Poland. Such a study was needed e.g. to
estimate the future threat of rare events (violent and deadly tornadoes) that have the potential

to create a major disasters (Doswell 2003).

In contrast to previous decades, the development of such analyzes has now become possible.
Beginning with the “Polish Millennium” flooding in 1997 (Kundzewicz et al. 1999), severe
weather phenomena received more media attention. The awareness of the severe weather risks
has led to the development of a Doppler radar network (POLRAD; Jurczyk et al. 2008),
lightning detection network (PERUN; Loboda et al. 2009), and a general increase in severe
weather monitoring. Reporting of severe weather phenomena in the last 10 years has also
become much better thanks to mobile phones equipped with camers and the development of
social media. Easier access to the Internet and mass media have allowed information to be
shared quickly and extensively. An increasing number of severe thunderstorm reports in the
media and more systematic efforts to collect reports allowed for the development of ESWD,
hosted by the European Severe Storms Laboratory (ESSL). The foundation of the Polish
Stormchasing Society (Skywarn Poland — Polscy Lowcy Burz) in 2008 also significantly
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contributed to the promotion of severe weather awareness and an increase in the quality of

severe weather reporting in Poland.

In order to rectify the absence of severe thunderstorm studies for Poland and take advantage
of the changes that took place in recent years, the main goal of this research was to estimate
spatial and temporal variability of thunderstorms and tornadoes, and study their prediction
possibilities. This has resulted in a a series of 6 publications released between 2013 and 2016.
One regarding a lightning climatology of Poland, three related to tornado occurrence in

Poland and two focusing on tornado prediction.
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Chapter 2

Objectives

The main objective of the research was to estimate spatial and temporal variability of
thunderstorms and tornadoes in Poland. In accordance with the general objective, the specific

objectives are:

a. To determine the climatology of a cloud-to-ground (CG) lightning. To estimate in
which months, time of the day and in which area, Poland is threatened to the
occurrence of severe thunderstorms. To assess how often thunderstorms with a

particular intensity occur.

b. To determine the climatology of tornadoes. To estimate in which months, time of the
day and in which area, Poland is threatened to the occurrence of tornadoes. To assess

how often tornadoes with a particular intensity occur.

c. To perform a research on historical sources (newspaper reports) from the 19" and 20™
century in the search of tornado descriptions which are undocumented in scientific

literature. In addition, also to expand the information about currently known cases.

d. To estimate the return period of rare events that have the potential to create major

disasters such as violent and deadly tornadoes.

e. To investigate atmospheric conditions associated with tornado occurrence in Poland
and assess their forecasting possibilities within the use of numerical weather

prediction (NWP) data.
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Chapter 3

Databases

To achieve aims of the study following databases were used in the analysis.

3.1 European Severe Weather Database (severe weather reports)

An increasing number of severe weather reports in the media and more systematic efforts to
collect them at the beginning of 21* century allowed for the development of ESWD, hosted
by ESSL. The main objective of the ESWD is to collect and provide detailed and quality-
controlled information on severe convective storm events over Europe. ESWD stores
information about the location, time, intensity, and a description of the phenomena such as
tornadoes, large hail and severe wind gusts, allowing researchers to use these reports in severe
weather studies for Europe. For the purposes of this research, information about tornadoes
reported over territory of Poland for years 1820-2015 was derived. In total, over 450 tornado

reports from ESWD entered a quality control phase.

3.2 PERUN lightning detection network (lightning data)

Polish lightning detection network is operated by the Institute of Meteorology and Water
Management — National Research Institute (IMGW-PIB), and since 2002 works operationally
under the name of PERUN (from Slavik mythology the god of thunder and lightning). The
system consists of nine SAFIR3000 (Surveillance et Alerte Foudre par Interférométrie
Radioélectrique) total lightning automatic detection stations located in Biatystok, Olsztyn,
Torun, Gorzéw Wielkopolski, Kalisz, Czestochowa, Wtodawa and Warszawa (Figure 1a). The
system is able to detect CG and intra-cloud (IC) flashes. The detection efficiency and the

location accuracy varies in the whole country. Bodzak (2006) estimated that network has 95%
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detection efficiency over the entire area of Poland. Location accuracy below 1 km covers 38%
area of the country while 77% is assigned to values below 2 km (Figure 1b). For the purposes
of this research, information regarding CG lightning flashes for the years 2002-2013 was
derived. In total, 4 952 203 CG lightning flashes were used to construct climatology.

a)

¥ SAFIR3000 sensor + 100 km buffer

(km)
Figure 1. (a) SAFIR3000 lightning sensors location of the PERUN network with 100 km buffer zones. (b)
Average CG lightning flash location accuracy (km) derived from PERUN database in the timeframe from 2002
to 2013. Computed in 10 km x 10 km grid cells. Dots denote main meteorological stations (44). Source: Taszarek

et al. (2015).

3.3 NOAA National Climatic Data Center (thunderstorm reports)

Surface synoptic observations (SYNOP) were derived from the NOAA National Climatic
Data Center (NCDC) daily summaries. For the purposes of the research, the information about
thunderstorm occurrence over 44 meteorological station in the years 2002—-2013 was derived.
In total, 12 419 daily reports of thunderstorms (1 478 unique days with thunderstorms) were

used in the analysis.

3.4 University of Wyoming (radiosonde measurements)

The rawinsonde measurements were derived from the sounding database of University of
Wyoming and assigned as a proximity soundings to tornado events derived from ESWD.
Soundings from 10 radiosonde stations in and around Poland were used (Figure 2): Wroclaw

(WMO ID: 12425), Legionowo (12374), Leba (12120), Greifswald (10184), Lindenberg
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(10393), Kaliningrad (26702), Praha (11520) Prostejov (11747), Poprad (11952) and Lviv
(33393). For each sounding measurement, temperature, dew point, U and V wind vectors were
interpolated in vertical in order to compute various thermodynamic and kinematic parameters.
These were chosen on the basis of scientific literature related to the analysis of tornado
environments in the United States and Europe (Rasmusen and Blanchard 1998, Thompson et
al. 2003, Brooks et al. 2003b, Craven and Brooks 2004, Groenemeijer and van Delden 2007,
Kaltenbock et al. 2009, Brooks 2009, Griinwald and Brooks 2011, Walczakiewicz et al. 2011,
Thompson et al. 2012, 2013, Brooks 2013).

Figure 2. Location of radiosonde stations with WMO ID. Circles denote 400 km in diameter proximity range

area. Source: Taszarek and Kolendowicz (2013).

3.5 Digital libraries (historial tornado reports)

Polish digital libraries contain original scans of various archival newspapers with a local and
national coverage. For the purposes of this research, 12 digital libraries (Table 1) were used to
browse historical sources from 19" and 20" century in search of tornado descriptions yet
undocumented in a scientific literature. The highest number of archival newspaper editions
was available for the second half of the 19" and first half of the 20" century. In total 26 new
tornado cases were found while the information on 11 currently known was expanded. An
example of a historical source containing tornado description from 22 May 1886 is shown in

the figure 3.
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Katastrof4 w Krodnie.

Z ziemi goérnoszlgskiej, dnia 16-go maja,

W sobote rozniosly pisma nasze prowincyo-
nalne wies¢ o nieszczgdciu, jakie w dniu 14-ym
b. m, spotkalo sgsiednie, bo tuz na pélnocnem
pograniczu ziemi nadodrzaifskiej lezgce, Kro-
8no.

Powodem wypadku by? tylokrotnie w osta-
tnich czasach wspominany i oﬂisywany]cyklon.
strasznie pustoszgcy od niejakiego czasu kra-
jo Stanéw Zjednoczonych Ameryki,pdlnocne;.
Ze po niezmiernych obszarach amerykanskich

szale¢ on moze z nieslychang gwattownosciy,
nic w tem dziwnego; W Ameryce zreszty
wszystko na wielkg odbywa sig skale, ale nie
przypuszcezalismy nigdy, Zeby u nas z podobug
silg rozhula¢ sig mogta trgba powietrzna.

Swiadek naoczny tak opowiada katastrofe
w Krosnie:

Rok 1886-ty bardzo bolesnie dal nam sig
we znaki: ostra idluga zima, wylewy, potem
dotkliwe wiosenne przymrozki duzo wyrzgqdzi-
ly szkody, ale niczem wszystko to w poro-
wnaniu z kleskg, jaka teraz miasto nasze i
okolicg dotkngla. Bylo to 14 go b. m. Pigknie
zlocilo slofice usmiechajgeq si¢ Zyciem wio-
sennem przyrode, wszystko rozkwitalo uro-
czo pod wplywem cieplego powietrza,—gdy
nagle na zachodzie widnokregu ukazaly sig
chmury. Nikogo one zatrwozyé nie mogly:
praeciwnie, witano je radosnie, bo spragnio-
na ziemia potrzebowala deszczu i orzezwie-
nia. Ale robilo sig coraz posgpniej i coraz
ciemniej, chmury podnosily sig coraz wyzej,
a krotko przed 3.ig olbrzymia czarna sciana
stanela tuz za miastem 1 przechyladsig na
nie zdawala, szerzgc mrok nocny wsrdd
skwarnej dusznosci powietrza. I zaczglo nie-
bawem szumie¢ i huczeé przeciggle, zerwal
sig wicher gwaltowny 1 zamienil sig nagle—
w tak nieslychang burzg, tak si¢ nad miastem
i w miescie impetycznie skrgeal i zwingl, tak
zahuczal przerazajgco wsrod bicia piorunow,
ze przestrach ogarngl calg ludnosé. Straszli-
wy lomot napowietrzny, blyskawice, siekqce
ciemnosci, szum, wycie 1 huki przerazajgee,
pioruny, grad, —wszystko to w jedng polgczo-
ne bylo groze. Ziemia sie pod nogami trzgsia!
Trwalo to krotko. Cyklon pgdzit od poludnia-
wschodu ku poéInocnemu zachodowi.

Niebawem znowu zaczglo stofice odslaniac
pogodne oblicze i pokazalo w calej okropnosci
spustoszenie —dzielo kilkunastu minut. W mie-
scie lament powstal wielki. Dosé powiedzied,
ze burza przewrodcila wieze wspanialego ma-
ryackiego kosciola, krzyzem na dol zwaliwszy
i na zdruzgotane zabudowania pewnego
eremyalowca i pogrzebawszy w gruzach kil-

oro ludzi.

Straz ogniowa i zaloga wojskowa rozbiegly
si¢ po miescie dla ratowania mieszkancow,
W szedzie rumowiska, masy cegiel, dachowek,
belek, 1at, okiennic, okien, drzew,szkla, sprzg-
tow domowyeh... A jaki placz i zgielk, jakie
szukanie i nawolywanie tych, ktorych w cza-
sie strasznej katastrofy niebylo w domu!
Kominy fabryczne powywracane. z 500 domow
poznoszone dachy i wigzania. Takimze uszko-
dzeniom ulegly: kosciol katolicki, szkola, ra-
tusz, gmach pocztowy i t. d; 10,000 szyb wy-
bitych, z pomnika kamiennego na rynku
wierzcholek strgcony. W domach meble i
sprzety polamane, lampy i naczynia pottuezo-
ne. Dziecko pewnego dekarza uniosla traba
wysoko w powietrze i zabila. Najsiluiejsze
drzewa promenady miejskiej. na cmentarzu,
po ogrodach i nad szosg powyrywane z korze-
niami. W drukarni miejscowego tygodnika
wszystkie okna powybijane, plyty drukarskie
zniszczone, machina gruzami zasypana. Na
rynku dwie cigzkie Zelazne latarnie z ziemi
wyrwane.

Sgsiednia wies, Staresarnice (Alt-Rehfeld),
takze srodze ucierpiala; malo zabudowan uni-
knglo tam szkody; inne wsie, w réwnej blis-
kosci, ale w innym kierunku polozone, daleko
muiej dotknigte.

Na Odrze rzucila sila tragby jedng szkute
na drugg, przyczem obie utonely, i zginglo
pigé osob.

Na domiar utrapienia wieczorem gwalto-
wnie deszcr zaczgl padaé: woda lala sie stru-
mieniami do domow, pozbawionych dachow i
gornych sufitdw, niszezqe ruchomy dobytek,
Lowary i zapasy Zy wnosci.

Gdy noc nastala, nikt nie myslal o spoczyn-
ku. Rozlegaly sie wcigz placze i jeki. » nie
ustawala tez praca okolo niesienia rac.iku
Zasypanym gruzami.

Naliczono 5 ludzi zabitych na placach i uli-
cach; z pod gruzow wydobyto 3 trupy; ocalo-
no 5 osob, mniej lub wigcej niebezpiecznie po-
ranionych.

Chue,

Figure 3. Description of a tornado on 14 May 1886 near Krosno Odrzanskie (in Polish). Source: Gazeta Polska

newspaper, 22 May 1886.
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Table 1. Digital libraries used in the analysis.

Original name English name Web address

Battycka Biblioteka Cyfrowa Baltic Digital Library http://bibliotekacyfrowa.eu/dlibra

Biblioteka Cyfrowa Uniwersytetu im. Marii

Curie-Sklodowskie] Marie Curie-Sktodowska University E-Library http://dlibra.umcs.lublin.pl/dlibra

E-Biblioteka Uniwersytetu Warszawskiego University of Warsaw E-Library http://ebuw.uw.edu.pl/dlibra
Kujawsko-Pomorska Biblioteka Cyfrowa Kuyavian-Pomeranian Digital Library http://kpbc.umk.pl/dlibra

L.6dzka Biblioteka Cyfrowa 1.6dz Digital Library http://bc.wimbp.lodz.pl/dlibra
Matopolska Biblioteka Cyfrowa Lesser Poland Digital Library http://mbc.malopolska.pl/dlibra
Podkarpacka Biblioteka Cyfrowa Subcarpathian Digital Library http://www.pbc.rzeszow.pl/dlibra
Portal Biblioteki Narodowej Portal of the National Library http://polona.pl/search/

Slaska Biblioteka Cyfrowa Silesian Digital Library http://www.sbc.org.pl/dlibra
Swietokrzyska Biblioteka Cyfrowa Swietokrzyskie Digital Library http://sbc.wbp.kielce.pl/dlibra
Wielkopolska Biblioteka Cyfrowa Greater Poland Digital Library http://www.wbc.poznan.pl/dlibra
Zachodniopomorska Biblioteka Cyfrowa West Pomeranian Digital Library http://zbc.ksiaznica.szczecin.pl/dlibra

3.6 Other sources (additional information on individual tornado cases)

An investigation of individual tornado cases was supported by web searches (media reports,
social media, forum of the Polish Stormchasing Society), damage surveys, surface
observations, lightning data, satellite data, radar data, aerial and global forest change project
data (Hansen et al. 2013). In a few cases, archived synoptic weather charts and original
scientific papers were derived from the library of the IMGW-PIB (e.g. Guminski 1936,
Rafalowski 1958, Salomonik 1960). For the purposes of a tornado case study from 14 July
2012, a 24-hour forecast was produced using a non-hydrostatic Weather and Research
Forecasting Model (WRF) simulation with a spatial resolution of 15 km (Skamarock et al.
2005). The boundary and initial conditions were extracted based on the global simulation of

the Global Forecast System (GFS; Yang et al. 2006) with a horizontal resolution of 0.5°.
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Chapter 4

Methodology

Quality control assumptions and primary research methods used in each study are presented

below.

4.1 Lightning data

A threat for severe thunderstorms is estimated by dividing days with thunderstorms according
to the daily, monthly and annual sums of CG lightning flashes. Given measurements for years
2002-2013, results are presented in the form of tables, charts, and maps involving annual,
monthly and hourly variation of CG lightning flashes. Temporal and spatial variability of
polarity, peak current and percentage of nighttime flashes is involved as well. Data is limited
to the geographical borders of Poland. Instead of strokes, only flashes are taken into account.
According to the previous studies of Cummins et al. (1998) and Wacker and Orville (1999a,b)
some of the CG positive lightning flashes with the peak current below 10 kA may be

considered to be IC flashes, therefore database was also filtered out from these flashes.

4.2 Tornado data

A threat for tornadoes is estimated by collecting all available reports from years 1899-2014.
Reports derived from the ESWD, forum of the Polish Stormchasing Society, and media
reports are subjected to the quality control procedures which allow to filter suspicious cases
and create a final database of 269 events. Cases are evaluated in terms of their credibility and
intensity in F-scale, and divided on weak tornadoes, strong tornadoes and waterspouts. These
are analyzed in terms of their temporal variability in years, months and time of the day.
Spatial analysis include Kernel Density Estimation and statistics by Voivodeships of Poland. A

comparison with American and European records is presented as well.
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4.3 Deadly tornado data

A threat for deadly tornadoes is estimated by collecting all available reports from years 1820—
2015. They are analyzed in terms of their intensity and temporal variability in decades,
months and time of the day. Spatial analysis include statistics by Voivodeships of Poland and
tornado damage tracks for selected cases. In addition, the most important factual information
on each killer tornado case (as derived from the scientific literature and historical sources) is
included. The return period is estimated by the statistical approximation including periodicity

of significant and killer tornado cases.

4.4 Radiosonde data

Thermodynamic and kinematic conditions conducive to the tornado occurrence in Poland are
defined by combining tornado reports from the ESWD and radiosonde measurements derived
from the University of Wyoming sounding database. Proximity criteria allow to use certain
sounding in the analysis if tornado event took place up to 3 hours prior to 6 hours after the
sounding time (12 or 18 UTC), and no farther than 200 km away from the sounding site. A
total of 97 cases including measurements from 10 sounding sites from years 1977-2012 are
considered in the analysis. These are divided according to their intensity and environmental
temperature. From each sounding profile, various thermodynamic and kinematic parameters
are derived. In order to evaluate their forecasting value, tornado-related soundings are
compared with thunderstorm and non-thunderstorm sounding profiles. Results are presented

in the form of scatterplots and box-and-whisker charts.

4.5 Tornado prediction

Possibilities to forecast tornadoes are evaluated by: reviewing scientific literature, analyzing
available forecasting techniques, local climate characteristics and the prevalence of the
tornadoes in Poland. Institutions performing convective forecasts and the severe weather
awareness of the Polish society is evaluated as well. The analysis is presented in the form of

the review.

4.6 Case study of 14 July 2012

A tornado event of 14 July 2012 is studied by analyzing the course of the event, synoptic and
mesoscale meteorological conditions, and by assessing the possibilities of its short-term

prediction. Damage survey, surface observations, lightning data, satellite data, radar data,
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aerial and global forest change project data are used to analyze the event. Possibilities of
tornado prediction are assessed by performing an experimental WRF downscalling simulation
based on 0000 UTC GFS grib 15 hours prior to the event. Tornado potential is estimated by
the use of thermodynamic and kinematic indices, chosen on the basis of scientific literature
related to tornado environments in the United States and Europe (the same as listed in the end
of the section 3.4). A comparison with significant tornado cases of 20 July 2007 and 15

August 2008 is presented as well.
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Chapter 5 (Appendix A)

Forecasting the possible emergence of tornadoes in Poland
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500 hPa Geopotencjal [gpdam] oraz Temperatura [C], Ciénienie [nPa), wzgledna Topografia [gpdam)] 280
Saobota, 14-07-2012 12 UTC (GFS 0,5%) (Analiza) www wetterd.de

500 hPa Geopotential [gpdam] and Temperature [°C], Pressure [hPa], relative Topography [gpdam]

Saturday, 14-07-2012 12 UTC (GFS 0,5°) (Analysis) www.welter3.de

Przeglqd Geograficzny, 2013, Volume 85, pp 323—-340
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Chapter 6 (Appendix B)

Sounding-derived parameters associated with tornado

occurrence in Poland and Universal Tornadic Index
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Chapter 7 (Appendix C)

Tornado climatology of Poland
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Chapter 8 (Appendix D)

A cloud-to-ground lightning climatology for Poland
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Chapter 9 (Appendix E)

An isolated tornadic supercell of 14 July 2012 in Poland -

a prediction technique within the use of coarse-grid WRF

simulation
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Chapter 10 (Appendix F)
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Chapter 11

Summary of results

Below, the most important results regarding each topic are presented:

11.1 Thunderstorm climatology

d.

The annual average of around 360 000 CG lightning flashes occur each year over Polish
territory. This results in an average of 150 days with thunderstorms appearing anywhere
in Poland.

The average annual number of days with a thunderstorm within a particular location
increases from the northwest to the southeast of Poland with the lowest values along the
coast of Baltic Sea (15-20 days) and the highest in the Carpathian Mountains (30—35
days).

The spatial distribution of the mean annual CG lightning flash density varies from 0.2 to
3.1 flashes km™ yr' reaching the lowest values along the coast of Baltic Sea and the
highest in the southwest-northeast belt from the Krakéw-Czestochowa Upland to the
Masurian Lake District.

Majority of CG lightning flashes are detected during the daytime with the peak at 1400
UTC and the minimum at 0700 UTC. While the activity of less severe thunderstorms
drops after 1700 UTC, intense thunderstorms remain active until the late evening hours.
Most intense thunderstorms occur from May to August and peak in July as the most
intense month (an average of 4 days with at least 10 000 CG lightning flashes).

Very intense thunderstorms are capable of producing locally in only one day more CG
lightning flashes that on average occur during the whole year in this particular place. The
highest values of maximum daily CG lightning flash density are observed in the central
and eastern parts of the country.

Approximately 15% of all CG lightning flashes occur during nighttime hours.

36



An increase in the frequency of mesoscale convective systems (MCS; Houze 2004) and
the percentage of nighttime CG lightning flashes has been observed in the recent years.
During years 2002-2013, 26 June 2006 turned out to be the day with the highest number
of detected CG lightning flashes (73 549).

Almost 97% of all CG lightning flashes had negative current reaching the highest
average monthly values in February (55 kA) and the lowest in July (24 kA). The
percentage of positive CG lightning flashes was the lowest from May to October (from 2

to 3%), while from November to April it amounted from 10 to 20%.

11.2 Tornado climatology

d.

Polish tornado records suffer from the strong underreporting of weak tornado cases. After
the foundation of the Polish Stormchasing Society in 2008, the quality of tornado
reporting has considerably improved.

On average 8—14 tornadoes occur each year in Poland, of which 5-7 are weak tornadoes
and 1-3 are significant tornadoes. A mean of 2—3 waterspouts are reported annually.
Violent tornadoes occur once every one or two decades.

An average of 1-2 killer tornadoes with 5 fatalities may be depicted for each decade. It is
estimated that around 5-10% of significant tornadoes in Poland cause fatalities, while the
average number of fatalities per any significant tornado amounts to roughly 0.27.

The majority of deaths and injuries due to tornadoes in Poland were associated with
people being lifted or crushed by collapsed buildings (usually wooden barn). Most of
these cases took place in rural areas but some tornadoes did hit urban areas, causing a
higher number of fatalities.

The most deadly tornado in a Polish history occurred on 14 May 1886 at around 1230
UTC in Krosno Odrzanskie in Lubusz Voivodeship and killed 13 people (Figure 4).
Tornadoes occur most likely from May to September with July as the peak month for
tornadoes forming over land, and August for waterspouts. They are the most frequent
between 1500 and 1800 UTC, whereas waterspouts peak between 0900 and 1200 UTC.
The highest number of significant tornado reports over the course of the last 200 years
took place in the south-central part of the country. Taking into account also tornado
reports in other parts of the country, an apparent correlation between tornado frequency
and orography can be found.

Tornadoes are prone to occur together with southwestern and western airmass advections.
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Figure 4. Damage in Krosno Odrzanskie due to tornado on 14 May 1886. Source: the collection of the Piast

Castle in Gliwice.

11.3 Tornado forecasting

d.

Due to a very small scale of phenomenon, it is not possible nowadays to predict with
great accuracy where and when tornado will take place. The phenomenon of a span of
several hundred of meters is not captured by mesoscale NWP models in which a mesh
size is a few kilometers. However, within the use of the same NWP models it is possible
to predict the conditions conducive to the occurrence of supercells that can produce
tornadoes.

Depending on the airmass temperature, tornadoes in Poland tend to present different
environmental conditions. Warm airmass tornadoes feature with increased atmospheric
instability and moderate vertical wind shear while cold airmass tornadoes are
characterized by dynamic wind field (high vertical wind shear) and rather marginal
instability.

Significant tornadoes are characterized by higher than in weak cases convective available
potential energy (CAPE), deep layer wind shear (DLS), low-level wind shear, storm
relative helicity, boundary layer's moisture content and the presence of low-level jet
stream. Their occurrence is related to supercell thunderstorms that are possible to predict
within the use of NWP models.

Weak tornadoes are characterized by increased CAPE released below 3 km above ground

level, low lifted condensation level and weak vertical wind shear. They are mostly related
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to wind-shift boundaries with preexisting vertical vorticity and developing convection.
Tornadoes forming this way are difficult in prediction.

The use of WRF downscaling model simulations may be supportive of predicting
atmospheric conditions conducive to severe convective weather, including tornadic
supercells.

An experimental 24-hour WRF simulations performed for tornado events of 20 July
2007, 15 August 2008 and 14 July 2012 shown that within the use of forecasting
technique including certain convective parameters and convective precipitation filter, it
was possible to indicate with a lead time of several hours areas where tornadoes may

possibly form.

39



Chapter 12

Conclusions and discussion

The main objective of the research was to estimate spatial and temporal variability of
thunderstorms and tornadoes in Poland. This aim was achieved by creating and analyzing a
large database of almost 5 million CG lightning flashes and a database of over 450 tornado
reports derived from the ESWD and media sources. A research performed on historical
sources allowed to expand tornado database with 26 newly identified deadly tornado events

and update information on 11 currently known cases.

The development of such studies become possible thanks to changes that took place in Poland
in the last 10-15 years. These included the development of POLRAD and PERUN networks,
increase in the exchange of weather information by the Internet, technological development of
mobile devices, increase in severe thunderstorm monitoring, development of social media and
a more systematic efforts to collect severe weather reports (the foundation of the ESWD and
the Polish Stormchasing Society). However, it has to be accepted that due to only 12 years of
lightning detection measurements and limitations regarding tornado reporting, obtained
climatological results will always be uncertain and remain only an approximation of the real
distributions. Nevertheless, knowing at least the primary modes of spatial and temporal
variability can help various groups such as weather forecasters, emergency managers,
insurance companies, and the public to be better prepared. For this reason, it is believed that
results obtained within this research carry a practical value and may be used alike in
operational forecasting as well as in future studies regarding severe thunderstorm occurrence

in Poland.

Although some part of the results found within this research allowed to confirm results from
previous severe weather related studies from United States and Europe, many new findings

have been introduced. Perhaps one of the most important ones concerns discovery of
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numerous historical tornado cases that took place in the last 200 years and proved that Poland
is threatened to the occurrence of even F4 tornadoes. This finding stays in the opposition to
the popular statement that “tornadoes in Poland are a new thing and become more frequent
due to changing climate”. Obtained results indicate that this phenomenon is not new for
Poland and that numerous significant and killer tornadoes occurred in the past. High-quality
European tornado observations that began only in the late 2000s also do not allow to
determine any climate trends regarding tornado occurrence. Therefore, it is not possible to

clearly determine if the frequency of tornadoes increases or not due to changing climate.

The second important finding concerns the study on CG lightning climatology that is the first
of this type ever performed for Poland. Although the occurrence of the thunderstorms basing
on human observations has been previously studied by Bielec-Bakowska (2003) and
Kolendowicz (2006), this study introduced new and unique findings regarding annual,
monthly, diurnal and spatial lightning activity. In the opposition to the studies based on data
from meteorological stations (that are sparsely distributed in space and perform measurements
usually only once per hour), lightning data allows to analyze thunderstorm characteristics with
a greater extent of details, especially involving the intensity of thunderstorms. One of the
most important result indicates that severe thunderstorms occur most likely in the southwest-

northeast belt from the Krakdw-Czestochowa Upland to the Masovian Lowland (Figure 5a).

Figure 5. (a) The average annual number of CG lightning flashes per km? based on lightning data derived from
PERUN network for period 2002 to 2013. Dots denote main meteorological stations (44). Source: Taszarek et al.
(2015). (b) The number of significant tornado (F2+) reports per 100x100 km area in 1899-2013 timeframe

estimated using kriging. Source: Taszarek and Brooks (2015).
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Almost the same conclusion was found in the study regarding a spatial distribution of
significant tornadoes over the course of the last 100 years (Figure 5b). In addition, studies on
the large hail occurrence by Klokowska and Lorenc (2012), Taszarek and Suwata (2012) and
Pilorz (2015) also indicated this area (and the south-eastern part of Poland) as a vulnerable for
the thunderstorms producing large hail. This supports the theory that aforementioned area may
be somehow conducive to the occurrence of thunderstorms (probably supercells) producing
severe convective phenomena. However, more studies involving the analysis of
thermodynamic and kinematic conditions (from the climatological point of view), are needed

to confirm this theory.

Another important finding concerning lightning data indicates that diurnal course of CG
lightning flashes varies depending on the geographical location. Although the average
percentage of nighttime flashes for the whole country amounts around 15%, values in the
western and southwestern part of the country ranges from 30 to 40% (Figure 6). This is
presumably due to a more frequent occurrence of intense MCSs, which enter Poland from
Germany and Czech Republic in the late evening hours. These appear less likely in the eastern
part of the country where mostly daytime convection develops. Such findings are one of the

first ever obtained for Poland.

Avg. 15.55
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Figure 6. The average percentage of CG lightning flashes occurring during the nighttime (sun angle <-12°).
Computed in 10 km x 10 km grid cells. Based on lightning data derived from PERUN network for period 2002

to 2013. Dots denote main meteorological stations (44). Source: Taszarek et al. (2015).
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The results obtained on atmospheric conditions conducive to tornado occurrence in Poland
mostly line up with the previous such analyses performed for United States. (e.g. Rasmusen
and Blanchard 1998, Thompson et al. 2003, Craven and Brooks 2004) and Europe
(Groenemeijer and van Delden 2007, Kaltenbock et al. 2009). However, they also introduce
new findings regarding tornado occurrences depending on the temperature of the airmass with
warm airmass tornadoes favored by high CAPE and moderate shear environments, and cold
airmass tornadoes favored by low CAPE and high shear environments. This indicates that
forecasters, should pay an attention to various atmospheric configurations while performing

tornado prediction, and not focus only on one certain pattern.

An analysis regarding possibilities of tornado prediction, indicates that thanks to the
POLRAD network and NWP models (which from year to year become increasingly better), it
is possible in Poland to issue tornado forecasts and real-time warnings. However, due to lack a
special system that would allow to share such an information quickly and efficiently to the
public, rather low frequency of tornadoes in Poland, and still low severe weather awareness of
the Polish society, one may question the need of such a system and procedures. Perhaps
unjustly. Based on the records from the entire period of study, it is estimated that an average
of 20 significant and 1-2 deadly tornadoes occur each decade in Poland. Each year Poland
experiences 150 days with the thunderstorm including 10 with at least 10 000 CG lightning
flashes. Approximately 10 people die due to severe thunderstorms each year. For these
reasons, the author believe that the consideration of a real-time severe thunderstorm and
tornado warning procedures in Poland (similar to those performed by the National Weather
Service in U.S.) should be taken into account. This way people would have a possibility to
receive a highly credible information about a possible danger in their surroundings, and
shortly before the incident, take action to protect their lives. Such a solution is technically
possible and can contribute significantly to the improvement of safety. We can neither prevent
nor control the occurrence of severe thunderstorms, but because human safety is the most
important issue, we should be able to do everything in order to inform people, in advance,
about upcoming danger. Numerous high-impact killer tornadoes that occurred over the last
200 years, indicate that similar events are highly likely to appear in the future. The question is

whether we will be able to protect people when the next such an event is going to happen.
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