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Improving the Detection Performance of Extreme Precipitation

Observations Through Radar-Gauge Merging Algorithm

Li Mengdi!, Qi Youcun'23, Zhang Zhe?, Guan Xiaodan'
1. College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000, China
2. The Key Laboratory of Water Cycle and Related Land Surface Processes, Institute
of Geographic Sciences and Natural Resources Research, Chinese Academy of
Sciences, Beijing 100101, China
3. The University of Chinese Academy of Sciences, Beijing 100864

Abstract Precipitation products with high spatial and temporal resolution and high accuracy are
important for the observation of extreme precipitation as well as disaster prevention and mitigation.
Gauge station observations provide accurate point-scale precipitation, but are insufficient for finely
capturing spatial information on heavy precipitation induced by severe convection. Radar scanning can
provide accurate precipitation information with high spatial and temporal resolution, but the accuracy
of radar quantitative precipitation estimation (QPE) is vulnerable to various factors such as observation
accuracy and Z-R relationship. Therefore, a Radar-Gauge Merging algorithm is proposed in this paper
to combine the advantages of gauge station observations and radar QPE. The algorithm includes three
steps: Kriging interpolations of precipitation, Local Gauge-Corrected ( LGC ) Radar QPE and
Radar-Gauge Merging QPE. First, the precipitation interpolation fields are obtained by the Kriging
method based on the regional station observations. Then based on the Local Gauge-Corrected method,
the accuracy of the radar QPE is improved by making systematic corrections. Finally, combined with
the precipitation type, the Radar-Gauge Merging QPE with high spatial and temporal resolution and
high accuracy is produced by the Radar-Gauge Merging algorithm. Three extreme precipitation events:
the 21-7 extreme precipitation in Zhengzhou, Typhoon In-Fa and the extreme precipitation in Suizhou
in August 2021 are used to evaluate the performance of the Radar-Gauge Merging algorithm. The
results show that the new Radar-Gauge Merging QPE outperforms the radar QPE product in terms of
accuracy and characterizes the structure of precipitation more finely than the Kriging interpolations of
the observation from the gauge stations in terms of spatial distribution of precipitation for the different
extreme precipitation events and different time periods of precipitation events. It demonstrates the high
accuracy and stability of the new Radar-Gauge Merging algorithm as well as its ability for capturing

the distribution of extreme precipitation.

Keywords Extreme precipitation, Kriging interpolations, Gauge-Corrected Radar QPES, Merging QPE
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FEATERARARIR IR0, AR R K R A AT 3N, 30T KB S R o 5 11 AR
(X85, 20205 Fekietal,2017; T —, 2018) o Mm@ pupy. dKk, A
T WK SO R ok E I EE B K] (Maggioni et al., 2016; Cao et al., 2021; Zhang et al.,
2021) o FREMFEASER R, WK T REFEREMATREME, JHBTRESFREKE,
NI BHEAEAR A MR FEBORORR iy, BRAR AR o [ 7K B L 51 R IS B  , AMUE R T B
RIGGARI, F0IE R L= ARG 2, 5™ E gubhas N RAE IV =24 (BRTEEK, 2016;
Salman and Li, 2018; Zhang et al., 2020) .

AW e 7K 3 B B TR P/ 3 P8 R L IX 3/, SR EHE B (1 B /K R P AN IX, o TSGR
KON PV e 2= OC 2L, H A0 RO IINAE B SR 32 B AR A7 [ W b O ik
PRI AN T2 TR SRS S5 o T R 50 3l O 00 & R O T g /K B L1038 4%, SRAALRE A 1) 2t
JBE R, HFEKAE B it T (Daly etal., 1994) , {H Ry &b M52 A0 5
U3 R HE (R SE PRSI (Yilmaz etal, 20100 , fEFREFIPUEIRILIX, AFokss R, R
FEPE AR, SR B IR R SR AN A bR, JHC A1 B2 B2 AT SR T V23 N A0 A B st e e 5
BB B K i 25 1) 45 2. (Xie et al,, 2007; Villarini et al., 2008; FE#, 2010) ; REAGR T
P E % 6 RATE IR AR MR TS, w25 03 3% 26 (155 200 0 T DASR (LA by i 11 P 7K
2 R ORGP K P B BN, A5 BT BRI X 0 , ot 2= A g K
EERB A BT R AE ) CUBF2%, 2021 Miines, 20210 , FIH S IA OGS 5Kk 3
I FR, T LU HE B 7K R 2 (B /) ATRFAE (21558, 2021 FhEREE, 2021: Zhu et al., 2020),
Hi TREME G A%, Fbsl S8 MR s, HEEZHBEER I (s
S, 20200 , wHWGEEG R, HEAETERTNA, RETI (FEESE, 2014) M
WEI CHIERESE, 2008) 52 fil FC P K Sl R vHE A PR A - R B L oy 82 R ik e 4
BRYGH], 7T ok A [ X, HHC R ) A () 2 R T B IR B A™ i (XIIBEFH A%, 2005)
BT 8RR SR P KA AE I U AT B K SR BRI, B B BRI, 2= B4 BT R 4 B
PLAEHE AIX 43, AFLEE 2 3R R I A V00, 3 4 T BE I = TR K = ok 115 B
B AR FE R, JE R X BB (¥ S UGk, 2011 YFIR%E, 2014 F&F5
45, 2016) o ZEERIIL, BE TR —SRUF K R K BORE S AR, BRI e AN ) Y5 B K A
iy, CREREIARS, RUTFRIFR & K= 1 R (Huffman et al., 2007;

Hong et al., 2004; Kitzmiller et al., 2013) .
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E AT, B B A R R P K Rl & i OIS — S e, BF R T — 8 RGP 0 B K R 7= i
T REMEE S, FIAMASELEZ S, (ERNI R 5 I [ 98 1 JE A o 2 i) R v oK 56 42
fE vk OMERS, 2019) , PP E R R G FE KT 5T 2 2 1 T B K 7 ot R T 0 2
. ERPESGH OO T FY2 #ik P EBKS, &5 T BKAIREE 5 Jh%%E,
2004) o EZRAGASE A0 BAILE 2010 5] FE 58 FE BT 0 HERR % B R B AR
i (PDF+OD) 7 @& 77k (Xieetal, 2011) , K& 7 Hum MLIIAD T2 @A BEK GF
%, 2012) o BEAE R E B BT IR, MR B R A DL A P8y
(BMA) R ARIEE ™ J7iE s ok, M2 i i IR A7 Sl 51 30 55 08 2 &l v p k=
it R N =R R 72 (CMPAS-NRT) |, F7E 2016 4738 i 2% (1] B OB V2005 7= b A Skm
ORIEEE Tkm A SPER GBS, 2018) o % =IFELA P ih R S T 3 — IR
(IR 7K ™= iy, 7E r Y TRl P 0 Rl BT i b AR

FERE BR b, UM 17 TR FH DX 4885 43 1 24 B 0 8 oAl vh B /K (QPED 77 i 55 B v AT il
B o KRS B SRR T I8 58 PR A T R G008 i % 5 I8 R AT o s il PRk R 4y
F O B OK R FE T R OR B OUE BT VR TR R R ME 1S B B Kl i 1
( http://www.bom.gov.au/australia/radar/about/calculating_rainfall accumulations.shtml[2021-12
-01]) o BRINZEA B RE T o W 204 . FESE M SRR, PR T the Integrated
Nowcasting through Comprehensive Analysis (INCA) FE/KHT RGE, 72 5 25 20 HE 545 5
4 15 min Al 1 km (Haiden and Pistotnik, 2009) , JigZheks b [ W 119 52 B4 58 5 JR ik $2 1L 11
FIFE A G (Haiden etal., 2011) o FESC[E, Sy 7 gz 22 K 2% 8] 73 A 1 i) 2
Yuetal. (20200 W& 7HTFEIE. A WY &SI =FPE0E & i &2 2 5% K 2 i
4 (UKGrsHP) , FHA53] 72 [0 73 HE 3 N 0.01°%0.01° I BF 7K 7= i, (H 2 Y Bl 20 A0 P
B 7K = R A AR 4 v o 52 ] 6] 5 i A 51236 35 (NSSLO) ) MRMS ( Multi-Radar Multi-Sensor)
RGN Z AN SR G, TE5RBE K 9¢ 35 RS MR T R 35 B RAEF (Zhang et
al., 2015; Zhang et al., 2016; Qi etal., 2017) . MRMS ZR 4 5L 4F 2min & A7 45 (8] 0 5K 1km
(W15 QPE Hidi . % RGO TR I BE BEAT SR, OSSO K, Pk R
P EHE X 05 QPE #EAT R AT I,  [RINEE 1L X3 7 3 [E AR (PRISMD fil/E 1L X
F%7K 7= (Zhang et al., 2011; Zhang et al., 2014 ) , fEE77 8433647 7 S-PROF VPR i] 1E
(S-band Precipitation Profiler based Vertical Profiles of Reflectivity Correction) 753 1 5 #E
15815 QPE (Qietal., 2014) . 7EEEIET HEIA QPE X MRMS RZ MM, Mikss HRE
B MRMS ] DA A fff 1) 3 7KAH OG5 U8, o I A T 7038 W MRMS 43 Hi LIk B A T RMERAy
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e P K (15 % (Bayabil et al., 2019; Chen et al., 2020)

DA _F ] g 4 AR FRATIIT RE B K = Al A TAESR AL T VF 2 A5 % o 3k b TR A8 A Pk
P RIEECH AN, H VR A R 8 E R R I AR L (A
Bk ZESR, ERIERE CEE) PoRMKMERE, EERNE. KRS IS,
R E S FOWINE S ABIEHIE CEE) i, il (B Mg W E R, [
B HFEME N o S5 DL B TR, RIS 1T IE R REE A H) mO A
XI5 PR P A 14T 3 /KT TE, 11 1E A R w0 00 1 22 [B) 45 S5 A e ) 5 381 B 24 PRI B 7K
it o X BRI G T7 VA O W RS WS B A A A R, TR R T P AR X A3 A
BN . A0 B B o A B b S B, DR VR R RS 2 270 LR X i
2 PR I R A S, TR 3% 575 1K QPE HEATRRG,  AATTHE I 523t W) 21 fr) j 7K
()7 (45 AR 5N B R A 7= i b 2 38 ] K 7E A S SR IF IR NBIF AT

SCERE MR EE I B A AL, R R BT E T IR R IA T B PR KO B Ak - R B B K
E =N A AT IS - KRG AR T LA, Rl = AN AN R 8 2% T R 1 B
TP K A, RGuMEH T BEVPAE T T Ik T P K Rl B SR 7R A o AR K R F A B A I

=k

an)
[aYay

2BIES GE
2.1 ABNE

ARSCEBORIM 21 « 7 W G RUEAEFN 2021 4 8 7 Bl 55 59 = YR B K S 141 il
WA, R 1O =M K A PR

HIF7E P A P AR R B T O St S e [ T O )/ i PR e it , B 1 e I
BB B3t S A5 2 ARYE R PR sl S A, T LA D R S AN X Skt o R X AT R
R BEEH A L (Qietal, 2016) , A A 542 i R sl WL K HEAT S TH 5
PP . Horp XK T2 5EERTHE, B 5k T RE R DA .

WL A AT 75 QPE il oM« b S BB F 35 QPE [ /N B K B Hdls , T R A
& KR AMGIE AT S BT B I8 QPE, BN 2 B s IA B R Kt LA (a] 0 923 306 0.01°
X0.01° o T EMERE S, AR S 2V, BAREREAT TR IA SRR 2
5 JE I A K R AR 1P e, (ERE SRR AE TR IA N X 32 BRI IR 3R, o R I B
REELIE R, X 20 IA R BA T B K BE AT T 1, TR E R & Rk i B B
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Table 1. Extreme Precipitation Events
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ZEVHETT T, R TTAR R Z RMSE . AHX 1% % RMAE MRS 22 RMB. X T —E: 20 #r,
AR R CC FRis. AEPUAPH RS E L I (1) ~ (4) &
RMSE = Fi(zeain _ OPE(i)— Rain__gauge(i))’ r (1)
i

n

z |Rain _QPE(i)— Rain _ gauge(i)|
RMAE == (2)

Z Rain _gauge(i)

i=1

i (Rain _QPE(i)— Rain _ gauge(i))
RMB =+ (3)

Z Rain _gauge(i)

i=1

i (Rain _ gauge(i) — Reage)(Rain _ QPE(i)— Rorr)
cC=—~—~2 (4)

\/ i (Rain _ gauge(i) — Reauge)’ i (Rain _QPE(i)— Rorr)’

i=l i=l
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RMSE 1 0 W7 7K 7= it A %o ] 53t 000 00 2 160 ) v 2 FE2 J3E . RMISE ), BEK 7= it fi
2 ] 5 Sl U T A AR /N s RMAE SO B /K i B AR i, AR B/ P2 E . RMB
RVPHI RG22 M Fa bR, NIEE (G , R REM (R THK, 5 o ke
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BUERERE, CCMa T 1, P LMAHRIEBMAF . 25 RMSE. RMAE 1 RMB ##%iE - 0
H CCMEEET 1, BLHARE K™ iV ek 4T -

2.3 TWis-mEHEKMEEZX

HIE-F R TR KA FE R LT =AM, 81 A 1 HIA-WE TR RS SRR
M, FEORE: (D WESRNEGE L, (2 R EITHTIERIE QPE M (3) Fik

SE SN T

Bl 1. Eik-m s KRG BRI R E
Fig. 1. Flowchart of Radar-Gauge Merging algorithm

23.1 FREWHMNBERR—RESSZE

o THL R 52 O 0 0 X e T A 5009 P K WO 8 B 5 D M 1, (IS E 48 3 =3 b THT P 7K
Gy AT LI A CE BB, 5 B8 B 4 1 7 100K AR (1 7 K 4 i SR U R
N ) ik 2 32 458 IX 3 Bk A 4

¢ B4 (Kriging) iz i gp vt 22 vh e FROSEAE T i (E5X4E, 1999; EBUL 1999),
Forh 30 58 B A VAR Oz 0 B e W A DX 7 1) J PSP R Y B X
3 RIRFE T X1, x2, -+, 0 FOAERLIIE Z (i) BB B R 7 22— 8 8. il
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LR FE%T % Z () BN X BRALAS B, FEAE o AR T Z (xo) o E 50 SR RE AL TIME Z (i)
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i=1

Horp, NS TSRS E BN E. Z00) ZFERKER, XEHIERY
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ZiiC(xi,xj)+u=C(xo,x;) j=L2,---,n (7)

K, Clxi, ) A Z(ox) B Z() B thT7 220050, e Ak W1 E K, I A 78 T fhi
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Kb A RIEEEES, N (h) JHEEEEE BN h RFE . B T BRI AT DL 7R 23 1)

E AR SR 2 AN PR JE N F AL AR, 756 FEACRAE s A B s (KR S P s, TRl
BTN R (E R BRI R A, TR 028 S R B s R

0 h=0
3
y(h)=<co+c ﬁ—l(ﬁj O<h<a 9)
2a 2\a
co+c h>a

o, co NHLERUNIH, FIRREENEL ¢, a R, hOVWRIRES. i
SRR 5.2 PR L B O B 85 ) LA B S 2800 R B VAR, AT MR sR AR A R (9)
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00 (UTC) VA FgHh X X4kl FE K 734 (Bl 2a) o EHR(E G HRE MK (B 2b) F¥EE
5 M T ] 503 00 I B KOS R (B 200 o« IR TR X A R, Adi{E 3 B /K Hot 5 b T
DX st v AL 00 Bl 7 B PR RF— B, B K v M X BAERAR X o T 5 0 8 . HIC 193 A1 R
AL RBEREHIAST S B ML, NGt W 7 AR S5, Sl A i [ 5
LI B KA o T DL, 0 B <75 9 4 A5 280 10 47 e 7 3 T DAL kb i e 7K ) S A
JR I AR S e, X b T B 7 1 2 1) AT A B (R s, 2 T AR R o, W] DASR A 9 T v
PR TH RO S T P KA S o BN TR R K, Rk X gy HLBE /KBS 2K, I A 45 M &1t A1 AH
BT B K /N DX AR U M L L8 JAE F oL BT A A 2 AR B M 77 4 3 4 Y B AR A il bty o
AN ESE .

B 2.2021 £ 7 A 20 H 09:00 (UTC) Ju[pgith[X (a) HumEi SIS R4, (b)) s BLESR{E KL (o)
E %5 I B S A B KBS LU, (a) AT (b)) AR A [ s AR A5 o A L R (86 ) FNIX IR,
uh (1179 ) ME ) FEK A

Fig. 2. Precipitation distribution of (a) the gauge station observations, (b) Kriging interpolations of precipitation
based on the regional gauge station observations and (c) scatterplots of 1 h precipitation from Kriging
interpolations of precipitation vs the national gauge station observations in Henan at 09:00 UTC 20 July 2021. The

dots and stars in (a) and (b) are the precipitation records from national gauge stations with 86 gauge stations and

regional gauge stations with 1179 gauge stations, respectively.
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SRk ) 50 BL A B3 0 AT o B 3 2 r [ St PR WL I o 7K B P PR 46 L P/ B v, P
FEZ PR B ROR ARG AN RS [ Xl i, A R K37 5 DX St WL P 7K o A B AR — 2,
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H T 1 A 1 €00 PR DXt 0 1) (] X3 WO A R 4T 5 B B4, i 7 IZEHE R AL
O DX gt 0 2 B 7K 1 DO J) 0, TR BT HE P 20 €0 PO ] ot (LD Cu Bl ) P Ak o B B /K BN
454 T8 QPE b i (B 3.b) o FE SR X i b T8 ik QPE 7 il B /K L W, i
THE B Z S0, RE IR X B o Al i . R, SEmadiE s 1F o0 1 1 2R
D1 A Y F L AEORL 0 3 7K 5 P DAt 0 000 ek 7 20 AT A7 AL 22 5, SR 0 ] RE A2 /N XIS
T AR R A AL S HAL T ROKA RN B, A W] e d T W R T e A
BT ROFARBRE B

Bl 3.2021 47 A 20 H 09:00 (UTC) FRIHES (a) fHEIAIEK DA (b) JRIGTIE QPE /= fh /K 734

DN B 2 AL R E,  (a) AN (o) A AR B AT 20l [ sk R X ot 00 6 Y 7K 73 AT

Fig. 3. (a) Kriging interpolations of precipitation based on the regional gauge station observations in the red box in
Fig.2a and (b) precipitation distribution of radar QPE in the red box in Fig.2b at 09:00 UTC 20 July 2021. The dots

and stars in (a) and (b) are the precipitation records from national and regional gauge stations, respectively.

2.3.2 [ ETHTIEERE QPE

& QPE /i 5 2 B IE M BT . Z-R KR A ESEH RO, PG FEK
iz K. IEMEE 2, FHIEEEMN 5 2BV, SERIERE(E 58, 5
F & QPE 7 b FE/K B R AmAK: T MK 2 o BR &S O BuEn,, FikfHaaiR
MBN LA EARER, BRSO — 89, MM QPE 7w Bk k. PRk, 7 2R A
T TH R B 7K B 38 QPE P AT T IE, BLIR iR 1A QPE /™ i RS, BIF T4 AT

tim

iind

1E 777572 R M RN #1111 1E 777 (Local Gauge-Corrected (LGC ) Radar QPES. Zhang et al., 2011).
) FH T B T L0 558 B AR 0 I B[] AN 23 1] I FR A QPE 7= PR KSR, 1 Sail it A st
(12) HEEANWEIE L#IA QPE 7 5 AW S THI I FE K i, A AN (13)

THELAT B FR) (i 22 37 00 T T8 8 s X0 BT I a6 1) B /K iR P AT R e VBT IE
ei=ri—gi (12)
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TG I 7 R ZE(MSE), i HUR /NS TR ZERS N b A1 D AE T IR 24

T IEJER7A QPE 7™ ft F 7K Bt 55l [ 1 ot W SE e . &) 4 Dy 2021 4E 7 H 20 [ 09:
00 (UTC) VAl FgHBIX 1T IE /5 F51& QPE 7 il (1 B 7K 73 At LA LRI S 55 B 2 il fA 0k L AR R L 20
Mo BT IE, LML RT MR . FITIE QPE /™ M i K OB BAWAC, 2T IR,
WIERE K FEK b K BRI . WP KA, ITIERM/KIZH) RMSE Bl & (K, RMB
W25/ e ABR T IEXT 7535 QPE 77 S B A AR GV I, B 4 AN E 2~ 1 1) B 7 it B A
B, IFRCH AR PR KRB R R B s AR ZE 7, ANBEXS QPE 7 i BRI A% AR
P FL K ARFEREAT 22 k. RS AL iR, X457 IE /R TR 15 QPE 7= i AH EE T IR A6 8
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Bl 4.2021 4 7 H 20 H 09:00 (UTC) i X 1T 1= R & 75 1% QPE 7™ iy (¥ Fa /K 73415 LA i 5 B 5t (¥ %f
thE s oA, (a) ITIERTE IS QPE =i KA. (b)) iTIE/ERIE QPE F= K aAi. (¢ 1TIERT
1L QPE 7= ity &5 [E Z i} EEEUS B () ITIEfS %5 QPE 7 i 5 [ Zufix L &, - (a) A1 (b) i
FONE KA

Fig. 4. Precipitation distribution of (a) radar QPE before LGC, (b) after LGC, scatterplots of 1 h precipitation from
(c) radar QPE before LGC and (d) after LGC vs the national gauge station observations in Henan
at 09:00 UTC 20 July 2021. The dots in (a) and (b) are precipitation records from the national gauge stations.

2.3.3 Bis-FE KRS

AL TR K S 2 R B B THEE K I AT IR 5 # ik QPE iRt d, & HRIRE
Wg i ;Fn VVr ll—i‘ﬁ :_EQZZD_F

di

1-—, di<Do
We,i= Do (17)
0, di> Do
Wei=1-Ws,i (18)

A, DA TANMIE, We.i RNH AW R & THE(E S K EIRCE, Do AN [FZEA
BETK (K1 R RE MRS, i D8 i AN RS PR ) B R T (KRR S, W N A RS R ik
QPE 7= i AL .

LA AT AR

Rain  QPE(i) = Rain _ gauge(i)xWs,i+ Rain _radar(i)xW,,i (19)
Ah, i A M, Rain_OPEQ) 7355 i A s 824 B 6 MK A U4
Rain _ gauge(i) J55 i ARSI S THEE KM, We.r 95 1 AWK T 5 U 2 R 2K AR

WE, Rain_ radar(i) % i AN TEIE QPE BEFKIE, Wi N i AN TEIS QPE %
PRI E

ANE IR A, B AR FE AN — S, BUR R B TE A Dy S A sl 000 52 1 P AR R PR 2 4
A3 WAL FERFE MG /N AR PR, R R T E 0 IR A K DX s 0 A T 2 AR 2 P AR
REERM; PARE ARG 228218, W THEZIR 2 B DR ) B KA w332
fiw e AR BE B s A 5870 I 2R 25 PR R A ALAE 0 AT A 7R IR 25 B /K 2 T o i o L 4
T AT K I AR R B B H b BT P R & v b SRR, L2 IR0 2 TR B B /K SR Ay
SREIFEI , [R5 EAE R & A b 25 S A T RS A VG . S O T S
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KA 7= i IR B K o0 A DA 5 8 53l R T B B o Ao RS K= i (B Saa) 28 (A 4y
S, LR REY, B TITIEERE R (K 4b) , RMSE K, RMB /. iT
1EJG 1A QPE 7= it 5 W S THE E AT G, W RRE M 5 NI R K 5 FE A RO
IR BB KTE X A5 5, MBRKE A2 850 A _F 35 AT R R B IRRS F5E o RS 38 R i o7 B
VT, R KRS AT T AR Y, AR R SE L T1T IE )5 615 QPE 7=, il b

TP i (R SV E G 0, RSB BAR

Bl 5.2021 4 7 J3 20 H 09:00 (UTC) JMIRgHIIX (a) k- S iHFEKRE G 5K K U (b) 5H
FKulifxr LR L, Ca) A B O B SR F K 43 A

Fig. 5. (a) Precipitation distribution of Radar-Gauge Merging algorithm described in this paper and (b) scatterplots
of 1 h precipitation from Radar-Gauge Merging algorithm described in this paper vs the national gauge station
observations in Henan at 09:00 UTC 20 July 2021. The dots in (a) are precipitation records from the national

gauge stations.

JRI BT IAL P K P B /KB FE R OR, B8 QPE 7™ ity A THT WL <t WAH I 1) P K B 22 S 4R
KDL (& 6.a ATHEN) o XAMEDOLT, T BB B 2 fE WIS FEBOR (b 5 2 H DL
EA A AAELL KGO, & 6.b A TMEN IRE A B IESE 7K — i I8 ETHI*T
1L QPE 7 il IE, /KA, 78 FERE BRI X GE SRR AR (18 6.c
FEHEAD » B HEE-WEITFEKMES, AR0EGE 7w RelED AN ELNRFL, R
B 7K 3 AT R S 1 9 HL oA 5 T Y R A & (nlsl 6d A EHER)D

B 6.2021 4 7 A 20 H 09:00 (UTC) K XA F K™ S A, (a) F3k QPEL (b) Xk oe
SAfEA. (o XBEHTIESHRE QPE =il (d)  FHiE-W /KRG =5, o B AR AR
JR3 ) A R ik A6 X 3l e 7K 4 A

Fig. 6. Precipitation distribution in Henan at 09:00 UTC 20 July 2021 from (a) radar QPE, (b) Kriging
interpolations of precipitation based on the regional gauge station observations, (c) radar QPE after LGC and (d)
Radar-Gauge Merging algorithm described in this paper. The dots and stars are the precipitation records from

national and regional gauge stations, respectively.

FEVTIERS, R0 T8 AR R G A2 VA H T, 59 Ay 5 P
VR B K RZERT, TR ST IR E KRN, (RBART, B3N B 4HH A
LT 540 B A 9 R, T 00 02 (B0 2 5 9 58 B0
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(K 6.b) o FEMEHMEIIXHEIE QPE /7 dh#EAT RGUIEIT IERS, 1842 15 IE QPE /™ dh i) [#
IKEBERARAG AR R (& 6.0, DXt A HR L 4 3] 4 Sr WO s AN 2 i B A4 14 B 7K 2
A, R 2 XAt P K AR A BOR A . B R fERR &l A, I T ETHRLER 7,
FERA MM EAS SR B ROKE, MRS EN, WETHIBRE MK, e r R
Bl T Xtk (1 50 LA B B K oA (1 6.d) A4S/ B30 7 S OO A % G ) L ) D s
M 1 54 o

L
3. M4 88T,
WRFe, AR T = R K S DA B 2 - W B T PR B B I PR A
3.1 M 21 - 7 R/l

FBI 21 7 BN SR M SRR RS, FRERE AR HL KR, 16 PR KAt T2 K %
B8 o X A D s - Y U B K Rl £ SR R A SN T ) L N R K

B 7 NN 21 « 7 2 W IR (] B (2021.07.20 00:00 - 2021.07.21 00:00 UTC) P IA
QPE 7= fi R 35 - WY S 1B /K Rl A 7= i -5 b T ] 25l W0 B K R ef bl e AT DA 3, B IA-
R BT PR Rl S SR R i 1 B KRSJE, RS 4 R AR R AR 5 A . NGETHIR E = VR
fhFRAR SR, Rl B K 7= i () b T ] 5% sl W0 00 e /K B Dy e 00, e L ot A i i R 7K T 221
(2021.07.20 09:00 UTC) , [ Sk sl 201.9mm FF7K, 7E1%3% 2507 B 5 1% QPE 7= i 4
IKAH 48.90mm (K 4.c) , Zidah&)ERKIESR] 102.4mm (& 5b) , KA THEY] R
B B SRR T B Kk A . X ULEA, i AR B KR A R AR R K
FLHERAE, JCHR XS PR KR, 28T 8L QPE .
B 7. FEM 21 o 7 F /i MR E) BE (2021.07.20 00:00 - 2021.07.21 00:00 UTC) K (a) ik QPE &A1 (b)
T3 - T T WK R 7 -5 TR [ 553 000 7K ) B0 B
Fig. 7. Scatterplots of 1 h precipitation from (a) radar QPE and (b) Radar-Gauge Merging QPE vs the national

gauge station observations for the period from 00: 00 UTC 20 July to 00: 00 UTC 21 July 2021 for the

precipitation event in Zhengzhou.

8 i, LAt T ) St LI Ak 7K DAy e v, X A8 P A8 i o 7K 8] A S ) 78 325 - 88 - e 7K
BV, LTRSS AN FI R (R PR RER L, SRR, WIA-METHREOK A S
mnAe g HUAL T B 38 QPE 7= fte & 8 WM 21 « 7 R IV 2 45 I P . AN RMSE
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B 8. AN 21 « 7 WYL FEARIE P AL (2021.07.20 00:00 - 2021.07.21 00:00 UTC) - (a) RMSE (mm),
(b) RMAE, (c) RMB 1 (d) CC. WitaZNeHik QPE i, LLEBINME ™ dh, (a) HIEEM T %

I 22 6] ol 00 2 Bk K O30 IR k)

Fig. 8 Statistical indicators of (a) RMSE (mm), (b) RMAE, (c) RMB and (d) CC for the period from 00: 00 UTC

20 July to 00: 00 UTC 21 July 2021 for the precipitation event in Zhengzhou. Blue lines show the radar QPE and

the red lines show the Radar-Gauge Merging QPE. The grey columns in (a) are the hourly average precipitation.

FER AN BEPEAG 1, R B 2021.07.20 21:00 UTC 285 fib 45 31 i 75 14 -1 B oK
Rl = R IR B I QPE £ M f) RMSE VP4 AH 26 JLH CC PFAMBAR, % H R RIEAT 504
B 9 'S BUZIT ZIVF /- B AR X IR o A o FE SR EREN, [ S0 B Bk (I ) Ak
T DX ARt R 11 5 B A B P K 3 O v, L 2R HE IR T o L A 1 s T R KRR [ 5K
006 A K PG 100, o S T 190 A P o R e L SRl 5 B A O T H (R AL T B /K e ) 41
I DX 3, AF S 7 00 2 DX Bty 6 ) Gt Ak T K pCo PO AN T AL B, 1T 9.b v AR 141X 35
Ik QPE = A A e S2IX — i o FEAE I X0 H 15 QPE 7= il R G PEiT IERS, HEA
DX 35k 1 B /K R S R X R B L B IR 2RI (1 9.0) , (HRIEHHTREA I, X3k E 1
1% BRI RO EROR, AR R K RS R ) T, T SR IR R il R
TR A B K AR 5 il RSB I L AR A (1 9.d) AT S B Ak PR br R AL 2%

BEAk, B9 R T T IA-F R U REK il A RS AR IR B KR A R AL TEER A
MR T (B 9.b AL B EAME B3 , THik QPE P i ANES: Himds, 4idil iE)s
B /K B I AR THE R A E SR A A E s (EZ 5 S WRIHGEAME 5, NELKE 5L
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Fig. 9. Precipitation distribution at 09:00 UTC 20 July 2021 in Zhengzhou from (a) radar QPE, (b) radar QPE after
LGC, (c) Kriging interpolations of precipitation based on the regional gauge station observations and (d)
Radar-Gauge Merging algorithm described in this paper. The dots and stars are the precipitation records from

national and regional gauge stations, respectively.

3.2 XA

R & RAEAEA B @l 77 20047 7 AR, VP Al 5 S-S TH PR A& VA E & 51K
(¥ J5 b SR B K T O R I e 45 SRR W B A - W B T B KRl 5 7 1 B /K B R /K 23 A S eI T
Hum . B 10 BoR 1 A KB RE F 2021.07.25 21:00 UTC ‘& iA QPE 7= S AlEL & B /K 7=
i B A B, v [ g T R 5 & B /K, BRI QPE 7 i B SR R 55 LB K rpee A
I (B 102) , ST IERVE G FEKH O 5 T & A7 B A4 (B 10.b) o 7EVLHTH
DX ARFRMEI, VA XA, iZIX IR & N R A6 TS QPE 7= M I REK, (HTE XS AEAE — A
[ 5Kl B K, M F5 % QPE 7= it 5 3L 22 RIS, i 21 P 5. B 11 A
2021.07.24 07:00 UTC VL i [X 7R 35 38 1B 52 3k 55 75 38 QPE 77 il AH 22 35K Iy 20 1) 75 1k - T
TR KA 7= o A R 5 T st L F et SR P o B 1L £TAE P (W B TR A 7
TLH X 23 S0, WL 4K 575 74 QPE P £ %, MHUSE (B 11b) KA, 4
HE 2 A1 RS 7S T I - W R T A K R 7 it 5 SRl O — SO e, (F E T 2 P )
B EARZR (s W2, CC Wik,

B 10. &R (2021.07.2521:00 UTC) & ik QPE 7= it Fll E - Y T B /K il 7= it RO B 7K 2 A7 5]
ERE Imm/;wzwkmt, (a) il (o) NIFHGTHIE QPE = il /K /A Je s PR, (b) Al (d)
TR IK- PR TR R A Al SO LRSI, Ca) A1 (b)) HR B D [ R0k K 20 A

Fig. 10 Precipitation distribution of (a) radar QPE and (b) Radar-Gauge Merging algorithm described in this paper
and scatterplots of 1 h precipitation from (c) radar QPE and (d) Radar-Gauge Merging algorithm described in this
paper vs the national gauge station observations at 21:00 UTC 25 July 2021 during the typhoon In-Fa landfall. The

dots in (a) and (b) are precipitation records from the national gauge stations.

B 11.2021 £ 7 A 24 H 07:00 (UTC) G XUHAEERET (a) FiE-WEIHFEKRS Mo m R (b) 5
FE b o USRI, (o) A B O T SR B 7K o3 A

Fig. 11. Precipitation distribution of (a) Radar-Gauge Merging algorithm described in this paper and (b)
scatterplots of 1 h precipitation from Radar-Gauge Merging algorithm described in this paper vs the national gauge
station observations at 07:00 UTC 24 July 2021 during the typhoon In-Fa landfall. The dots in (a) are precipitation

records from the national gauge stations.
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B 12. FIE 7, (BR8N G RIEFEIERE B (2021.07.22 01:00 - 2021.07.28 09:00 UTC)
Fig. 12. Same as Figure 7., but for the period from 01: 00 UTC 22 July to 09: 00 UTC 28 July 2021 for the

typhoon In-Fa precipitation event.

B 13. [FE 8, EXE KREAENRE B (2021.07.22 01:00 - 2021.07.28 09:00 UTC)
Fig. 13. Same as Figure 8., but for the period from 01: 00 UTC 22 July to 09: 00 UTC 28 July 2021 for the

typhoon In-Fa precipitation event.
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TR 1] B (2021.08.10 01:00 - 2021.08.13 15:00 UTC) N 5% QPE 7= f Fl 5 i - M & 11 P& /K
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VI IE 5 P45 DX 3 F 0 B /K I AT il 51 80 0 7 ot 5 b T I Sl %) B, M DR 3R R L
2, 40 mm DA FEIKECAT B HUE PR AIC. B4k RMSE F#MK, RMAE MK, RbE )5 kK&
[ it T 6] 55 3 W P /K B Dy i, B /KONE B St o o TR0 1S DAy ] 58 S [ 8% 1 O o
PRI P AR AR, WA S BINE K,  ER IA- F RT BE K R NV 4
AT EEIE QPE 7= iho TR IA-FY BT B /K R G 7= i 5 O P K — Bt cir, i TR AT
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2021.08.10 06:00 - 2021.08.10 17:00 UTC H T FF/K 555, ULhC S H b, SE RMAE +5

B 14. [ 7, (EF IR 96 5 R R A B (2021.08.10 01:00 - 2021.08.13 15:00 UTC) .
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Fig. 14. Same as Figure 7., but for the period from 01:00 UTC 10 August to 15:00 UTC 13 August 2021 for the

precipitation event in Suizhou.

B 15. [RIFE 8, {E A H 5 st 7] B 22021.08.10 01:00 - 2021.08.13 15:00 UTC
Fig. 15. Same as Figure 8., but for the period from 01:00 UTC 10 August to 15:00 UTC 13 August 2021 for the

precipitation event in Suizhou.
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F B K EBURI 4 AN IR TS QPE 7= it R T G5 - WY S H B /K Al 7= 2 A o Bl o5 I T4
BEK RGEAM AT AR A, DU TR /K 7 DX T R A 7= i RS S5 HE i M A 42 P K T8 X
IAE IR THT IE G 1518 QPE 7= it 5 v e H AR A, MK OB R B K 8
PRERTE,  FE TG L3 B T AN I (Rt Uy il 45 e K it 0T 7K 4 A A B A S s

B 16. [t 2 R I XN ) BEFR 3 QPE 7 it A T 3 - F R T Bak K R 77 il ) 96 7K 20 AT B 3 5 T 5 ol M e 7K
X, @ v (o)« (e M (g) NEHIETHEIE QPE F=mbEKaAm, (b « (D . (D Ml (h) NEFIA-
N TR K Rl 7= i K 3 s BETRLAY () A (b) 2021.08.11 07:00 UTC (c) 1 (d) 2021.08.11 18:00 UTC.
(e) A1 (f) 2021.08.11 23:00 UTC. (g) A1 C h) 2021.08.13 00:00 UTC, [& s A 5 ik - 47K 29 A

Fig. 16  Precipitation distribution of radar QPE and Radar-Gauge Merging algorithm described in this paper for
the period from 01: 00 UTC 10 August to 15: 00 UTC 13 August 2021 for the precipitation process in Suizhou. (a),
(c), (e) and (g) are for radar QPE. (b), (d), (f) and (h) are for Radar-Gauge Merging QPE. Time:(a) and (b) are for
2021.08.11 07:00 UTC, (c) and (d) are for 2021.08.11 18:00 UTC, (e) and (f) are for 2021.08.11 23:00 UTC, (g)
and (h) are for 2021.08.13 00:00 UTC. The dots are precipitation records from the national gauge stations.
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Fig. 2. Precipitation distribution of (a) the gauge station observations, (b) Kriging interpolations of precipitation
based on the regional gauge station observations and (c) scatterplots of 1 h precipitation from Kriging
interpolations of precipitation vs the national gauge station observations in Henan at 09:00 UTC 20 July 2021. The
dots and stars in (a) and (b) are the precipitation records from national gauge stations with 86 gauge stations and

regional gauge stations with 1179 gauge stations, respectively.
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708 Fig. 3. (a) Kriging interpolations of precipitation based on the regional gauge station observations in the red box in
709 Fig.2a and (b) precipitation distribution of radar QPE in the red box in Fig.2b at 09:00 UTC 20 July 2021. The dots

710 and stars in (a) and (b) are the precipitation records from national and regional gauge stations, respectively.
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717 Fig. 4. Precipitation distribution of (a) radar QPE before LGC, (b) after LGC, scatterplots of 1 h precipitation from
718 (c) radar QPE before LGC and (d) after LGC vs the national gauge station observations in Henan
719 at 09:00 UTC 20 July 2021. The dots in (a) and (b) are precipitation records from the national gauge stations.
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724 Fig. 5. (a) Precipitation distribution of Radar-Gauge Merging algorithm described in this paper and (b) scatterplots
725 of 1 h precipitation from Radar-Gauge Merging algorithm described in this paper vs the national gauge station
726 observations in Henan at 09:00 UTC 20 July 2021. The dots in (a) are precipitation records from the national
727 gauge stations.
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Fig. 6. Precipitation distribution in Henan at 09:00 UTC 20 July 2021 from (a) radar QPE, (b) Kriging
interpolations of precipitation based on the regional gauge station observations, (c) radar QPE after LGC and (d)
Radar-Gauge Merging algorithm described in this paper. The dots and stars are the precipitation records from

national and regional gauge stations, respectively.
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Fig. 7. Scatterplots of 1 h precipitation from (a) radar QPE and (b) Radar-Gauge Merging QPE vs the national
gauge station observations for the period from 00: 00 UTC 20 July to 00: 00 UTC 21 July 2021 for the

precipitation event in Zhengzhou.
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Fig. 8 Statistical indicators of (a) RMSE (mm), (b) RMAE, (¢) RMB and (d) CC for the period from 00: 00 UTC

20 July to 00: 00 UTC 21 July 2021 for the precipitation event in Zhengzhou. Blue lines show the radar QPE and

the red lines show the Radar-Gauge Merging QPE. The grey columns in (a) are the hourly average precipitation.
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Fig. 9. Precipitation distribution at 09:00 UTC 20 July 2021 in Zhengzhou from (a) radar QPE, (b) radar QPE after

LGC, (c) Kriging interpolations of precipitation based on the regional gauge station observations and (d)

Radar-Gauge Merging algorithm described in this paper. The dots and stars are the precipitation records from

national and regional gauge stations, respectively.
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Fig. 10 Precipitation distribution of (a) radar QPE and (b) Radar-Gauge Merging algorithm described in this paper
and scatterplots of 1 h precipitation from (c) radar QPE and (d) Radar-Gauge Merging algorithm described in this
paper vs the national gauge station observations at 21:00 UTC 25 July 2021 during the typhoon In-Fa landfall. The

dots in (a) and (b) are precipitation records from the national gauge stations.
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769 Fig. 11. Precipitation distribution of (a) Radar-Gauge Merging algorithm described in this paper and (b)
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776 Fig. 12. Same as Figure 7., but for the period from 01: 00 UTC 22 July to 09: 00 UTC 28 July 2021 for the
777 typhoon In-Fa precipitation event.
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Fig. 13. Same as Figure 8., but for the period from 01: 00 UTC 22 July to 09: 00 UTC 28 July 2021 for the

typhoon In-Fa precipitation event.
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786 Fig. 14. Same as Figure 7., but for the period from 01:00 UTC 10 August to 15:00 UTC 13 August 2021 for the

787 precipitation event in Suizhou.
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791 Fig. 15. Same as Figure 8., but for the period from 01:00 UTC 10 August to 15:00 UTC 13 August 2021 for the

792 precipitation event in Suizhou.
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Fig. 16  Precipitation distribution of radar QPE and Radar-Gauge Merging algorithm described in this paper for
the period from 01: 00 UTC 10 August to 15: 00 UTC 13 August 2021 for the precipitation process in Suizhou. (a),
(c), (e) and (g) are for radar QPE. (b), (d), (f) and (h) are for Radar-Gauge Merging QPE. Time:(a) and (b) are for
2021.08.11 07:00 UTC, (c) and (d) are for 2021.08.11 18:00 UTC, (e) and (f) are for 2021.08.11 23:00 UTC, (g)
and (h) are for 2021.08.13 00:00 UTC. The dots are precipitation records from the national gauge stations.
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