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Abstract

Rainfall estimates of high accuracy and resolution
are required for urban hydrological applications, given the
high imperviousness, small size and fast response of urban
catchments. Despite significant progress in rainfall measurement
in recent decades, the resolution and accuracy of the rainfall
estimates typically available from national meteorological
services are still insufficient for urban hydrological applications.
The work focuses upon the techniques that can help improve
radar rainfall accuracy, with the aim to provide guidance on the
application of radar-rain gauge merging techniques at urban
scales, so that high-accuracy rainfall estimates which meet
urban requirements can be obtained. Three merging techniques,
namely Mean Field Bias (MFB) correction, kriging with
external (KED) and Bayesian (BAY) data merging, are selected
for testing on grounds of performance and common use. Results
suggest that all merging methods improve the applicability of
radar estimates to urban hydrology. Overall, KED displays the
best performance, with BAY a close second and MFB providing

the smallest benefits.

=

#r Rk ETE

HRTHRNZK ~ bk 8 B A DU SRR A B
BEp s st KR R 2 Ja b+ el DL K E IR
FEIMAERCE » AR RBEE A i b SR B s
Kigsgin 7 # MK~ /K E 3 (urban stormwater
management ) ZEY)ME R PRERME - HATH R O
Figw—Fry NOEEEE T - M B T b 3
JERFFFAE IR » 38 BN AL T /K &I B R HE K R i
BT ERBET - GBI T KRR B S K AR K R
IR AR 2B 120 o T SR R IR R A B 2 B i S
g SEAE R SRR AN SR RE R0 + 17 EL LR D B TG R RE
HE N2 B9 RHBIHEREUR - fER A& THF - 18
R EEF )T (NHEAEIC PRI ) - Ml
R AERR » DUSGERK i iR A AT )
TSR BB B HE (Y (climate projection) B ME— 51
RGN BRI T IR BASR @ - LA I

=k

22

Vol. 50, No. 3 June 2023 +A/KF| EH+E FH=H



TRARKL . Hii

AR 1 e i o S e e Kk 38 A SRR R T -
AR BT At 5 s - SRR T st b Rt 200
A0 2B R Rtk s MR ARG
THEDRIEE 2.7 (ROE -

Fo 7 HEST DL EBREK - 3 2 St 5 E AL EMH R
AP LUERCE B ER KA (BIANERNE S ) o]
sty U0 s i H A AR T HE AR E B 1 B A TR
B2 B B ] SRR AR T HE KRR » w] DUHE ffE A 458 0
THE R - ] DUH BRI ATAE A RIZREE R T
AT HERCR I TERE ~ SHE - fE T i e MK
FOKEBRR -

W RS AR T HE AR B R By - S A - AR T BRIk
W 2R 0 A L A E AR N (B e it s
Ee) ~ s 4 st R B ARA ESB A EK - Kt - #
TR o SRR TG (R Y R s P
fEAE ELDGH ) - SRR & Ip 22 LB RURK 1) - [t
Y o HERE M [A]E A PR AR TS B Ay SR A 1 B T 5
J& - SRR R EORL L AT R SO MEREE - B TTHE KR
ToEAT e L ) e e AR Z IR R A S i AL (L 11

R HE kAR R 2 FE R K

I T 7K S FH (2 o P e TRT RN S s BB R A 2
SN R EORIACHR » BEARRN Fnh ] DB B S [ HE 1 st BT
A FERI AL FAE (point rainfall estimates ) » A~ fE1E 58 4
SHHERE RN Y 22 88 5% (spatial variability ) » IR %
JRER TS e MEME A AN AT R S22 1719 » STAE
K NS ER G E R A RIFAEHE RN 22 5010
HFER R S ER R S ORCREHE EER
R 7K A5 51 (Quantitative Precipitation Estimation, QPE )
JEFTRFR /K S P 131720220 o BRI » BB S E R
PE AT 2 B R AR R AL IRt - fEERE ~ B Rk
RPORZRIEEFEE R T » BB EE o I 22 AT
GRHGE CF R Ry 1 A H /5 ~ 10 5388 ) -
H kSR @ R i B L RE R A o+ [(RILEE
SE IR NN o MERHE JEE S fige AT 5 NIf AN HELUZ RE 4 2 RS T 7K
LK e

FHIDIR - HEF Lt sest BER kS TR <
Vo N e BT S8 VR R+ 17T 7 SR = = e b7 S AR T R 7K

(K31 7KkT7) B HRMA B LR

F -+ AT AH B T2 R T R S R T S B B 12324« SR Z

FRFS BE Bk EL B e b B8 B B Bt it < fRIR 1 -
i 2 5T B AR T K SRR 7 I RS AT FE IR H E
i o EHEGT AR E E A B R+ Ochoa-
Rodriguez et al. 25 ] LIFIF SR 22 fENT R X-band 3%
EREMERAEM (100 2R/ 1 538) » #EEC s T Al i
FEAKBERY - 1E AN RIAY AR T SRk & ~ R AR 22
e b B i e N o+ R AR T FE kAR e o AL - BRI
FelmAn L DU il
1. ZEMfENTRE « BRI/ INE/KE (<1 REE) -
Al L8 R RN A LY 1 B 22 AT
e b2 R AR o T E R 2 AT B 3 A
B AR HE AR SRR R AR K - H
JF& B TRT RS Bl o S S BRI S R = N H - RS
gt R] P 2 HE 3 - 1 Y SRl PO e e 2 o R RN &
VKB i A ERF - nTREE A A Al 2l HE
IR EAL RS
2. WFREIfEATRE « HRTEEE ERWNAENE R 5 708
fEATRE - AT HE AR AN 2R S am B
ABFSE—EL 26 « Ochoa-Rodriguez et al. 25 sE—4E
AR AL - BB SR K Ry B i s G2 AR [ E IRf
IRIRE (Blants s 5 10 4088 ) fi—) "R L %
M Ahfmt (snapshot image ) » & 38 1k Y FE RN 28
HEMRH SRR A B - TRES 2R
A IR ] B P A B RS R R ARy N8R -SRI S
I B2 ERAEEMLryEiE - FrA
TR ) ERERNYAE S B E R A H IR
eI 2= (temporal sampling error ) ° A
FR IR A R R R 225 2 J37% » 140 Wang et
al. P EE ST F AT (computer vision) » ¥ 5 ~
10 7358 B8 S IR N /2 s P A 228 1 0 v PR AT R 52
WeE RN 52 BRI FIAR AR 22 - R SRR ] LAG B B4
HIER T HE K R R
BRI MERREE: - 8 25 SRR B RE Ry B & QPE A& iy
HE e M SR BRI /K SCE 2 75 3K R H AR AL
fix b e N B+ L REL A RE BRI TR AT R K
ARz s HEREVE A R JRA] - B2 R Ry B i R R
MR IR (indirect measurements ) * & & & il
MY EEEMIY (radar reflectivity ) HEfL HBENNGRE (radar
rain rate) * JEHER @R FERGE —HEBFNSRER - FIE
(correction) # B » [ 15 2645 BRAY 2 T % 2 IR

Vol. 50, No. 3 June 2023 +A/KF| EH+E FE=H

23



% ¥ 3k % W R R Rk G AT T K U A

& B B B A HE AL D BUE - IR 31 2 3R 2K IR
(uncertainty sources ) 5 HI_I- 45 6 I b5 & A5 FF i B A
3% (orographic effect) » 5% 753 QPE /& fERFZE 43
A EANERRE 132990 o @R - FEE NI R
Ferfe R R FAS TR ER - BT AR BIR K
R B ET IEAE B2 TSR IR AN R B SE T Ry B i
L - FELER I R IR B2 - SR Bl
AR E EE RSB R B - B3 QPE B2 H I
ALERZ B » R M A SO B 2 e E I & T
B ZRR - RIS EENE S RE - SE
V- T E S = R T - B AR R AT
JEE S S BE R R AR S SRR T W TR o B TR
WP R E QPE ZHEMERE - DURHAF Ry /K E 2 &
W S [RIR OR B L 22 [ R RN Rl o 1 3%+ I 3t
KW RUGER (B)RE) FREEEREN RN (gauge-based
radar rainfall adjustment » B AR E #E 3 E - =
LR RN E RS (radar-rain gauge data merging)) &%
e Bifily « SR - BRI FERAE R Z B i AR
JE7KSCER (large-scale hydrological applications ) ; ELE]
ISR - BEE AT AR e KRR b » By ThY
AEAR TR AL LA E - RS B W R F 2B i 7k S
HE o ARMAHBA SROR S HHEAIR - HZ LEIEREHE
BERN B L IE RS DR G HE K R — P R
HHAERTHR R A R 28 S ATRERE AR A
AR SHEEE - RN SRR G EARER
IR FERIER ATRET - LR K I EE - W
FUGRERNE RIS BT+ AR R A RS By —(H#R i
B/KEERZEBIERGT » 73 BN FRIBIRE L R SR - )
BRI G A RER AR AR T K SO SRS AR  0 = -

B

Z - NEWEMERME Rl
QIFGAT IR - S~ AR BEREEN BB RS T A
TZFERI R R 7K SRR » [RIEL LA 3T 2 Bl g
HE T SRR At 2 BORE R S (R il & B I DL o3
LS5 o BIA1 Wang et al. B3 iR 18 Rl & £ 1l 5 2% A [
BiEmE L 72 5 R E Bl 4 Ry IR 722 9k 23 (bias
reduction) F1 3R 7 J7 7 &% /[N b (Cerror (co-)variance
minimisation) % T J7 % o M43 B R K A McKee
and Binns B4 F1 Lo Conti et al. P £ A ° Erdin B9 ~
Goudenhoofdt and Delobbe B7 #[1 Jewell and Gaussiat **)

U R R & Bl W 70 Ry MU B E T (geostatistics ) B
FEH B RRET - Horh B R A E S AR R RE B
i o2 75 A5 1o i 488 B K 80 (variogram ) o AN[AE] A B3l —
A 3 BE B P Rl B 9T B G » Decloedt er al. B $2
i DUR & il SR o B Ak U (BB SE RN bR &
B PE R 8520 2653 Fedli® (adjustment ) FI%EE
(integration) WAfH/TEH o BiE 2B AR R FEERE
MR R E AR R E WAL E - REEEE
- RAtE SRS REE R A o
FHAA b 53 3625 HARFRE » Ochoa-Rodriguez
et al. " FE{# Decloedt et al. B9 Fy43%H » 73 A Wang
et al. B WYBREm o3 BHE - £ HY BE 58 3B Rl & Bl 43 4
T3 KRG EA o R =K ¢ (1) FEREN R =
% 5 (2) DA 22 R B R B & 3R RN b e NN
WL 5 (3) HiE ~ NEMRERNEIRRGE - UMK #
WL FER T SR DRES ELRTE R &E
RFEMZTTHE -

BERFRRERRESE

& TR P Ry (R s Ml [T RN 2 2 B RESY
DHEPXRKREETREN (FIa0HE 220 DUE
HEWEFENT) - REARRIEHECEERN S
7= (bias) o FEEEJTIEEHEAS Hi & Rl 5 [RE RS 5l S DB
el E 2 MR R 5+ ARRERIIEBUE ML E
PR T TR] - 20 i BEL Gl B S B - RIERT oz B
R AR IR G E R B I WY B U A S RN A2 E - \]
e R (FFR8) Sl (B8 ) BLAMEHEAN T
B 21.294142] o

SRR 5 3ok B g L T e S e Y 5 i 2 V-2
#EH#83E (MFB, Mean Field Bias correction) © [ 51%{H
B ERENAR AT R s E N B 0 0 EA
frze < A AT RE 2 A B AR R E R BB RS < 22
A 5 3 A (o FH BRI A TR IRT -+ T A PR e i B
T P R A 5805 2 R S ] 2 ey ] Bt P RS S o R TR ¥
TR RN 22 S B LEB » SRR L EE BB 1R Ry
T R - i e ] 2= e o [ P o R SRR R A 3f 121290 ST
AR 2 A R TR Tk - BIanE e iR =
AYZ2 R ) B A -RPTIE B % (Kalman
filter) 5 {RAZ AR _F i 5388 aas) » A3 L A S A1)
-#REE MFB #HZEARK ©

24

Vol. 50, No. 3 June 2023 +A/KF| EH+E FH=H



TRARKL . Hii

DB ZEZ ERABME B & 2 NEUEFER
EREE

AN RV 7 A B - A e AN P 22 R e
WE R 5 B - BRI B FI B RN 2 22
BRI - SR By Bk &R ETT 22 A # - (spatial
interpolation ) ; [EAH 7S Ht B ARG 1 20 A 8 P 1 2K
K% RymifleE (kriging) ZAEH o HIRSEAEE R il
TR i R AL F7E (unbiased best linear estimator ) »
IR KR T ok o R B A B o R 5 I 9 B Y v e
WEIHIER A #E R -

IG5 1 H B MR B U 1 P B e S MBI B B e 1 < ik
(Kriging with External Drift, KED ) 14 « KED & 5af/]<&
B AR H R AN B S (FEI Ry S EREN &)
AR R EB AN - KA @ - g% E]
EI SR B Y S G B - DU B R S e RN B 2 T 22 [
5] v -2

I HE T 325 v 5 — el 4 g 2 BE P Y 02 R 1 Rl 5
(conditional merging ) * Hi Ehret ¥ & 52 H - A&
Sinclair and Pegram “$) o3 sz HIGK » 75 SRR i By
oo FI) <5 T S R A2 A IE 1% (kriging with radar-based error
correction, KRE ) » KRE £ & e F A AN RGN B2
TEME ERET A S - ARG EEN
S 40 R E B AHT - IEARIZ 72 AT LSRR e
MBI Z R0 A EBRARR T » T BER
RULA ERGE - R E R - FFER LR
FRIE 5 8% KRE KDL B #EMEE S AERIIEN
Sk TR B PR 5 A 5 i 22 T A A R
AT BN S P iz AR 5

TE  MEUEMEEESE

ANEA LRI 5 » B A AN R A AR 8
HENWRL (RH) BEEFRETR2HE - 2
FHHC I R RS Ay B o2 B2 B8 A E P (overall estimation
uncertainty ) REEIEARC 7 - KRR IRk RN BE U F B e
EREERG o R E R AL R R Ry BN
a2 ik R WY & B o DA S22 (weighted average ) + [Tl
FER e B U2 AR B R 5 ~ I R UG BB A AN
SEMEBRSREN o Fila - fER EEH A - RN &=
BHEORHG BLEL B R RN o A E TR i+ R Ak
Rl RERY 3 E AR B SE RN S R AL+ TIAE NN &

UL E Y - SRS NS R B I B (A
T ) [RERYEHE R BRI 191 -

& v Al 215 (Co-kriging, CoK ) By STk o £ 28
HIRE RN B RE & i1k — o CoK K5 M EuhFRE N
HBEIFEE M (BE) sefSER R - Kig
L HEHR I AR - FRR TR AR L R
b o CoK 2wl EIER 2B B ZE (R + HAYZHH
b BRIz L\ (BogRE) e (HIanEE
QPE) ZRE Bz X 28T (FIUIN &L
AR SERCZERIA B o CoK Z M & Bl fijift 2 KED
FEMEL - 5 2 155 8 22 R A RN S R A i o e A1 <6
FERE RS - ARMARAR & AR » KED {860 A & g
2 R ok s B H e . (R MR ) MEER - [RItEAE
b BT RRLG BUEEDE 2 N R R 2 RS -
il 7E CoK H » B A% Rl & B (e /2 B SE LN B uh g 2

() #HA -

HiU&E k@4 (Bayesian data merging, BAY ) 5 By
S—E FERRERNEIR R G 5% - AR CoK BEEH
# o WERULE R R E—REECRT - BAY R0 nlELEH
# RN R UL A AR E M - AREE B LR R A
T T FHEIR /N » HERS R R A E M i Mg 7
ARG RENREUE - BAY ERR SR EE =P8 (1)
HF SE B2 P e L R ik 22 R R 855+ NI B )<
EA L BRI R BUER (error covariance ) ZRAZRY
BN ATEEE § (2) KRN 5 B R S A e
NYSGAHIK - DU R RAR A2 - iRz J 5
SR ] PR HE S E SRR < ANHEE T 5 (3) MR
BB EE TR E ~ WEILZ S A FEEN: ~ & p)
G R RN BUE -

S RIS REBHAPkER 28

LEESY

REBIFGT B LA RS B BUR B AR iRk
PN B - AR LB R RS vk 2 - Bk
BRI BRI TTiE% - KRR R E R R
BINEZRE - ROE AR e ity A (B2 3 -
BEFBZMGIEERE P mEREE (MFB) ~ 4t
A TRk (KED) MIEAERRES (BAY) © It
Hh o FIREEEREWNE R (Radar, RD) DUREE EHH
MIRYER G AE  (ESE) SefllE (block kriging, BK)

Vol. 50, No. 3 June 2023 +A/KF| EH+E FE=H

25



L 3k P AR Ak A AT T K X HE

BetRA-% 248 (Thiessen’s Polygon, TP) » g Hzk
AN REE R B2 -

FR#% Ochoa-Rodriguez et al. 9 » ERIRIE Z FE &
ZE|RERNTURE (storm types) AN R UG E (gauge
network density ) Z 522 » [KIFL A5 i ZE B fE RN 35
IRBZE O RAF R EFRNES - Dk (HEE
1) BN R N REEE R - &R S
[RERNAURE ~ A RULE R R R - AT B
Sk Ry R S By —MEER i Sk @ (G255 1)
FTE%EL (HEHE 254 FHAR) HEHZE- R

([T 431 PR - BER LS ERE Ry &R
&R EE/K @ HE KR AL i AME - TREERRT R S BT
o E B E R - ([ 1(a))

31k {1
BTE&$HZE (Edinburgh-Lothian, EL) ([E1(a))
BEEE /K@ AL RR IS B R S - BAEE T ikl
DUBeH ~ SO LAA 0 - FEZ T - fKE
e A L EDE 230 AR o SE/KEAIRERT Ky 254 V-7
NEL - HH 144 ST A BN GERHEK ¢ HEK R
o %7 47% R ANE/KEETH (impervious surface ) o # ik
AR EEIRL T AGERS & o SR T2 iR E B E) -
EREEEERER T - HrpEHE 132 (Efkss -

{8BBZFE -4 (Birmingham-Black Country, BC) ([E]1(b))
LK Wt (7 AE S AE BRI P K TERT (West Midlands) -

B TR OIS S RT3 - FE R 7S

MR - S/KER =S LHEE 200 AR - £

KRS 431 SPGB > Horb 325 P A B Ry FKiE%
e o HEKIERE T - K7 68% Ry ANE K - B T B-%
B2z —H - IR ER T HE AR R B AL T
KERE A - MR LS E T ERE) - HA BOE (E DT
4+ HrPEEE 166 KIS -

P BEKIE B R 4% (urban drainage models)
AR Wl B B AR K @ A HE K BB Ry~ o A =X
(semi-distributed ) 5 7~ 73 ffii A B oy - B S 7Kk R
KT EET 2 IEE /Y7 /K E B IT (sub-catchment
units ) 5 TEHERF - fE /K & 1 B T By — (I SE A =X
7K SCHE AL (lumped model ) » K nAE & — 1 BT B2 [#
WEHHRE Rt 200 HE SRS EE T
K& T Coutlet) » Ih HY 158 H & B FEE] T /K E Rk
HIATT o AR A o A6 Y 2 AR I S B A HE Al AN TARL
#e B2 TR IR AR FE - R AR K & 43
#1735 18,105 [z 97,764 flél 7S /K @ BT » HE/kE i
InfoWorks ICM #RAEREIHE -

PEM « MEERE

AMF S 2 B B e i Sk ok 2k B A ok &
H] (water company ) & 714 — Rz SE/K & HE/K B S
By o S5 L6 I B R 4 ~ 6 EH > KA F AL
B K BN S U U - AR O R B s 0 i R Ak A
B o ARRRGUHI L EES 2 BERN ~ TRE BRI - 45
BCSE B SR 55 AT C-band S S B3 i Nimrod
(LAE /5 5388) 63 WG LR AR - R,
FERV R BAASF » DURCETA AR Tk Bt 2 s 8 -

X Holehead

o 10 20
. m

X Clee Hill

(a)

0 110 20

— — KM g.b)

I Edinburgh-Lothian
I Birmingham-Black Country
UK Unitary Authorities

X Met Office C-band radars
[1 50 km radar radius
[ 75 km radar radius

@ Catchment's highest point
* Catchment's outlet (STW)

1 At RAERFIEREZIELE

ABMERB AR EESLE © (a) BT R-EH %

(b) A F-B o B PTT - ARG EAREWITAA EE R £ HZ Cband R F i
H Ry B IRAR L F AT 12 50 X ERE N -

Vol. 50, No. 3 June 2023 +A/KF| EH+E FH=H



TRARKL . Hii

T BEIRS L SR E KBRS /T 2013 4F
12 HE 2014 4 4 HZ[H - H3E T 96 >} =Ry &3
(tipping-bucket rain gauge, TBR) #1233 { i & & I 45
(TS EA — 8 /K A7 AR RG2S - PR A B )
(BB B RIE 2) o HHZE - oK@ H KBRS
BIAEAH 2011 £ 12 AZE 2012 55 9 AR - HEET
84 flil TBRs % 66 =B, (BB ETERE 3) -
ARFFEERE ZE PSR B R A HGE T 15 R SRS
TERIE TR GRS IR (352508 2() ~ B 3(a)) »
Pl I Ry RSk S B A KIS - ANREN R E
FrE@E - JiEERNZ B ILEARE - AR
BERZOE ~ FIEME CGRZE L~ J - FifEEER)
R T B IRGL RAAHZE - B KE A PGET 14 K&
8 fIE k2 it B RHE R i R B EE (FE2FE 2(b)
3(b)) ° FERY S B & K} B o — A 1% R B e R R

B HhINEEERRA Luyckx and Berlamont 51 $2 H
AR EEHRIE ST - AR =Ry R AR
W% EERED - HE2% Rico-Ramirez et al. 5 {2
Mz R B 7= 0 BEF 10 238 5 R S {E I (mean
filter ) ZRFEARIFAGTR BE R HEERELHT -

FER D

AT LT =1 E BT ORI R - 3
ERAHAR IS - YRS B B -
ERMERERTREMEE FAMSHRE
150 T 2 =R

4 B 5 ST RA T RESHRLET - R
WERIRLEY « PO BT R e (P -
E FREAEHIGENL) - SRR 2 L - 1
4~ [ 5 ZRARHAREH - RIFAT e

(b)

;;',.__._‘-"..‘.“ﬂ—-‘-ﬁ\\
P8
AT
i ._. e

e -

0 25 5
- KM

| |Radargrid 4 Merging RGs 4 Evaluation RGs ”

Sewernetwork ——AIFM == Selected FM |

2 () BTREHeEKEFESE (b)) FAREMBE A RATRELE A
(@ F REEZAWRTZRHESTRIFEEHROLER > TEAKE
HHAOER B O) T W eRTAHEATRBELERZIATALE -

(b)

0 25 5
——— KM

I ~ |Radargrid & Merging RGs 4 Evaluation RGs “

Sewer network —— All FM s Selected FM |

3 (a) MR E-ZMEKRETFEL  (b) FAREMRK A BRI TR AL E A -
(@ ¥ R EZ AR TR T TAAGHETHBRELER T K
HHEAEN B () ¥ B iR T AT ERBERERIATASALE -

Vol. 50, No. 3 June 2023 +A/KF| EH+E FE=H

27



B MR b R K ARG MR T K LA

1. MFB B9 [ RN 22 [ i J88 S AR L BR R 46 35 3% RD —
o R N E R M LTS R R &
W B S RE AN ] - MFB B2 B R RN Al B IR |
)

2. FHEEF RS (BK fil TP) » KED RESE A 22 |-
HEEZREMI 5 2R BRI » KED $
T~ RN Rk % B AR SRR - B RN AR
FRAE A /N 0 R SR KR - TTRE
KIS B e RN 2 DI (258 5) » I
IRf KED K AFREL ATRERIRRAL H B RN - &35
WoE I o2 43 A1 30 ok B RO 2 2 [l ] - K1 e R
J A NN B % SRR (2 T L » RN vk B A F e 2
RERY 2 B2 AR (8] 4) » [RIBLES 2R KIS
AL E B RN 2 BRI -

3. FHERHY KED » BAY $RHE ZEE & » Ktk BAY
A RY S % A LR Ry AU - BB BN E
RURERE RO FF RS - LA BEWERWNEE S
MR » BAY FERYER BK AR R B ML - R It
RF Y SR o N A BB 2 A 2 PR 5 A b=

3.5km® I RG

\HE
‘
&y

9 km® | RG

X

16 km® | RG

%

25 km’ | RG

X

36 km® | RG

X

83 km® I RG

X

Bl 4 TRAFm®S  PHEHATA

TR-EHZEKBEERZ (AF) BRZH

N ER G A T, > BAY [ Y o 2 [ At A S i e At
SR RD

4. ARIAFRZHE - AT E] BK # TP R
Hi B R 2 22 (M RE RS 3 0% - Bb4h - 2EALKED > ;A
PR FRENAEREARL - HH RN RS
e EAHETEURK, -

EHRES RN T AR - AAMSEEE
15 T FRIR A B PR IRIR 2 81t
il 6 BURAN A E RS ~ W T ERFRWNE
UHE LIRS - THIBSEE RN S h (5 2 ~ [8 3 ALt =74
TOREREL ) R BIR < A5 IR » R 58 ] P EiE S
(Mean Absolute Error, MAE ) ik 3484 - M =]
DigigE)] -
1. FrARYE RS B AT e A Ot e e [ 4G B
WERNZE ; fEE LS R Bl G 5%
W RY Y B S NN Bt 8 S S AH R - RE Bk
RS TR A A TR N o THIE 9= -
2. EAFENBE AR ATAREE (B 6 72) » FIIH

e

7 (2013/12/30 09:40 UTC ) i AR @m e %A (M EETHSEMK) 2 & H

B AL -

28

Vol. 50, No. 3 June 2023 +A/KF| HH+E H=H



TRARKL . Hii

0.8t

0.6

MAE

0.4

25km? / RG

63 km? / RG

108 km? / RG

5 ARAHERS  ABRAAMAT-BMEREE R (LF) BREMSH
(2012/06/06 16:40 UTC) * AR M E:EE (HFEETHHEK) X EHE
AL -

Winter Storms Summer Storms
J 08 P e —t et ""::‘ """""""
--------------------------------------------- - 0.6 g 11 ]
- - T w T | |

— L S n .l < H =
l 17Tl T T T s = L ]
i i =) S M o i g S indeiakes BLIITIIR B 0.4 Sy EEL A ey S
-=: == ook == T == - =:.. 0.2 }-
10 20 30 40 50 60 20 40 60 80 100

km?/ RG km?/RG

——RD e RD Q1&Q3 TP BK MFB —— KED ——BAY

6 TREEHME NIEHRMAELAT (£B) ALE (B8) BRFHF FH@RHRE (MAE)
SHERARE TR R ESE L (BHEK) 8L -

Vol. 50, No. 3 June 2023 +A/KF| EH+E FE=H




L 3k P AR Ak A AT T K X HE

(4]

MAE (mm/h)
- (X

(=]

MFB KED BAY

[=]
¥

BK - MAE (mm/h) BK - MAE (mm/h)

BK - MAE (mm/h)

BK - MAE (mm/h) BK - MAE (mm/h)

B 7 FEEHERS - NIGEHEME BK NG FHRBHRE (MAE) i - 45° 44X &
Hi ik BK Z kB —4h; 4RSS L TZER > k77 ik kREE (MAE 1K)

s £ LEHRAIE T BK RAEAE

MG RN S RISz 4 B AR RS Rk 2
EREO T - BRI EREWNER A EE
ZTEMIRET) - AIFGATIE - 38 F E R R BAERW
RUREE B AE 22 LR #ilE o B R &
L 2P RN o B DA SCRARLT -

3. MHERHE - i A R s A B R R T B AR B
o [ 6 AT LU R (EEE N R A2
RIVEEN R E RS RE - AREEZRFEN
BRI THEIAE ) - A& RG4S - Bl
TEN R ERERENR T BEERIAIEEE
SEATRYTEHIGE

4. FEREORER - KED @l & G R THEGE ) bt - AR
& BAY ; MFB MY 1 B R B B B #R Ry
HHEH -

5. BK WL RN 2B KL HETHE
REJJHR TP {2 - NHATE RN IR IS -
FHAA BK MY RLAFTEIIME » AKCSCE RS L8 9 sk E

72N - SO B E (R R LS BUR EE R
NZZ2F R E 5 49 KA — [k BK BLHE
e AR FEL T E R RS BTN BB EH Lz
B IOMEAE - 40fE 7 Fros o 3R LR BK FHIIEE G Y &
B MAE ([@ 7 /Kl ) BLE A ~ Bla ik (8
7 HEHB) Z MAE ; 45° RHEAMR R A 748 BK 2
FI B RUERRA T & FRoRHAM T ARE
BtE (MAE 81 5 72 FEISRHIZOR BK R EE - &
(RGPS E=<: %

1. BK 8 TP Z LL#g » o] DL B & L BE 3% P #l S vh
e/ B - G HE B BK B9 MAE B A (> 2
mm/h) (FRRAFBCRE 2 EDN) » BK RELH
e RERV FEIIRE

2. BK HIJFAAEE ERERY 2 HLls - & BK Y MAE #U{H
e/ (<1 mmv/h) (RIRFRBCRIRERY HH) -

BK & Ll RNt B 30888 - (H 2 FEO
H BK Y MAE #({H#K K (> 2 mm/h) » 5 HE#E
e 2 R BRIRIF B - TSN % Y R 2 R
FAURE -

3. MFB ZAHRER RD 8P4

4. KED 1 BAY ZASREUR » EREAEEAHES T
LB RN 2 85, - & BK 1Y MAE B({HR/)\

(<1 mm/h) FF > KED fil BAY "] LUKFEE RN 2

AR 5 T E BK 1 MAE BUHE K (> 2 mm/
h) W+ BlE i v DA RSN SRR E R
fRfkig s Fllae

EXNMERINRA FEFERERE - TAWMEWnEE

&R TR IEB R E 8L
el 8 MR A FIERIRL S ~ P 7 AR i s Y &b

TR o IMABHZE - Bk E (R

RE) _ERifeHlsE (M34) ~ BB-07 (2012/06/06) FHit: 2

AR BN (A LR - BT DABHERE -

1. AR SRR AT L R A7 3 S FE H BN &2
BLEES  ERARATHE 2 # T HE AR R R
RIF 28R - Bt mEs g —E_RFR % -

2. EBT/KSCES FASH B2 TP A AN e i
Ll R BIE - HEHZR Ry TP B H &R
ZNEWEER - R F B2 M RN R K
IR 2 B i A U2 AR A RN S i 2 B -
BK A B R < T R R AR E I -

3. FUATEERENNE MFB & It S A AR AR I A 2
TERBIZE » RN &ML SRS (A
—HERE - BB EERNCET] -

4. 3% KED & BAY &Rl G Bl » EERENZ
HEREVEG ATEE T - FLUR RS SR R B Y ]
HHE s — 2 -

30

Vol. 50, No. 3 June 2023 +A/KF| EH+E FH=H



TRARKL . Hii

BB-07-CP (9 km? | RG) - M34

6 8
Elapsed time (h)

RD TP

[ o Obs

8 REEH kA - MR NAAE-_E4 (AEKRA
) EKE E#FRsE (M34) BB-07 E4 (2012/06/06)
ZORE B IIRANE L -

BK MFB —— KED —— BAY |

PR T B RS R LR o R L
FRE B2 f5 R ST E AR FIRE RSB RE ~ R R
TEFEGAT - REEERE R ML - (EE 9 ZFEE
ol (JRRIG(EMHEE (RE Peak Flow) KfpPEAHR
R () > BRI LABIEEE]

- R FHEEFRNARE - rANER S

JIREHRYE T R AG SRR IR R RS R -

o FH Ok Rl & B ig 2 (BB E RN S AR

LR IR U R BHEE -

A » KED WYTR BB HEAS R - A2

BAY ; MFB HY5% a8 75 B K [k RN BU REH Fy BH A = AN

EESEERZE - BAY R EFARBREWN iR

I AB R B A B IF A R+ AR SRAB A5 T 7 S A

2% -

FE B A A 6 v (TP F BK) o2 I s i B G 1

KED 1 BAY #f /A RN & 5% & 2 b » PRl AN
HEMEEZFRIREREN « W& 5% AR 15

DT » KED FYZRET & 28 AR KR R -

1.5.1..';'+_;_|||||11|||||||;||1||||||
HE RS T | '
o I0P0L 80800 .. s Bagepioethe
- I . 2 T O A e B A
E RODIDZD3D4DSDEDID20DAD4DSDEDI D20D3D4D50601 D203 04 D505 010203040506
;'Béaﬁgﬁ'EEEEBQ@@@@@EEBQBHB@%@@H
S| s

1 1 1 1 1 T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

RODID2ZD3DADSDEDIDZ2D3IDADSDEDI D203 D4 D5D6DM D203 D04 D506 D1 D2 D3 D4 D5 D6

1_I1111i+illi[llIllilllilll[l[lll_
it f__:fff SU I LT
“@oﬂagaagggegggéﬁﬁﬁﬂﬂﬂ egaﬁaagaﬂaﬂ
E b [T+43 7T T71:+42¢% +rriTia il
'505—‘1-.1....;..,.,...‘.........T....—
‘E 1-11.'1111;__:;;1.'.'1:5l1é11;;1;|I;-
£ Mﬂﬁﬁﬂﬂgﬁﬁﬂaaaﬂﬁaﬂgggﬂ?+§Eﬂf??55a
os i o
u.iﬂ-f-é ++++++ b

ROD1ID2D3D4ID5D6D1 D203 D4D5D601 020304050601 D020304050D0601020304050D06
D1= 3.5 km?/RG, D2 = 9 km*/RG, D3 = 16 km*/RG, D4 = 25 km*/RG, D5 = 36 km’/RG, D6 = 63 km*/RG

RD TP BK

MFB KED BAY

9 FREEHERE > NIGRAAMARFE-B4 (AF - L=B) AR TR-&H% (5XF T=8)
ZHRERBER HBARRESEE (DI EZD6 BEHSER) I F-FEHZEIL BT
FAEFRAL O AR B EAB R Z (RE Peak Flow) Z&MAREEE (1)

Vol. 50, No. 3 June 2023 +A/KF| EH+E FE=H

31



& 3k [ T A ARk AR T K X2 R

+ =R
===

KW ZFHEE - RSN ER AR S
HO T RN A SRR R o 03 0 R A K T A5 R A
BBl v LIS R R S RN BB T K SCE R RY -
BeAh - AGEEHEER LeA N EIRE - iR R
o TSV RER RS A RS R S R LR E
FERARBGETC 2% - AW5E T S S
1. EPIFSREUR » FrEE RS 7388 v DU

W IE T B R AT PR AL R - (A2

I SR T AR BRSSP R AT

THARSCZ FERME © BRAN » FERER /T HITEN T » Fl

£y I 9 A B0t 4B S 50 FH 9 S s o N o2 P AR R

1B PLAS RGBS E RN v DR R e

Ao Al FEREWREAR RN AR

[R5 F AN R Rl 7 03 31 52+ if ELAE AN [R5 1

BRI - BE R L Bt

ﬁ%%ﬁ
2. EERNERWKTINMEEE ZRERSEE > DIRE

ﬁ%%%ﬁﬁﬁi1ﬁ?t%%w 1638 L1

T i WRBEREN RS AT A S R E A

RN SR A eV A A -

3. #ERSIME - KED Bl &REN < KRBT - BAY BXFE
Hk o R > KED 2 ZI B R AF S R =k
B ML Ry RRURK. - TR Ry ER B KED BE 261y
HERENER - BAY BRI N RS
B AR - E W E S A R R E
B - BAY 382 ] DIF B B E R A e B
(A

4. IRIBEFIFER - AU SR e N 2% S &
9% 30 km? SO /NG HRIEE —ERN L) -
BE CAE E RN E AR - n DU A KED >
Q0TI 5 P 2 RN S R RN B8 - MHBOE - &
VR HEERNER ZWE G
BAY FJREEFE A EIEEE o jfif MFB J7ik.Z A SRt
SRIE A H AR 73 - RES S IE I T E H
éaﬁ@m&@%@E%WﬁZ%%ﬂ’@%ﬂ
DACRsBR T DA R Rl & Tk DO i i e -

ZER

1. Yazdanfar, Z. and Sharma, A. (2015). Urban drainage system planning

Ft

and design — challenges with climate change and urbanization: a review.
Water Science and Technology, 72 (2), 165-179.

11.

12.

13.

14.

15.

17.

18.

19.

20.

. UN. (2014). World Urbanization Prospects: The 2014 Revision. United

Nations, New York, US.

. Smith, K. and Petley, D. (2009). Environmental hazards: assessing

risk and reducing disaster (Fifth ed.). Routledge - Taylor & Francis
Group, UK.

. OECD. (2014). Managing water for future cities. Organisation for

Economic Cooperation and Development, Paris, France.

. Lloyd’s Emerging Risk Team. (2010). East London extreme rainfall:

Importance of granular data. In, London, UK.

. IPPC. (2012). Managing the Risks of Extreme Events and Disasters

to Advance Climate Change Adaption. A Special Report of Working
Groups I and II of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK, and New York, USA.

. Houston, D., Werritty, A., Bassett, D., Geddes, A., Hoolachan, A., and

Marion, M. (2011). Pluvial (rain-related) flooding in urban areas: the
invisible hazard. In J. R. Foundation (Ed.), York, UK.

. European Parliament. (2000). Directive 2000/60/EC Establishing a

framework for community action in the field of water policy. Document
available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?ur
i=CONSLEG:2000L0060:20011216:EN:PDF

. European Parliament. (2007). Directive 2007/60/EC on the assessment

and management of flood risks. Official Journal of the European Union,
Strasbourg, France. Document available online: https:/eur-lex.europa.
eu/LexUriServ/LexUriServ.do?uri=0J:L:2007:288:0027:0034:EN:PDF

. UK Parliament. (2010). Flood and Water Management Act 2010. UK

Legislation.

Syed, K.H., Goodrich, D.C., Myers, D.E., and Sorooshian, S. (2003).
Spatial characteristics of thunderstorm rainfall fields and their relation to
runoff. Journal of Hydrology, 271 (1-4), 1-21.

Segond, M.L., Neokleous, N., Makropoulos, C., Onof, C., and
Maksimovi¢, C. (2007). Simulation and spatio-temporal disaggregation
of multi-site rainfall data for urban drainage applications. Hydrological
sciences journal, 52 (5), 917-935.

Villarini, G. and Krajewski, W. (2010). Review of the Different Sources
of Uncertainty in Single Polarization Radar-Based Estimates of Rainfall.
Surveys in Geophysics, 31 (1), 107-129.

Berne, A., Delrieu, G., Creutin, J.-D., and Obled, C. (2004). Temporal
and spatial resolution of rainfall measurements required for urban
hydrology. Journal of Hydrology, 299, 166-179.

Einfalt, T., Jessen, M., and Mehlig, B. (2005). Comparison of radar
and raingauge measurements during heavy rainfall. Water Science and
Technology, 51 (2), 195-201.

. Golding, B.W. (2009). Uncertainty propagation in a London flood

simulation. Journal of Flood Risk Management, 2 (1), 2-15.

Schellart, A.N.A., Shepherd, W.J., and Saul, A.J. (2012). Influence of
rainfall estimation error and spatial variability on sewer flow prediction
at a small urban scale. Advances in Water Resources, 45 (0), 65-75.

Del Giudice, D., Honti, M., Scheidegger, A., Albert, C., Reichert, P.,
and Rieckermann, J. (2013). Improving uncertainty estimation in urban
hydrological modeling by statistically describing bias. Hydrology and
Earth System Sciences, 17 (10), 4209-4225.

Gires, A., Onof, C., Maksimovi¢, C., Schertzer, D., Tchiguirinskaia,
1., and Simoes, N. (2012). Quantifying the impact of small scale
unmeasured rainfall variability on urban runoff through multifractal
downscaling: A case study. Journal of Hydrology, 442, 117-128.

Vieux, B.E. and Vieux, J.E. (2006). Statistical evaluation of a radar
rainfall system for sewer system management. Atmospheric Research,
77 (1/4), 322-336.

32

Vol. 50, No. 3 June 2023 +AUKF| A H=



TRARKL . Hii

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Smith, J.A., Baeck, M.L., Meierdiercks, K.L., Miller, A.J., and
Krajewski, W.F. (2007). Radar rainfall estimation for flash flood
forecasting in small urban watersheds. Advances in Water Resources,
30 (10), 2087-2097.

Krémer, S. and Verworn, H.-R. (2009). Improved radar data processing
algorithms for quantitative rainfall estimation in real time. Water Science
& Technology, 60 (1), 175-184.

Salvadore, E., Bronders, J., and Batelaan, O. (2015). Hydrological
modelling of urbanized catchments: A review and future directions.
Journal of Hydrology, 529, 62-81.

Pina, R., Ochoa-Rodriguez, S., Simdes, N., Mijic, A., Marques, A., and
Maksimovi¢, C. (2016). Semi- vs. Fully-Distributed Urban Stormwater
Models: Model Set Up and Comparison with Two Real Case Studies.
Water, 8 (2), 58.

Ochoa-Rodriguez, S., Wang, L.-P., Gires, A., Pina, R. D., Reinoso-
Rondinel, R., Bruni, G., Ichiba, A., Gaitan, S., Cristiano, E., Assel, J. v.,
Kroll, S., Murla-Tuyls, D., Tisserand, B., Schertzer, D., Tchiguirinskaia,
1., Onof, C., Willems, P., and ten Veldhuis, M.-C. (2015). Impact of
spatial and temporal resolution of rainfall inputs on urban hydrodynamic
modelling outputs: A multi-catchment investigation. Journal of Hydrol-
ogy, 531, 389-407.

Notaro, V., Fontanazza, C. M., Freni, G., and Puleo, V. (2013). Impact of
rainfall data resolution in time and space on the urban flooding evalua-
tion. Water Science & Technology, 68 (9), 1984-1993.

Wang, L.-P., Ochoa-Rodriguez, S., Van Assel, J., Pina, R. D., Pessemier,
M., Kroll, S., Willems, P. and Onof, C. (2015). Enhancement of radar
rainfall estimates for urban hydrology through optical flow temporal
interpolation and Bayesian gauge-based adjustment. Journal of Hydrol-
ogy, 531, 408-426.

Collier, C. G. (2009). On the propagation of uncertainty in weather
radar estimates of rainfall through hydrological models. Meteorological
Applications, 16 (1), 35-40.

Harrison, D.L., Scovell, R.W., and Kitchen, M. (2009). High-resolution
precipitation estimates for hydrological uses. Proceedings of the Institu-
tion of Civil Engineers: Water Management, 162 (2), 125-135.
Krajewski, W. F., Villarini, G., and Smith, J. A. (2010). Radar-Rainfall
Uncertainties: Where we are after thirty years of effort. Bulletin of the
American Meteorological Society, 91 (1), 87-94.

Bringi, V.N., Rico-Ramirez, M.A., and Thurai, M. (2011). Rainfall
Estimation with an Operational Polarimetric C-Band Radar in the United
Kingdom: Comparison with a Gauge Network and Error Analysis.
Journal of Hydrometeorology, 12 (5), 935-954.

Chandrasekar, V., Kerdnen, R., Lim, S., and Moisseev, D. (2013). Recent
advances in classification of observations from dual polarization weather
radars. Atmospheric Research, 119, 97-111.

Wang, L.-P., Ochoa-Rodriguez, S., Simoes, N., Onof, C. and
Maksimovié, C. (2013). Radar-raingauge data combination techniques:
a revision and analysis of their suitability for urban hydrology. Water
Science & Technology, 68 (4), 737-747.

McKee, J.L. and Binns, A.D. (2015). A review of gauge-radar merging
methods for quantitative precipitation estimation in hydrology. Canadian
Water Resources Journal / Revue canadienne des ressources hydriques,
41 (1-2), 186-203.

Lo Conti, F., Francipane, A., Pumo, D., and Noto, L.V. (2015). Explor-
ing single polarization X-band weather radar potentials for local
meteorological and hydrological applications. Journal of Hydrology,
531, 508-522.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Erdin, R. (2013). Geostatistical methods for hourly radar-gauge
combination: An explorative, systematic application at MeteoSwiss -
Scientific Report MeteoSwiss No. 92. MeteoSwiss, Zurich, Switzerland.
Goudenhoofdt, E. and Delobbe, L. (2009). Evaluation of radar-gauge
merging methods for quantitative precipitation estimates. Hydrology and
Earth System Sciences, 13, 195-203.

Jewell, S.A. and Gaussiat, N. (2015). An assessment of kriging-based
rain-gauge-radar merging techniques. Quarterly Journal of the Royal
Meteorological Society, 141 (691), 2300-2313.

Decloedt, L.C., Willems, P., and Gires, A. (2013). Review document:
Methods and experiences in radar based fine scale rainfall estimation.
Deliverable of EU RainGain’s Project Work Package 2, Leuven, Belgium.
Ochoa-Rodriguez, S., Wang, L.-P., Willems, P., and Onof, C. (2019).
A review of radar-rain gauge data merging methods and their potential
for urban hydrological applications. Water Resources Research, 55 (8),
6356-6391.

Wright, D.B., Smith, J.A., Villarini, G. and Baeck, M.L. (2014). Long-
Term High-Resolution Radar Rainfall Fields for Urban Hydrology. JAWRA
Journal of the American Water Resources Association, 50 (3), 713-734.
Borup, M., Grum, M., Linde, J.J., and Mikkelsen, P.S. (2016). Dy-
namic Gauge Adjustment of High-Resolution X-Band Radar Data for
Convective Rain Storms: Model-Based Evaluation against Measured
Combined Sewer Overflow. Journal of Hydrology, 539, 687-699.
Cole, S.J., and Moore, R.J. (2008). Hydrological modelling using
raingauge- and radar-based estimators of areal rainfall. Journal of
Hydrology, 358, 159-181.

Fulton, R.A., Breidenbach, J.P., Seo, D.-J., and Miller, D.A. (1998). The
WSR-88D rainfall algorithm. Weather and Forecasting, 13 (2), 377-395.
Chumchean, S., Sharma, A., and Seed, A. (2006). An Integrated
Approach to Error Correction for Real-Time Radar-Rainfall Estimation.
Journal of Atmospheric and Oceanic Technology, 23 (1), 67-79.
Wackernagel, H. (2003). Multivariate Geostatistics, An Introduction with
Applications (3rd ed.). Springer, Heidelberg.

Ehret, U. (2002). Rainfall and flood nowcasting in small catchments
using weather radar. PhD Thesis, University of Stuttgart, Germany.
Sinclair, S. and Pegram, G. (2005). Combining radar and rain gauge
rainfall estimates using conditional merging. Atmospheric Science
Letters, 6 (1), 19-22.

Kitzmiller, D., Miller, D., Fulton, R., and Ding, F. (2013). Radar and
Multisensor Precipitation Estimation Techniques in National Weather
Service Hydrologic Operations. Journal of Hydrologic Engineering, 18
(2), 133-142.

Journel, A.G. (1989). Fundamentals of Geostatistics in Five Lessons -
Short Course in Geology. AGU, Washington, US.

Todini, E. (2001). A Bayesian technique for conditioning radar precipita-
tion estimates to rain-gauge measurements. Hydrology and Earth System
Sciences, 5, 187-199.

WaPUG. (2002). Code of Practice For The Hydraulic Modelling of
Sewer Systems, Wastewater Planning Users Group.

Golding, B.W. (1998). Nimrod: A system for generating automated very
short range forecasts. Meteorological Applications, 5, 1-16.

Luyckx, G. and Berlamont, J. (2001). Simplified method to correct
rainfall measurements from tipping bucket raingauges. In Proceedings of
Urban Drainage Modelling, Florida, US.

Rico-Ramirez, M.A., Liguori, S., and Schellart, A.N.A. (2015). Quan-
tifying radar-rainfall uncertainties in urban drainage flow modelling.
Journal of Hydrology, 528, 17-28. E@-}

Vol. 50, No. 3 June 2023 +A/KF| EH+E FE=H

33



