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Disertacni prace je rozdélena do dvou ¢asti. Prvni ¢ast se zabyva ploSnym
rozloZzenim kratkodobych konvektivnich srazek v zavislosti na nadmoiské
vySce. Pfitom jsou pouzity odhady srazek zalozené na kombinaci
srazkomérnych a radarovych dat. Statistické testy prokazaly, Ze plo§né rozdéleni
hodinovych konvektivnich srazek je nezévislé na nadmotské vysce. Kromé dat
obsahujicich pouze srdzkové udalosti, byla také statisticky vyhodnocena veSkera
naméfena data bez ohledu na skute¢nost, zda srazka nastala ¢1 nikoliv. V tomto
ptipad¢ bylo zjisténo, Ze vztah hodinovych uhrnli srazek a nadmoiské vysky
zavisi na uvazované prahové hodnot¢ srazkovych thrni. Pokud byla uvazovana
vSechna data, tj. prahova hodnota byla poloZena nule, nartst sraZzkovych uhrnii
dobte koreloval s rostouci nadmotskou vySkou. Se vzrlstajicim prahem se
zavislost postupné ztracela. Plosné rozlozeni 6h thrnl srazek prokédzalo vyssi
hodnoty v oblasti jiznich Cech. Nejéast&jsimi synoptickymi pii¢inami byly

severozéapadni cyklondlni situace (NWC) a cyklona nad stfedni Evropou (C).

Druha cast prace je zaméfena na vyuziti dat z meteorologické druzice
Meteosat Second Generation pro odhad konvektivnich srazek. V praci byl pouzit
Convective Rainfall Rate (CRR) algoritmus, ktery na zakladé¢ naméfenych
druZicovych dat pocita intenzity srazek a odhady srazek. Algoritmus CRR byl

modifikovan a nakalibrovan pro oblast Ceské republiky s vyuzitim radarovych

.
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dat z Ceské radarové sit€. Kvalitativni, kvantitativni 1 ,,fuzzy® verifikacni
2
postupy ukézaly zlepSeni dosazenych vysledki ve srovnani s ptivodni verzi

algoritmu.

Kli¢ova slova: Srazky konvektivni — radar meteorologicky — nadmotska vyska —

druzice meteorologicka — odhad srazek — Ceska republika
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The thesis is divided in two parts. The first part deals with the areal
distribution of short-term convective rainfalls with regard to the influence of
altitude. Precipitation estimates based on combination of rain gauge and radar
data are used for this purpose. Statistical tests proved that the areal distribution
of hourly convective rainfalls does not depend on altitude. Besides data
containing precipitation events only, all measured data were statistically
analysed regardless of the fact whether precipitation occurred or not. In this case
it was found out that the relationship between hourly rainfall totals and altitude
depends on the considered threshold of rainfall totals. When all data were
considered, 1.e. a threshold value was set to zero, an increase of rainfall totals
well correlated with altitude. The dependence slowly disappeared with an
increasing threshold. The areal distribution of 6 hour rainfall totals proved
higher values in the area of south Bohemia. The most frequent synoptic patterns

were northwest cyclonic situations (NWC) and cyclone over the Central Europe
(©).

The second part of the thesis is focused on satellite data exploitation, as
measured by meteorological satellite Meteosat Second Generation, for

convective precipitation estimates. The Convective Rainfall Rate (CRR)

algorithm, which computes rain rates and precipitation estimates on the basis of
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measured satellite data, was used in the thesis. The algorithm was modified and
calibrated for the area of the Czech Republic using radar data from the Czech
weather radar network. Qualitative, quantitative and “fuzzy” verifications
showed an improvement of obtained results in comparison with the original

version of the algorithm.

Key words: Convective rainfalls — weather radar — altitude — meteorological

satellite — precipitation estimates — Czech Republic



1.UVOD

Srazky jsou pojem zahrnujici velkou ¢ast hydrometeorti predstavujici jednu
z hlavnich casti kolobéhu vody v piirodé. V klasickém pojeti se srazky meéfi
srazkoméry na pozemnich meteorologickych stanicich a vzhledem k jejich
dlouhému a roz$ifenému pouzivani se srazkomery staly standardem v méfeni
srazek. Pt studiu srdzkovych thrni kumulovanych za delsi ¢asové obdobi se
hodnoty ze srazkomérnych stanic zpravidla pokladaji za spravné (tzv. ,,ground
truth*) ve srovnani s kvantitativnimi odhady srazek z radara ¢i druzic (Hunter,
1996). Je v8ak ttfeba zdlraznit, Ze 1 hodnoty namétené sraZkoméry mohou byt
zatizeny celou fadou systematickych chyb, jejichZ rozborem se zabyvaly napi.
prace (Lapin, Priadka, 1987; Groisman, Legates, 1994). Navic, méfeni srazek
srazkome€ry maji 1 omezeni, zvla$t€¢ pro operativni meteorologické a
hydrologické ucely (McFarland, 2008). Jednim zhlavnich problémi je
predevS§im nedostacujici hustota sraZzkomérnych stanic, které nemusi lokalni
srazky vypadavajici z konvektivnich boufi, viibec zachytit

Vyzkumy zabyvajici se studiem konvektivnich srazek vyzaduji detailnéjsi
strukturu horizontalniho pole srazek, které klasické srazZkoméry nejsou schopny
poskytnout. Proto se vyuzivaji data pofizend distanénim metodami
(meteorologickymi radary, druZicemi, apod.), tzn. bez pfimého kontaktu. Jejich
velkou vyhodou je skuteCnost, ze se jednd o prostoroveé spojitou informaci
ziskavanou v diskrétnich Casech, tzn., Ze méfeni probiha na velké ploSe z
jediného mista v témeét redlném cCase. Je vSak nutné podotknout, ze distancni
metody neméii srazky, ale fyzikalni veliCiny (napf. odrazivost vodnich kapicek,
vyzafovani atmosféry, apod.), které je mozné na zaklad¢ urcitych vztahl prevést
na kvantitativni odhad srazek. Takto ziskana data je mozné pomoci specidlnich
procedur (napi. adjustaci srazek) vhodné opravit a piipravit k dalsim aplikacim.
Vyhodou téchto dat oproti klasickym sitim srdZkomérnych stanic je vysoké

horizontalni a ¢asové rozliSeni.



2. CILE PRACE

Predkladana disertacni prace se zabyva studiem konvektivnich srazek
s pouzitim dat naméfenych distancnimi metodami, které jsou schopny popsat
casovy a prostorovy vyvoj rychle se vyvijejici konvektivni oblacnosti a s ni
spojenych srazek. Data ziskanad distanénimi metodami se v soucasné dob¢ stéle
vice prosazuji pfi vstupu do numerickych ptredpovédnich modelll jako data
asimilacni, ktera prokézala pozitivni vliv na velmi kratkodobou piedpoveéd’ (tzv.
nowcasting) konvektivnich srdzek. Miize se jednat o asimilaci radarové
odrazivosti 1 druZicovych dat.

Diserta¢ni prace se zabyva kvantitativnimi 1 kvalitativnimi vztahy mezi
distan¢nimi méfenimi navzdjem a ve vztahu k detekci srazek. Cilem prvni ¢asti
disertacni prace je vySetfit zavislost kratkodobych vysokych srdzkovych tthrnt
(Ghrny za 1, 2, 3 a 6 hodin) na nadmotské vysce spolu s vhodnym vyjadienim
této zavislosti. Na zéklad€ dosazenych vysledkil je moZzné posoudit, zda existuji
zakonitosti v plo§ném rozdéleni vysokych kratkodobych srazek pro uzemi Ceské
republiky (CR) a jak souvisi rozdéleni srazek s orografii. Cilem druhé ¢&asti je
modifikace a zlepSeni metod druzicovych odhadu srazek (DOS) z konvektivni
obla¢nosti pro oblast CR. Diiraz je v tomto piipadé kladen jak na zahrnuti viech
moznych procest a skuteCnosti ovliviiujicich vysledné DOS, tak na studium a
vysvétleni nejistoty, které DOS obsahuje.

Metodika zpracovani a prezentované vysledky v prvni ¢asti disertacni prace
vychazi z publikaci (Bliznak, Sokol, 2008; Sokol, Bliziiak, 2009), ve druhé ¢asti
pak z publikaci (Bliziidk, Sokol, 2011a; Bliziidk, Sokol, 2011b).

3. DATA A METODIKA ZPRACOVANI
Radarova data

Prvni ¢ast disertani prace je zaméfena na vyuziti radarovych dat. Jako
zdkladni data byly pfipraveny adjustované hodinové uhrny srdzek (kombinace

radarovych a srazkomémych dat) pro kazdy pixel (I km x 1 km) v ramci CR



z teplé poloviny roku (od 1. dubna do 30. zafi) za celkem 7leté obdobi (2002 -
2008). Zakladem pro jejich vypocet byly radarové odrazivosti namétené ¢eskou
radarovou siti CZRAD, ktera se sklada ze dvou dopplerovskych radarii — Brdy,
Skalky. Horizontalni rozliSeni radarovych dat je 1 x 1 km a casovy krok méteni
je 10 minut. Pro vypocet srdzek byly vyuzity radarové odrazivosti z hladiny 2
km nad hladinou mote (CAPPI 2 km), které jsou operativné pocitany linedrni
interpolaci ze sousednich PPI (z angl. ,,Plan Position Indicator neboli elevace
radarového objemového meéfeni) hladin. Naméfené odrazivosti byly nejprve
transformovany na intenzity srazek pomoci standardniho Z-R vztahu (Marshall,
Palmer, 1948) a potom byly integraci v ¢ase vypocteny hodinové a denni Ghrny.
Adjustace sraZkovych thrnll byla provedena pomoci dennich thrnli naméfenych
na srazkomérnych stanicich s vyuzitim metody modifikovaného podilu (Sokol,
2003b) v prvni &asti a metody MERGE (Salek et al., 2004), ktera je oficialni
metodou pouzivanou v Ceském hydrometeorologickém tustava (CHMU),
v druhé ¢asti disertacni prace. Poloha a dosah obou meteorologickych radart
spolu se srdzkomérnymi stanicemi, které byly pii adjustaci vyuZzity, jsou
zobrazeny na obr. 3.1.

Ze zékladniho datového souboru byly stanoveny dva typy n-hodinovych
srdzkovych thri (n = 1, 2, 3 a 6), které¢ se od sebe 1i§i zpisobem pftipravy.
Prvni typ dat, ktery budeme déle oznaCovat jako data A, byl ziskdn sumaci
hodinovych thrnii odpovidajicich n po sob¢ jdoucim termintim méfeni. VSechny
kombinace termini méfeni byly vyuzity pro pfipravu n-hodinovych thrnt bez
ohledu na to, zda srdzka nastala ¢i nikoliv. Druhy typ dat (data B) piedstavuje n-
hodinové srazkové udalosti, které byly definovany jako n po sobé jdoucich
hodinovych uhrnt splitujicich definované podminky, které zaruCovaly vybér
casové omezenych srdzkovych udalosti se zietelnym narGstem a poklesem
intenzity srazek v prvni a po posledni hodiné n-hodinové udalosti. Splnéni této

podminky je typické pro konvektivni srazky.



Plo$né rozlozeni thrnli srdzek bylo hodnoceno oddé€lené pro » hodinové
srazky rovné nebo ptevysujici prah P = 0 (bez prahu), 1, 2, 3, 4, 5, 10, 15, 20,
25, 30, 35, 40, 45, 50, 60, 70, 80, 90 a 100 mm. To znamend, ze pro P = 0 byla
pouzita vSechna data. U dat B byly uvazovany prahy P = 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 60, 70, 80, 90 a 100 mm. U hodinovych uhrnti obou typi dat byly
uvazovany hodnoty P pouze do 50 mm, protoze u vySSich hodnot nebylo

k dispozici dostate¢né mnozstvi dat.
[mn.m]
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Obr. 3.1: Poloha srazkomernych stanic s dennimi uhrny (+) a meteorologickych
radarii CHMU Brdy (B) a Skalky (S) (A) s vyznacenymi dosahy 260 km.
Podklad domény, kterd je v CHMU oznacovina jako pacz23 a md rozméry 728
km x 528 km, tvori orografie.



DruZicova data

Ve druh¢ ¢asti disertacni prace je pozornost vénovana vyuziti druzicovych
dat, ktera byla naméfena meteorologickou geostaciondrni druzici Meteosat
Second Generation (MSG) s ¢asovym krokem 15 minut. Horizontélni rozliseni
dat zavisi na uhlovém snimani druzice, tzn. s klesajicim thlem se zhorsuje.
Oblast CR je snimana s rozlienim cca 4 x 6 km, resp. 3 x 2 km v kanale HRV
(High Resolution Visible).

Druzicova data byla vyuzita pfi realizaci Convective Rainfall Rate (CRR)
algoritmu, ktery pocitd DOS z konvektivni oblacnosti. Krom& MSG dat vyuziva
CRR algoritmus také data z numerického pfedpovédniho modelu (NWP data) a
kalibra¢ni matice, které zavisi na hodnotach jasovych teplot kanall (resp. jejich
rozdild) IR10.8u, IR10.8u — WV6.2u (dale jen BTD) (2-D matice) nebo
IR10.8u, BTD a VISO0.6u (3-D matice). Vybér konkrétni kalibra¢ni matice zavisi
na zenitovém uhlu Slunce: pro denni dobu (zenitovy thel je mensi nez 80°) se
pouziva 3-D matice, v opacném piipad¢ (zenitovy thel je alespont 80°) neni
mozné vyuzivat kandl ve viditelném oboru spektra, a proto se pouziva 2-D

matice. Struktura 2-D a 3-D matic je popsana v tabulkach 3.1 a 3.2.

Tab. 3.1: Struktura 2-D kalibracnich matic.

Spektralni  Pocatek Konec Pocet
Osa pasmo 0sy osy Krok intervali
X BTD 21°K 59°K +2°K 41
y IR10.8 203°K  303°K +2°K 51

Tab. 3.2: Struktura 3-D kalibracnich matic.

Spektralni  Pocatek Konec Pocet
Osa pasmo 0sy osy Krok intervall
X BTD -19°K 59°K  +2°K 40
y VIS0.6 1% 99% +2% 51
z IR10.8 203K 275K +4°K 19
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V origindlni verzi CRR algoritmu byly kalibracni matice vypocteny pouze
s vyuzitim Spanélskych a skandinavskych dat. Byly vytvotfeny dvé sady matic.
Prvni typ matic byl odvozen na zékladé Spanélskych dat a je urcen pro aplikaci v
zemépisnych Sitkach nizSich nez 45° N. Druhy typ matic byl vypocitan
s vyuzitim skandindvskych dat pro aplikace v zemépisnych Sitkach vysSich nez
55° N. V oblastech mezi obéma pomyslnymi rovnob&zkami, coZ je 1 oblast
zahrnujici CR, je nutné pouZit linearni interpolaci mezi hodnotami ve $panélské
a skandinavské matici (dale jen metoda SAFCZ EUR-DIFFS).

Modifikace CRR algoritmu pro oblast CR spo¢ivala ve vypoétu
kalibra¢nich matic s vyuzitim radarovych dat z eské radarové sit¢ CZRAD.
Kalibrace byla provedena za obdobi 3 letnich sezon (Cerven — srpen) 2006-2008.
ProtoZe oblast CR je snimana druzici MSG pod $ikmé&j$im thlem neZ Spanélsko,
byl pro nasledny piepocet intenzit srdzek odvozenych zradarovych méfeni
misto piivodné pouZzitého pixelu 3 km x 3 km zvolen pixel o velikosti 5 km x 5
km, ktery 1épe aproximuje rozliSeni MSG dat pro stfedoevropskou oblast. Pred
vlastni kalibraci byla na MSG data aplikovana korekce paralaktického posunu
(paralaxy) (Soler, Eisemann, 1994), pficemz vySka horni hranice oblac¢nosti
(HHO) byla odhadnuta s vyuzitim vertikdlniho profilu standardni atmosféry.

Kalibra¢ni matice byly vypocteny z vybranych konvektivnich situaci podle
podminek popsanych v (SAFNWC, 2009a). Vlastni ptifazeni hodnot intenzity
srazek bylo provedeno dvéma zplsoby. Prvni zplsob (dale jen
SAFCZ CZRADI1) dodrzuje ptvodni postup kalibrace, ktery je popsan
v manualu (SAFNWC, 2009a) a je zalozen na vypoctu pravdépodobnosti
vyskytu maximalnich hodnot intenzit srazek v danych bodech 2-D a 3-D matice.
Protoze vysledné hodnoty intenzit srazek byly velmi vysoké, byla aplikovana
subjektivni korekce vSech hodnot v maticich koeficientem 0.2, ktery vykazoval
nejnizsi systematické chyby a zéaroven zachovéaval rozumné hodnoty intenzit
srazek. DalSim nedostatkem vypoctenych matic byly nenulové intenzity srazek

v ptipadé vysokych jasovych teplot kanalu IR10.8u a vysokych hodnot rozdilu
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BTD. Proto byly aplikovany na 2-D 1 3-D matice viceméné subjektivni
podminky, které byly vybrany na zikladé¢ nékolika provedenych testi a
vychazeji z predpokladu, ze konvektivni obla¢nost s nizkou HHO a nizkou
odrazivosti by neméla produkovat srazky.

Druhéd metoda (SAFCZ_CZRAD?2) byla zaloZzena na vypoctu primérnych
hodnot namétenych intenzit srazek pro dané kombinace hodnot spektralnich
kanalt (tj. bodi ve 2-D, resp. 3-D matici). Korekce odstranujici ,,nerealné‘
srazky pro vysoké hodnoty IR10.8u, BTD a nizké VIS0.6p, byla provedena
stejnym zpusobem jako v ptipadé¢ prvni metody. Potencidlni pfiinou
,herealnych srazek* mohl byt vliv proudéni, pfip. nepfesnost vypoctu paralaxy.

Realizace CRR algoritmu zahrnovala n¢kolik krokl. Na zaklad¢ aktualnich
druZicovych dat byla terminu pfidélena odpovidajici hodnota intenzity srazek
z kalibracnich matic. Hodnota okamzité intenzity srazek byla dale modifikovana
s vyuzitim korekce na vlhkost, korekce na vertikalni vyvoj oblaku, korekce
gradientu teploty a orografické korekce. V ramci algoritmu je pouzita i korekce
na paralaxu, jejiz postup byl jiz zminén. Informace o relativni vlhkosti, mnozstvi
srazkové vody a horizontdlnim a vertikdlnim poli vétru byly ziskdny z
operativné vyuzivaného modelu ALADIN. Hodinové DOS byly vysledkem
Casové integrace takto upravenych hodnot okamzitych intenzit srazek s vyuZzitim
lichobéznikového pravidla.

Protoze DOS ziskané pomoci CRR algoritmu vykazovaly pomérné¢ velké
systematické chyby, byla aplikovana oprava rozdéleni srazkovych uhrnti. Cilem
této korekce je, aby rozdéleni DOS pftiblizné odpovidalo rozdéleni naméfenych
hodnot (Sokol, 2003a). Opravu distribuce aplikovanou na DOS ziskanych
s vyuzitim prvni metody budeme oznacovat SAFCZ CZRADI DISTR a
s vyuzitim druhé metody SAFCZ CZRAD2 DISTR.

-12-



4. VYSLEDKY A DISKUSE
Vztah srazkovych uhrnit a nadmoiské vysky

Vztah hodinovych srdzkovych thrni a nadmoiské vySky z neni zcela
jednoznaény a zavisi na prahové hodnoté P (viz obr. 4.1). V piipad¢, kdy byla
uvazovana vSechna data typu A (tj. P = 0), byl prokdzan narlst srazkovych
uhrnti spolu s nadmotskou vysSkou (obr. 4.1 a)). Nicméné, se vzrlstajicim
prahem P se uvedena zavislost ztracela, jak dokazuji obr. 4.1 ¢), e), g). U dat B,
tedy u srazek konvektivniho charakteru, bylo obtizné prokdzat zavislost i
nizkych srdzkovych thrnli na nadmotiské vysce a zd4 se, ze rozloZeni hrni je
spiSe nahodné (obr. 4.2 a)). Uvedené vztahy dokladd i1 plosné rozlozeni
hodinovych tthrnii v ramci CR (obr. 4.3). Data A s prahem P = 0 dobie ilustruji
vliv orografie, ktery se promitd na plosné distribuci srazek. Vys$si hodnoty
vykazuji spiSe piihrani¢ni oblasti vazané na vys$$i polohy, se vzrlstajicim
prahem se vSak tato zavislost ztraci. Protoze pocet stanic se v jednotlivych
nadmotskych vyskdch vyznamné lisil, byly vSechny pixely rozdéleny do ttid
podle nadmoiské vysky a pro kazdou tfidu vypoctena hodnota zavisle proménné
vp vyjadiujici primérny thrn srazek v dané tfid¢ (viz b), d), f), g) u obr. 4.1 a
4.2).

Vztah srazkovych Uthrnli a nadmotské vysky byl také studovan s vyuzitim
Spearmanova korela¢niho koeficientu. Nulova hypotéza, ktera piredpokladala, ze
neexistuje zadny vztah mezi yp a z (tedy korelace je nulovd), byla testovdna
vzhledem k moznostem, ze korelace neni nulova, korelace je kladné a korelace
je zaporna. Vysledky ziskané na hladin€ spolehlivosti 99% mohou byt shrnuty
nasledovné:

u dat A nebyl nalezen Zadny vztah mezi srdzkami a nadmotiskou vySkou pro
hodinové thrny a P > 20 mm, 2-h thrny a P > 40 mm, 3-h thrny a P > 50 mm a
6-h thrny a P > 80 mm.

u dat B nebyl nalezen zadny vztah pro hodinové thrny a P > 10 mm, 2-h thrny a

P >25 mm, 3-h thrny a P > 30 mm a 6-h thrny a P > 40 mm.
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Obr. 4.1: Zavislost sum hodinovych uhrnu srazek R na nadmorské vysce z pro
data A. Obrdzek a) zndzornuje zavislost srdzkovych uhrnu ve vSech pixelech
vzhledem k nadmorskeé vysce. Obrazky c), e), g) znazornuji srazkove uhrny rovné
a vyssi 15, 30 a 50 mm. Obrazky b), d), f), h) znazornuji zavislost na nadmorské
vySce pro hodinové srazkové uhrny, jejichz pixely jsou seskupeny do trid podle
nadmorské vysky. Obrazky odpovidaji spodni prahové hodnoté P = 0, 15, 30, 50

mm. Cervena c¢dra v kazdem grafu predstavuje odpovidajici regresni primku.
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Obr. 4.2: Zavislost sum hodinovych uhrnu srazek R na nadmorské vysce z pro
data B. Obrazek a) znazornuje zavislost srazkovych uhrnu v pixelech s prahem P
= 5 vzhledem k nadmorské vysce. Obrdzky c), e), g) zndzornuji srazkové uhrny
rovné a vyssi 15, 30 a 50 mm. Obrazky b), d), f), h) zndazornuji zavislost na
nadmorské vysce pro hodinové srazkoveé uhrny, jejichz pixely jsou seskupeny do
t7id podle nadmorské vysky. Obrdzky odpovidaji spodni prahové hodnoté P = 3,
15, 30, 50 mm. Cervend cara v kazdém grafu predstavuje odpovidajici regresni
primku.
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Obr. 4.3: Plosné rozlozeni hodinovych sum srazek pro data A (levy sloupec) a
data B (pravy sloupec). Jednotlivé panely se od sebe lisi spodni prahovou
hodnotou P.
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Plosné rozloZeni krdatkodobych sraiek na tizemi CR

I kdyz se zda, Ze plosné rozloZeni srazek s vysokymi intenzitami je spiSe
nahodné, je mozné vyclenit tfi oblasti, které vykazuji vyssi hodnoty srazkovych
hrnil ve srovnani se zbytkem CR, a sice: zapad CR, vychod CR a oblast jiznich
Cech tahnouci se smérem k Ceskomoravské vrchoving. Posledni jmenovana
oblast je zvlasté¢ patrna u 6hodinovych thrni pro data B a pro strucnost ji
budeme dale nazyvat JC. Oblast &aste¢né souhlasi s extrémnimi sraZkami a
naslednymi povodnémi, které se vyskytly ve stfedni Evropé v srpnu 2002 (napf.
Rezadova et
al., 2005). Po vylouceni tohoto terminu se ukazalo, ze extrémni srazkové thrny
sice casteCné piispély k vysledné sumé srazek, nicméné zvysSend hustota
srazkovych uhrnli byla v této oblasti zietelna 1 pak (pro data A i B). Proto lze
piedpokladat, ze zvysena &etnost vysokych srazkovych thrndi v oblasti JC je
obecny fakt. Srazkové udalosti, které v této oblasti zpusobily vysoké hodnoty
srazkovych thrnd, byly nasledné studovéany detailnéji.

Pro ucely této analyzy byly ze 6hodinovych srazkovych udalosti (data B)
v této oblasti vybrany pouze thrny s prahem P = 40 a vyssi. Vysledkem bylo
nalezeni celkem 26 ptipadd, pro které byly nasledné studovany analyzy poli
geopotencidlu a vétru, vcetné jeho stfihu, v riznych tlakovych hladinach
ptipravené v European Centre for Medium-Range Weather Forecasts (ECMWF)
s rozliSenim 0,5° k terminu 00, 06, 12 nebo 18 UTC. Terminy byly voleny tak,
aby se Casov¢ shodovaly s vybranymi srazkovymi udalostmi, pfi¢emz situace
nesmély pochazet z pozd¢jsiho terminu, nez byl pozorovan pocatek srazkové
udélosti. I kdyZ je mezi jednotlivymi udalostmi zfetelny rozdil, jako nejcetné;si
synoptické situace se jevily dle klasifikace uvedené v (Brazdil, Stekl, 1986)
severozapadni cyklonalni situace (NWC) a cyklona nad stfedni Evropou (C).
Typy NWC 1 C jsou charakterizovany stfthem vétru, ktery byl prokazan ve

vetsing studovanych pripadu.
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Potencialni pi¢inou vyssich srazkovych uhrnii v JC miZe byt vzhledem
k teplé poloving roku i trajektorie cyklony Vb. V tomto ptipad¢ se stied cyklony
piesouva ze severni Itdlie a Jaderského moie k severovychodu, pii¢emz
proudéni je orientovano proti sméru hodinovych rugi¢ek. Uzemi CR je pak
ovliviiovano proudénim se severni slozkou piinasejicim vyssi srazkové uhrny do
oblasti jiznich Cech, Moravskoslezskych Beskyd a Hrubého Jeseniku (Brazdil,
Stekl, 1986; Stekl a kol., 2001). Zesilujici u¢inek miiZze mit v tomto piipadé i
tzv. nalevkovy efekt (Sobisek a kol., 1993).

Ziskané vysledky jen ¢astecné souhlasi s praci (Trupl, 1958), kde bylo
ukazano, 7e hodinové srazkové uhrny jsou zpravidla vysSi v niZzindch a
pahorkatinidch neZz v horskych oblastech. Déle trvajici srazkové uhrny jsou
naopak vys§i v oblastech horskych nez v nizinach. I kdyz vysledky naSeho
vyzkumu ukdzaly spiSe nahodilost vrozlozeni vysokych kratkodobych
srazkovych Uhrnd, je tfeba poznamenat, Ze prace (Trupl, 1958) vychazela z dat
naméfenych na 98 ombrografickych stanicich (z toho pouze 10 se nachdzelo
v horskych polohéch), pficemz hodinové intervaly s vysokymi thrny srdzek
byly vybirdny libovoln¢. Naproti tomu nase data (data A) obsahovala srazkové
uhrny, jejichz méfeni zapocalo na zacatku kazdé hodiny bez ohledu na to, zda

srazka nastala ¢1 nikoliv.

VyuZiti druZicovych dat k odhadu konvektivnich srazek

Hodinové DOS ziskané vysSe uvedenymi metodami byly verifikovany
s hodinovymi radarovymi odhady srazek ziskanych metodou MERGE (Salek et
al., 2004) v horizontalnim rozliSeni 5 km. Verifikace byla provedena na
nezavislém datovém souboru z obdobi od 23. ¢ervna do 5. ¢ervence 2009, kdy
byla pozorovéana vysoka aktivita konvektivnich jevil, s vyuzitim subjektivnich 1
objektivnich metod.

Verifikace hodinovych DOS wukdzala, ze kalibracni postup navrzeny

v manualu (SAFNWC, 2009a) vykazoval velmi vysoké hodnoty intenzit srazek
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a celkové nadhodnocoval srazkové odhady. To je disledkem toho, Ze navrZzeny
kalibra¢ni postup vychazi zteoreticky maximalné¢ moznych intenzit srazek.
Druhy kalibracni postup (metoda SAFCZ CZRAD?2) daval vétSinou lepsi
vysledky v pfipadé kategorické verifikace, ale v¢&tsi chyby v pfipadé
kvantitativni verifikace. Hlavni pfi¢inou téchto chyb bylo plosné nadhodnoceni
srdzkovych uthrni. Tyto chyby vyznamnym zptisobem zredukovala aplikovana
metoda korekce rozdéleni. Pravé tato metoda (SAFCZ CZRAD2 DISTR) se
jevi jako nejlepsi z pohledu verifikacnich charakteristik (obr. 4.5) oproti ptivodni
metodé¢ SAFCZ EUR-DIFFS.

Pii kategorické verifikaci ziskanych hodinovych DOS se vychazelo,
podobn¢ jako v hodnotici zpravé (SAFNWC, 2009b), =z charakteristik
kontingenc¢ni tabulky (tab. 5.1). Nasledujici kategorické a kvantitativni miry
piesnosti byly pouzity pii verifikaci:

Critical Success Index (CSI), ktery méfi podil spravné odhadnutych udalosti a

celkového poctu odhadnutych udalosti nebo pozorovani

csr=—2 (4.1)
a+b+c

Percentage of Correct (PC), ktery odpovida na otdzku, kolikrat byla odhadnuta

udalost spravna

PC = a+d

= 4.2
a+b+c+d (4.2)

Probability of Detection (POD), coz je pomér spravné odhadnutych a vSech

pozorovanych udalosti

POD =~ (4.3)
a—+c

False Alarm Ratio (FAR), ktery méti podil chybné odhadnutych udélosti z

celkoveého poctu odhadnutych udalosti

b
a+b

FAR = (4.4)
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e Heidke’s Skill Score (HSS) vyhodnocuje, kolikrat je odhad lepsi ve srovnani s

nahodnym vybérem (obecné s referencni strategii)

_ 2(ad —bc) (4.5)
(a+c)c+d)+(a+b)(b+d)

e  BIAS, ktery méti pomér poctu udalosti a poctu odhadnutych udalosti

Bus =40 (4.6)

a+c

kde a, b, ¢ a d jsou hodnoty z kontingen¢ni tabulky (tab. 5.1). Odhadnutym a
namefenym hodnotam srazkovych thrnll byly pfifazeny kategorické hodnoty
ano/ne na zéklad¢ stejného prahu 0 mm, ktery byl pouzit v (SAFNWC, 2009b).
Pokud nameéfend/odhadnutd srazka meéla vysSi hodnotu nez 0 mm, byla ji

piifazena kategorickd hodnota ,,ano*, v opacném ptipad¢ ,,ne.

Tab. 5.1: Kontingencni tabulka. Namerena/odhadnuta uddlost znamend vyssi

hodnotu nez definovany prah (Omm) pro hodinové srazkové tihrny.

Odhadnuta Namériena udalost
udalost Ano | Ne Celkem
Ano a b atb
Ne c d ctd
Celkem atc/b+d| atb+c+d=n

Kvantitativni verifikace byla provedena pomoci primérné chyby, stiedni
absolutni chyby a stfedni kvadratické chyby:
e  Pramérné chyba (ME; z angl. Mean Error)

AMz%iwﬁQ) 4.7)

e  Stiedni absolutni chyba (MAE; z angl. Mean Absolute Error)

MMz%iM;Q| 4.8)

i=1

e  Stfedni kvadratickd chyba (RMSE; z angl. Root Mean Square Error)
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RMSE = \/%ZN:(E,. -0,)", 4.9)

kde N je pocet porovnavanych dvojic, E; a O; jsou odhadnuté a nameétrené
hodinové srazkové uhrny. Celkovy pocet verifikovanych dvojic byl N =
922 632. Ptiklad hodinovych thrni srazek od 12 do 13 UTC z 2. ¢ervence 2009

pro riazné metody DOS je znazornén na obr. 4.4.

[mm/h]
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Obr. 4.4 Hodinové srazkové uhrny ze 2. cervence 2009, 12-13 UTC nad vizemim
CR. Obrazky zndzoriuji a) pozorované srazky pocitané pro pixel 5 x 5 km, b)
DOS vypocitané metodou SAFCZ EUR-DIFFS, c¢) DOS vypocitané metodou
SAFCZ CZRADI, d) DOS vypocitané metodou SAFCZ CZRADI DISTR, e)
DOS vypocitané metodou SAFCZ CZRAD2, d) DOS vypocitané metodou
SAFCZ CZRAD2 DISTR.
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Obr. 4.5 Porovnani vysledku verifikace hodinovych uhrnit pro metody
SAFCZ EUR-DIFFS, SAFCZ RADI, SAFCZ CZRADI DISTR, SAFCZ RAD2
a SAFCZ CZRAD2 DISTR. Obrazky ukazuji a) vysledky kategorické verifikace
z kontingencni tabulky — FAR, POD, CSI, PC, HSS a BIAS, b) velikosti chyb

ME, MAE a RMSE.
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5. ZAVERY

Predkladana disertacni prace se zabyva studiem konvektivnich srazek
z pohledu distancnich meéfeni. Vyzkum a ziskané vysledky jsou primarné
orientovany na oblast CR, kde jsou konvektivni situace pozorovany piedevsim
v obdobi od jarnich do podzimnich mésict. Lepsi porozuméni plosné distribuci
konvektivnich srazek a studium vztahli mezi srazkami a distanénimi méfenimi
muze vyznamné zpiesnit velmi kratkodobou predpovéd konvektivnich srazek.

Prvni Cast disertacni prace prokazala, Ze srazkové Uhrny dobie koreluji
s nadmoiskou vySkou, avSak tato zdavislost se ztrdci s rostouci hodnotou
intenzity sraZek. Soucasné bylo ukazano, ze kratkodobé (1h) konvektivni srazky
na nadmoftské vysSce nezavisi pro intenzity sraZzek od 20 mm/h. Plo8né rozloZeni
6h whrni srazek davalo vyssi koncentraci vyskytu v oblasti jiznich Cech,
piicemz nejcetnéjSi synoptické situace, které je zplsobovaly, se jevily
severozapadni cyklonalni situace (NWC) a cyklona nad stfedni Evropou (C).

Ve druhé ¢asti bylo pfedstaveno a srovnano nékolik metod DOS s vyuzitim
CRR algoritmu. Kalibrace matic zalozend na datech z ¢eské radarové sité
zptesnila vztahy mezi druZicovymi a radarovymi odhady srazek pro oblast CR.
Nicméné, po zaclenéni kalibra¢nich matic do CRR algoritmu davaly DOS
znaéné chyby zpohledu kvantitativni verifikace. Tyto chyby vyznamnym
zpisobem zredukovala aplikovana metoda korekce rozdéleni srazkovych uhrnd.
hodnocenim CRR algoritmu (napt. Luque et al., 2006, SAFNWC, 2009b),
zustava skutecnost, ze DOS nadhodnocuji velikost srdzkami zasazené oblasti a
poloha nejvysSich hodnot sraZkovych odhadl zpravidla neni shodna s polohou
maximalnich srdzek odvozenych z meteorologickych radari. Uvedeny fakt je,
krom¢ jiného, dan rozdilnym rozsahem a prostorovou strukturou oblacného a
srazkového pole spolu s niz§im horizontalnim rozliSenim druzicovych dat.

Aplikace kalibra¢nich matic odvozenych z Ceskych dat a aplikace korekce

rozdéleni vede ke zpiesnéni DOS ve srovnani s ptiivodnim algoritmem CRR.
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V tomto ohledu je nutné hledat hlavni ptinos piedkladané disertani prace.
Protoze odhady srazek zalozené na radarovych datech jsou nepochybné lepsi, je
nezbytné chapat odhady srdzek odvozené z druzicovych dat pouze jako vedlejsi
zdroj informaci.

Otevienou otdzkou je, zda ziskané DOS mohou byt pouZzity v kombinaci s
radarovymi a srazkomérnymi daty v pfipadech, kdy dochazi k velkému
podcenéni srazek zplsobenych utlumem, které se obcas vyskytuji. Jinou
z moznych cest dal§iho vyuziti DOS je jejich asimilace do numerického modelu
pocasi s vysokym rozliSenim (napt. model COSMO) (Sokol, 2009). Fakt, Ze
prezentované metody jsou schopny urcit oblasti s vyskytem konvektivnich

srazek, 1ze vyuzit pii modelovani obla¢nosti.
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1. INTRODUCTION

The term “rainfalls” refers to a wide range of hydrometeors representing
one of the main parts of the water cycle in nature. In the classical concept,
rainfalls are measured by rain gauges on land weather stations, which have
become standard in rainfall measurements with respect to their long and
widespread exploitation. The values measured by rain gauge stations are
considered correct (so-called ground truth) in comparison with quantitative
precipitation estimates derived from weather radars or satellites when rainfall
totals are accumulated during longer periods (Hunter, 1996). It is important to
emphasise that even values measured by rain gauges can be influenced by
different kinds of systematic errors (these are detailed, e.g. in Lapin and Priadka,
1987; Groisman and Legates, 1994). However, measurements of rainfalls by
rain gauges have limitations, especially for operative meteorological and
hydrological purposes (McFarland, 2008). One of the main problems is the
insufficient density of rain gauge stations, which do not have to catch local
rainfalls falling from convective storms.

Research dealing with the study of convective rainfalls requires a more
detailed structure of the horizontal field of rainfalls, which classical rain gauges
are incapable of providing. Therefore, data derived from remote sensing
(weather radars, satellites, etc.), that is without direct contact, are used. The
advantage of these data is that spatially continuous information obtained at
discreet times is provided, meaning measurements are performed on large area
from one point in almost real time. It is necessary to note that methods based on
remote sensing do not measure rainfalls, but physical quantities (e.g., the
reflectivity of water droplets, radiation of the atmosphere, etc.), which can be
transferred on quantitative precipitation estimates based on certain relationships.
Data obtained in this way can be suitably corrected using special procedures

(e.g., rainfall adjustment) and prepared for the next applications. Advantage of
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these data is a high horizontal and time resolution in comparison with classical

rain gauge networks.

2. AIMS OF THE STUDY

The presented thesis focuses on research of convective rainfalls using
remote sensing data, which are capable of describing the time and spatial
development of quickly developing convective clouds and related rainfalls.
Remote sensing data are currently used as an input data into numerical weather
prediction models (data assimilation), which have been shown to have a positive
effect on very short-range forecasts (so-called nowcasting) of convective
rainfalls. It can be an assimilation of radar reflectivity or satellite data.

The thesis deals with the quantitative and qualitative relationships between
remote sensing measurements themselves and in relation to the detection of
rainfalls. The aim of the first part of the thesis is to investigate the dependence
of short-term heavy rainfall totals (1, 2, 3 and 6 h precipitation totals) on altitude
along with the suitable expression of this dependence. Based on the obtained
results, it is possible to determine whether there are patterns in the areal
distribution of heavy short-term rainfalls for the Czech Republic (CR) and how
the distribution of rainfalls is related to topography. The aim of the second part
is to modify and improve the methods of satellite precipitation estimates (SPEs)
from convective clouds for the area of the CR. Emphasis is placed on the
involvement of all processes and phenomena influencing the resulting SPEs as

well as an investigation and explanation of the uncertainties the SPEs include.

The processing methodology and presented results in the first part of the
thesis stem from publications by Bliziidk and Sokol (2008) and Sokol and
Bliziidk (2009), and in the second part, from Bliznak and Sokol (2011a) and
Bliznak and Sokol (2011Db).
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3. DATA AND PROCESSING METHODOLOGY
Radar data

The first part of the thesis focuses on the exploitation of radar data. Hourly
adjusted precipitation totals (a combination of radar and gauge data) were
prepared as basic data for all boxes (1 x 1 km) covering the CR from the warm
part of the year (from 1* April to 30" September) of the 7-year period (2002—
2008). The radar reflectivities were measured by the Czech weather radar
network CZRAD, which consists of two Doppler weather radars — Brdy and
Skalky — which provided the basis for their computation. The horizontal
resolution of radar data is 1 x 1 km, and the time step is 10 minutes. Radar
reflectivities at 2 km above sea level (CAPPI 2 km), which are operationally
computed by a linear interpolation from the two nearest PPI (Plan Position
Indicator) levels, were used to calculate precipitation. The measured
reflectivities were first transformed into rain rates through a standard Z-R
relationship (Marshall, Palmer, 1948), and hourly and daily precipitation totals
were calculated by time integration. The adjustment of precipitation totals was
performed with the daily totals measured at the rain gauge stations using the
modified ratio method (Sokol, 2003b) in the first part of the thesis; the MERGE
method (Séalek et al., 2004), which is the official method used by the Czech
Hydrometeorological Institute (CHMI), was used in the second part of the
thesis. The location and radius of both weather radars, along with the rain gauge
stations used during the adjustment, are shown in Fig. 3.1.

Two types of n-hour precipitation totals (n = 1, 2, 3 and 6), which differed
from each other in the process of preparation, were derived from the basic
hourly precipitation. The first type of data, which we will mark as data A, was
obtained by summing the hourly precipitation totals corresponding to n
successive terms. All combinations of term measurements were used to prepare
n-hourly precipitation totals regardless of whether the precipitation occurred or

not. The second type of data (data B) represents n-hourly precipitation events
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that were defined as n successive precipitation totals fulfilling the defined
conditions, which ensured a selection of temporally bounded continuous
precipitation events with an apparent increase and decrease of rain rates in the
first and after the last hour, respectively, of n-hourly precipitation events. The

fulfilment of this condition is typical for convective rainfalls.

—750

=500

250

0 100 200 300 400 km
Fig. 3.1: The position of rain gauge stations with daily precipitation totals (+)

and weather radars of CHMI — Brdy (B) and Skalky (S) (A) with a radius of
260 km. The background of the domain, which is marked in CHMI as pacz23

and has a size of 728 x 528 km, is represented by topography.

The areal distribution of precipitation totals was evaluated separately for n-
hour precipitation equal to or exceeding a threshold of P = 0 (without threshold),
1,2,3,4,5,10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90 and 100 mm, which

means that for P = 0, all data were summed. For data B, the thresholds were 5,
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10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90 and 100 mm. For both data
types, a maximum threshold of P=50 mm was applied to the hourly precipitation

totals because insufficient data were available for larger thresholds.

Satellite data

In the second part of the thesis, attention is paid to the exploitation of
satellite data measured by the geostationary meteorological satellite Meteosat
Second Generation (MSG), with a temporal resolution of 15 minutes. The
horizontal resolution of data depends on the angle view of the satellite, i.e., a
horizontal resolution becomes worse with the decreasing angle. The area of the
CR 1is scanned with a resolution of cca 4 x 6 km and 3 x 2 km in the HRV (High
Resolution Visible) channel.

The satellite data were processed with the Convective Rainfall Rate (CRR)
algorithm, which calculates SPEs from convective clouds. In addition to MSG
data, the CRR algorithm also uses data from numerical weather prediction
model (NWP data) and calibration matrices, which depend on values of the
brightness temperatures of channels (or their difference) IR10.8u, IR10.8p —
WVe6.2u (further only BTD) (2-D matrix) or IR10.8u, BTD a VIS0.6p (3-D
matrices). The selection of a concrete calibration matrix depends on the sun
zenith angle: a 3-D matrix is used during daytime (i.e., when the sun zenith
angle is lower than 80°); when the sun zenith angle is at least 80°, it is no longer
possible to use the channel in the visible spectrum and, therefore, a 2-D matrix is
used. The structure of 2-D and 3-D matrices is described in Tables 3.1 and 3.2.

In the original version of the CRR algorithm, the calibration matrices were
calculated using only Spanish and Nordic data. Two sets of matrices were
created. The first was derived using the Spanish data and is intended to be used
for latitudes lower than 45°N. The second matrix was calculated using the
Nordic data and applies to regions above 55°N. For the areas between both

parallels, which is also the area of the CR, a linear interpolation in latitude
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between the Spanish and Nordic matrices was employed (further only

SAFCZ EUR-DIFFS method).

Tab. 3.1: 2-D calibration matrices structure.

Spectral ~ Origin of End of Number of
Axis band axis axis Step intervals
X BTD 21°K 59°K +2°K 41
y IR10.8 203°K  303°K +2°K 51

Tab. 3.2: 3-D calibration matrices structure.

Spectral ~ Origin of End of Number of
Axis band axis axis Step intervals
X BTD -19°K 59°K  +2°K 40
y VIS0.6 1% 99%  +2% 51
z IR10.8 203K 275K +4°K 19

A modification of the CRR algorithm for the area of the CR consisted of
the calculation of calibration matrices using radar data from the Czech weather
radar network CZRAD. The calibration was performed during 3 summer
seasons (June — August) of the years 2006-2008. Because the area of the CR is
scanned by MSG under a more inclined angle than Spain, 5 km by 5 km boxes
were used for the conversion of rain rates derived from the radar measurements
instead of the original 3 km by 3 km boxes, because the larger boxes better suit
the horizontal resolution of the MSG data for Central Europe. Before the
calibration, a parallax correction was applied to the MSG data (Soler, Eisemann,
1994). Cloud top height (CTH) was estimated using a vertical profile of the
standard atmosphere.

The calibration matrices were calculated from the selected convective
events according to the conditions described in SAFNWC (2009a). The
assignment of rain rate values was performed using two methods. The first
method (denoted as SAFCZ CZRAD1) keeps the original calibration procedure
as described in SAFNWC (2009a) and is based on the calculation of the
probability of occurrence of maximal rain rate values in the boxes of 2-D and 3-

D matrices. Because the resulting rain rates values were high, a subjective
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correction was applied of all values in the matrices by coefficient 0.2, which
showed the lowest systematic errors and at the same time retained reasonable
rain rates values. The non-zero rain rates along with the high brightness
temperatures of channel IR10.8p and the high BTD values were other
shortcomings of the calculated matrices. Therefore, more or less subjective
conditions, which had been selected based on several performed tests and
stemmed from the assumption that convective clouds with low CTH and low
reflectance should not produce rainfalls, were applied to the 2-D and 3-D
matrices.

The second method (SAFCZ CZRAD?2) was based on a calculation of the
mean values of observed rain rates for given combinations of values in spectral
channels (i.e., pixels in the 2-D or 3-D matrix). The correction, which removed
“unreal” rainfalls for high values of IR10.8yu, BTD and low VIS0.6p, was
performed in the same way as in the first method. The influence of flow or an
inaccuracy in the parallax computation could be a potential reason for “unreal”
rainfalls.

The realisation of the CRR algorithm included several steps. Based on the
actual satellite data, a corresponding value of rain rates from the calibration
matrices was assigned to a term. In the next steps, the value of instantaneous
rain rates was modified using moisture correction, cloud growth rate correction,
cloud-top temperature gradient correction and orographic correction. A parallax
correction, whose procedure has already been mentioned, is also included in the
algorithm. Information regarding relative humidity, total precipitable water and
the horizontal and vertical fields of wind were obtained from the operatively
exploited model ALADIN. Hourly SPEs were calculated by time integration of
such modified values of instantaneous rain rates using a trapezoidal method.

Because SPEs obtained by the CRR algorithm show relatively high
systematic errors, a distribution correction of precipitation totals was applied.

The aim of this correction is to obtain a modified distribution of SPEs that
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should be close to the distribution of observed values (Sokol, 2003a). We will
denote the distribution correction applied to SPEs obtained by the first method
as SAFCZ CZRADI1 DISTR and by the second method as
SAFCZ CZRAD2 DISTR.

4. RESULTS AND DISCUSSION
Precipitation-altitude relationship

The relationship between hourly precipitation totals and altitude z lacked
clarity and depends on the threshold value P (see Fig. 4.1). When all data A
were considered (i.e., P = 0), the increase of precipitation totals along with the
altitude was proven (Fig. 4.1 a)). However, this dependence decreased with
increasing threshold P as shown in Fig. 4.1 c¢), e), g). For data B, i.e., for
convective rainfalls, it was difficult to prove the dependence on altitude even for
low precipitation totals, and it seems that the areal distribution of precipitation
totals is more likely random (Fig. 4.2 a)). The areal distribution of hourly
precipitation totals over the CR proves the mentioned relationships (Fig. 4.3).
Data A with the threshold P = 0 illustrate well the influence of orography on the
areal distribution of rainfalls. Higher values are mostly located in border regions
bounded on higher altitudes; this dependence disappears with increasing
threshold. Because the number of stations significantly differs at different
altitudes, all pixels were divided into classes according to their altitudes, and a
value of dependent variable yp expressing the mean precipitation total was
calculated for each class (see b), d), f), g) in Figs. 4.1 and 4.2).
The precipitation-altitude relationship was also evaluated by applying
Spearman’s rank correlation coefficient. The null hypothesis, which supposes
that there is no relationship between yp and z (i.e., the correlation is zero), was
tested against three alternatives: the correlation is not zero; the correlation is
greater than zero; and the correlation is less than zero. The results obtained at

the 99% confidence level can be summarised as follows:

-34 -



a)P=0mm b)P =0mm

4000 4000
= 3000 T 3000
£ £ ©
o o
2000 2000
DDD 1 1 1 1 1 1 1DDD 1 1 1 1 1 1
100 300 500 700 900 110013001500 100 300 500 700 500 110013001500
Z[mnum)] Z[mn.m]
¢)P=15mm d)P=15mm
G600 600
400
15 E
1= =
o o
200 g
_OU_O_Q_G_Q—O—O—Q—Q”OE‘Q'O
D - - s D L L L L L 1
100 300 S00 700 900 110013001500 100 300 500 70O 500 110013001500
Z[mnm] Z[mn.m]
e) P =30 mm f)P =30 mm
300 — 300
200
15 E
1= =
o o
100
L ]
Chnrd =] W &)
D 1 1 1 L L L D L L L L L 1
100 300 S00 700 900 110013001500 100 300 500 70O 500 110013001500
Z[mnm] Z[mn.m]
g) P =50 mm h) P =50 mm
g00 &0o
400 1 400
I3 : =
£ £
o n:
200
[
D 1 1 1 1 1 1 D 1 1 1 1 1 1
100 300 500 700 900 110013001500 100 300 500 700 8500 110013001500
Z[mnm)] Zlmn.m)]

Fig. 4.1: The dependence of the summed hourly precipitation totals R on altitude
z for data A. Subfigure a) shows the dependence of precipitation totals on
altitude in all pixels. Subfigures c), e), and g) show precipitation totals equal to
or higher than 15, 30 and 50 mm, respectively. Subfigures b), d), f), and h) show
the dependence on altitude for hourly precipitation totals whose pixels are
grouped in classes according to altitude. The subfigures correspond to low
threshold values P = 0, 15, 30 and 50 mm. The red line in each graph represents

the corresponding regression line.
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Fig. 4.2: The dependence of summed hourly precipitation totals R on altitude
z for data B. Subfigure a) shows the dependence of precipitation totals on
altitude in pixels with the threshold P = 5. Subfigures c), e), and g) show
precipitation totals equal to or higher than 15, 30 and 50 mm. Subfigures b), d),
f), and h) show the dependence on altitude for hourly precipitation totals whose
pixels are grouped in classes according to altitude. These subfigures correspond
to low threshold values P = 5, 15, 30 and 50 mm. The red line in each graph

represents the corresponding regression line.
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Fig. 4.3: Areal distribution of summed hourly precipitation totals for data A (left
column) and data B (right column). The panels differ from each other by low
threshold value P.
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o For data A, no relationship between precipitation and altitude was found
for hourly precipitation totals and P>20 mm, for 2 h precipitation totals and
P>40 mm, for 3 h precipitation totals and P>50 mm, and for 6 h precipitation
totals and P>80 mm.

o For data B, no relationship between precipitation and altitude was found
for hourly precipitation totals and P>10 mm, for 2 h precipitation totals and
P>25 mm, for 3 h precipitation totals and P>30 mm, and for 6 h precipitation

totals and P>30 mm.

Areal distribution of short-term precipitations over the CR

Although it seems that the areal distribution of precipitation with high rain
rates 1s random, it is possible to distinguish the subarea with higher values of
precipitation totals in comparison with the rest of the CR. The area is
particularly visible in the 6 h precipitation totals for data B, and we will denote
this area as SB. This area partially coincides with the extreme precipitation and
flooding events that occurred in Central Europe in August 2002 (Reza¢ova et al.,
2005). After removing this term, it was determined that the extreme
precipitation totals partly contributed to the resulting sum of precipitation.
However, the increased density of the precipitation totals was still evident in this
area (for data A and B). It is therefore possible to suggest that the increased
frequency of heavy precipitation in the SB area is a general fact. Precipitation
events causing the high values of precipitation totals in this area were studied in
more detail.

For the purposes of this analysis, only precipitation totals with the threshold
P = 40 or higher were selected from the 6 h precipitation events (data B) in this
area. In total, 26 cases were found. For these cases, an analysis was conducted of
geopotential and wind fields, including wind shear, at different pressure levels
prepared at the European Centre for Medium-Range Weather Forecasts

(ECMWF) with a horizontal resolution of 0,5° with the terms 00, 06, 12 and 18
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UTC. These terms were selected to coincide with the selected precipitation
events. The events did not have to come from the latter term than the beginning
of precipitation event. Though there is a significant difference between
investigated events, the most frequent synoptic patterns appeared the North
West cyclone (NWC) and the cyclone over the Central Europe (C) according to
the classification published in Brazdil and Stekl (1986). The NWC and C types
are both characterised by wind shear, which was proven in the majority of
investigated cases.

The trajectory of the Vb cyclone can also be a potential reason for the
higher precipitation totals in the SB area with respect to the warm part of the
year. In this case, the centre of the cyclone moves from the north of Italy and the
Adriatic Sea northeastwards, whereas the flow is oriented counter clockwise.
The area of the CR is then influenced by flow with the north component
bringing higher precipitation totals into the areas of SB, Moravskoslezské
Beskydy and Hruby Jesenik (Brazdil and Stekl, 1986; Stekl et al., 2001). In this
case, the so-called funnel effect can also have a greater influence (SobiSek et al.,
1993).

The obtained results only partially agree with Trupl (1958) where it was
shown that hourly precipitation totals are generally higher in lowlands and
uplands than in mountainous areas. In contrast, long-term precipitation totals are
higher in mountainous areas than in lowlands. Although the results of our
research show some degree of randomness in the distribution of heavy short-
term precipitation totals, the Trupl (1958) study stemmed from data measured at
98 ombrographic stations (only 10 were located in mountainous areas), whereas
the hourly intervals with high precipitation totals were selected randomly. In
contrast, our data (data A) contained precipitation totals whose measurements
had started at the beginning of each hour regardless of whether precipitation had

occurred or not.
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The exploitation of satellite data for convective precipitation estimates

Hourly SPEs obtained by the abovementioned methods were verified with
hourly radar precipitation estimates using the MERGE method (Salek et al.,
2004) with a horizontal resolution of 5 km. The verification was performed on
independent data set in the period from 23 June to 5 July 2009, when high
convective phenomena activity had been observed, using subjective and
objective methods.

The verification of hourly SPEs shows that the calibration process
suggested in the manual (SAFNWC, 2009a) gives very high values of rain rates
and generally overestimates precipitation estimates, which is why the suggested
calibration process stems from theoretically maximal possible rain rates.
Overall, the second calibration process (the method SAFCZ CZRAD2) gave
better results in the case of categorical verification, but it produced higher errors
in case of quantitative verification. The areal overestimation of precipitation
estimates was the main reason for these errors. The applied method of
distribution correction significantly reduced these errors. This method
(SAFCZ_CZRAD?2 DISTR) appears to be the best according to the verification
characteristics (Fig. 4.5) with respect to the original SAFCZ EUR-DIFFS
method.

The categorical verification of the obtained hourly SPEs stemmed from the
characteristics of a contingency table (Tab. 5.1), as was undertaken in the
validation report (SAFNWC, 2009b). The following categorical and quantitative
measures were used during verification:

e The Critical Success Index (CSI), which measures the fraction of
correctly estimated events from the total number of estimated events or

observations

csr=—2 4.1)
a+b+c
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e The Percentage of Correct (PC), which indicates how many times the

estimated event was correct:

pc—_ atd
a+b+c+d

(4.2)
e The Probability of Detection (POD), which is the fraction of correctly
estimated and all observed events:

poD =2

(4.3)

a+c
o The False Alarm Ratio (FAR), which measures the fraction of wrongly

estimated events from all estimated events:

b
a+b

FAR = (4.4)

e The Heidke’s Skill Score (HSS), which evaluates how many times the
estimation is better in comparison with random selection (generally with

reference strategy):

HSS = 2(ad —bC) (45)
(a+c)c+d)+(a+b)b+d)

o The Frequency BIAS index (BIAS), which measures the fraction of the
number of events and number of estimated events:

Blas = 40 (4.6)
a+c

where a, b, ¢ and d are values from a contingency table (Table 5.1). The
categorical values yes/no were assigned to the estimated and observed values of
precipitation totals based on the same threshold 0 mm that had been used in
SAFNWC (2009b). If the observed/estimated precipitation was higher than 0

mm, the categorical value “yes” was assigned; otherwise, “no” was assigned.
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Tab. 5.1: Contingency table convention. Observed/estimated event indicates

value higher than a given threshold (0 mm) for hourly precipitation totals.

Event Event observed
estimated Yes | No Marginal total
Yes a b atb
No C d c+d
Marginal total |[a+c|b+d| atb+c+d=n

The Quantitative verification was performed using Mean Error, Mean Absolute
Error and Root Mean Square Error:

e Mean Error (ME):

1 N

ME=—Y(E,-0,) 4.7)
NS
e Mean Absolute Error (MAE):
N
MAE:%Z]Ei - 0| (4.8)

e Root Mean Square Error (RMSE):

RMSE = \/%i(Ei ~0)* (4.9)

where N is the number of verified pairs, and E; and O; are the estimated and
observed hourly precipitation totals, respectively. The total number of verified
pairs was N =922 632. An example of the hourly precipitation totals from 2 July
2009, from 12 to 13 UTC, for the different methods of SPEs is depicted in Fig.
4.4.
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Fig. 4.4 Hourly precipitation totals from 2 July 2009, 12-13 UTC, over the area
of the CR. Subfigure a) shows observed rainfalls in 5 km by 5 km boxes, b)
shows the estimated rainfalls using the SAFCZ EUR-DIFFS method, c) shows
the estimated rainfalls using the SAFCZ _RADI1 method, d) shows the estimated
rainfalls using the SAFCZ _CZRADI DISTR method, e) shows the estimated
rainfalls using the SAFCZ RAD?2 method, and f) shows the estimated rainfalls
using the SAFCZ _CZRAD2 DISTR method.
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Fig. 4.5 Comparison of verification results of hourly precipitation totals for the
methods SAFCZ EUR-DIFFS, SAFCZ RADI, SAFCZ CZRADI DISTR,
SAFCZ RAD?2 and SAFCZ _CZRAD2 DISTR. Subfigure a) shows the results of
the categorical statistics from the contingency table — FAR, POD, CSI, PC, HSS
and BIAS, and b) shows the results of the accuracy statistics ME, MAE and

RMSE.
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5. CONCLUSIONS

This thesis investigates of convective rainfalls from the viewpoint of
remote sensing measurements point. The Research and obtained results are
primarily oriented towards the area of the CR, where convective situations are
observed mainly in the spring to autumn months. A better understanding of the
areal distribution of convective rainfalls and the investigation of relationships
between precipitation and remote sensing measurements can significantly
improve very short-range forecasts of convective rainfalls.

The first part of the thesis proved that precipitation totals correlate with
altitude, but this dependence decreases with increasing value of rain rates. It was
also shown that short-term (1 h) convective rainfalls do not depend on altitude
for rain rates from 20 mm/h. The areal distribution of 6 h precipitation totals
gave higher concentrations of occurrence in the SB area, whereas the NWC and
C, which caused these precipitation totals, were the most frequent synoptic
patterns.

In the second part, several methods of SPEs were introduced and compared
using the CRR algorithm. The calibration of matrices based on data from the
Czech weather radar network improved relationships between satellite and radar
precipitation estimates for the area of the CR. However, when the calibration
matrices were included in the CRR algorithm, the SPEs gave considerable errors
from the quantitative verification point of view. The applied method of
distribution correction of precipitation totals significantly reduced these errors.

The fact that the SPEs overestimate the size of the precipitation area and
that the positions of the highest SPE values generally do not agree with those of
the estimates derived from weather radars is still a problem, one which has
already been proved in former publications dealing with the evaluation of the
CRR algorithm (e.g., Luque et al., 2006; SAFNWC, 2009b). Among other
things, this fact is given by different coverage and spatial structure of cloud and

precipitation field and the lower horizontal resolution of the satellite data.
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The application of calibration matrices derived from the Czech data and the
application of the distribution correction lead to the improvement of SPEs in
comparison with the original version of the CRR algorithm. The main benefit of
this thesis should be seen in this respect. Because precipitation estimates based
on radar data are undoubtedly better, it is necessary to take precipitation
estimates derived from satellite data as a supplementary source of information.

The open question is whether SPEs can be used in combination with radar
and rain gauge data in cases where a high underestimation of precipitation
caused by attenuation is observed, which sometimes occurs. Another application
of the next exploitation of SPEs is their assimilation into a numerical weather
prediction model with a high horizontal resolution (i.e., model COSMO) (Sokol,
2009). That the introduced methods are able to determine areas with an
occurrence of convective rainfalls possibly makes them useful for cloud

modelling.
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