N

© co~N OO o1 M W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

EFRUE SRR R S B IRMK AR 35

skoOME T, XIPE)I 2, R, R ORZ BTE 2
LR %E TRER S HWH R L, R 210014;
2.FE B R ARG, KD 410005

W B OYINRATE IS SR K 5 1 SE R K 22 Al I

SKPRBEAERE A, R P ARk 55 FH DB A5 Rl B B Wﬁ?

IKSIEAT 1 AHE, eSS R 1 R R Sl AT OAE R DAL
HETVEYIRAS T MARHERCR , B0 1 KR | {9 (ME Ay T AT I A
W — Bk 2R T, 4t

T4 R W
R E

i YEFE LRI T B
M K » TlpEEHE, RAUHIE

"ERBEARRIEEESTH (41975030). L5 HARIEEES T H (BK20181337) 3:[E¥%H)

EFE A KIS, FENFRSRNAE SR AR5, E-mail: radarpeng@126.com



26

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

oL
il

HERA . I S FE R I B K AE B T RGOSR GE H L AURBIE AT ST RN
R\ BT AE R EK e R B IR RER I B AR 2570 23 A0 35 1 oA s =l
H %K (quantitative precipitation estimation, QPE) A T-B, HH T KK
AR ST IR TR el DA K TR I S AR A S B R B KA TR R A
8 R e 55 DR 35 R S, R [ 7K 3% 5 b T B /K A7 E — 58 W 22 (Harrison et al,
2000; HEsE, 2021). N IXAMEZE, R R AT R R LRI A R, X
BRI RO ) XS B K AT HE 1 T, EEAFEPIIRHE (Collier, 1986;

@GBS B, 1996; Chumchean etal, 2006), bL&%Z:i%
FRITVERN A A P T8 CERIZE, 2004). KERFFANL SRR,

(Goudenhoofdt et al, 2009),
SR, W TN R AT TE R B 7K B I 2 AR e N E, R
TR TR A K AETT I AR X DLk — 2R T BT 5 3R
PR ERER, ZRAL 8 AN EH MME— B Z (Sieck, 2007;
BT, 2019), MR Figh

-
1] 7t

{Q%%M(microwavelink, ML) S it B 7K Wil sz 2 vz
DO O3 1) it B % X 284 R A R ) B B B, DO

KK FR (K-R) RIEMKERSHEME, HBEA RS2 5
HER S A TLEMMAMEN LI ZE L (Messer, 2006). ISR 515 4
RANFIIERE, BBk E Ny “ IR PR B, BERI0AIE R 1k PR K Al £ B
45 %t (Minda and Nakamura, 2005); #H JZ#T(Zinevich et al, 2008). V&%
*#:>) (Pudashine etal, 2020) £&777%, fwip B ok M 2% BEW8 S st X 3k f /K A, &2
FERT 2% (Overeem, 2015). f#[E (Graf etal, 2019) 25 E I & 1 K E H AR FH +
PRI 6 P W A R DRk A IEASE AR DA T (R KSR, 2015), B SRR &
W7V REE 3t — 5 R TH o B I TN S S B HERA M RS, 2015); AHBAL KRk
PEHE R PR KA T R R WA BN THEST (GRSSE, 2021), T R HEER (earth-space
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LR ES T8I ROR (Zhang et al, 2017; Kim and Kwon, 2020). iXLEHF5T
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BN, B, ASCEAR M 2 05 15 U BE A B I8 B K 37 IR,
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1.1 B B A KSR
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fir: mmh™) LIV

AL = aR_MLbL Q)
k) NEERCRE, REra. b FEEER AR . WAL AR
AEEARAY,  FARICE AT AR S [ br S HCHE. (ITUD ) ITU_R W EEREAYA E
BTG T A AN T 55 GHz Z6F T &% a Al b (HUE. Blan, 454
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Ay = 0.00395Ry 'L (2)
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A Ry, (1) TR () 73731 9 t B 221 R A7 B Ak i ind % % o 119 I8 A2 ~F- 35 R 3 R K

ARIE RIS, R T B ER 1 C(t) N

_Ruw(®)
Ct)= Ro0) 4)
FH TR B 45 2 2 VR BE RR B AT I T- S R o, 24 B 7Kt ) X 3 Y
FEEE AT, A7 HAR R AR RO S TR IA B M AN ERESE, T ¢ IS
C CIREE N G X2 P

1 20

C(t) — ML (t) (5)
Z RR j (t)
BRI XN A N 5B T FT R ?i@&(ﬁéﬁ@ B
C(t) — i N RMLi(t)
Ct) = g 6)

R RHED
RRSEEEEIE

o HAE AT PSS AG THEL C, (8) AT C, (t) AL

C(t)=(1-w) C,(t) + aC,(t) (7
A ﬂ%\\i:ﬂ%ﬁﬁbm%ﬁﬂﬁ C(t) i =&/, "dEE-RIR 2 U807
VRSEEL . HH TR TR AR B N R A B 1) AN SR, nl e B R R k AR AL
e fE R T B O RIS 7 2
C(k+1) =C (k) +W (k) (8)
A I 7 7 -
Y (k) =C (k) +M (k) ©)
XA WK) FIM (K) ¥ E A FR A, BAE B, L (8) H1C(k) A&k i)
ZIRHER TR AS &, W v A AN B e A B K BAH, AR ARHER 72
1, (HEFRPRAERTIFAN 1, HEEk Btk X (9 Hy (k) MR HE k B ZI i 5
AN TR L SEMME /R3], HAE N R, (K)/ Ry (K) , TIFRAMHER TIE, M (K)
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W (k) B E R, BMENE, HAEMAL. a8 iR Z i RS
LA T A 4L A (G B4, 2001):

C(k|k)=C(k |k —1)+K(K)[Y (k) —C(k |k -1)] (10)
Ck|k-1)=C(k-1|k-1) (11)
Pk|k-1)=P(k-1)+Q(k-1) (12)

P(k) =[1- K(K)]P(k |k =1) (13)
K()=P(k|k-D/[P(k|k-1)+F(k)] (14)

kgt Ck|K) RARE K i 2R Y () - s 28 K(K) LA (k=1) i 20

FHRAE (K—1) I 20 1 C (kL[ K 1) T 11 66 K 1 %0 C (K ﬁN ‘
B ZI

ZEP A C(k | K) SR C(K | K) Z it 2%,
IR Py 22 A B 7 T 7

KEFESE (2000 2 7 R/REJEH GTFEAH ( )M VEA R, B
b Q(k) A F(K) BT R & M e g GRRBhEE, 2006)ME 2, SKRAEIEN J7 FEd
R B(K | K) B Ay e i 8 Tt .75 T B K 3 554 s B DL B(K | K)
ROSEI 1A HE

1.2.3 o e Rk

HI TR HE DS 1 HAT 22 18]

i FH o L < ik A5 B HE D] 0 22 8] 20 A
TG B SR AE R 5 [ A% e, HLAR
IR RUAL I ERIBHE R T INBCRAS 2, IR

e T C(x, 1) T
A, (Seo, 1998):

C(xt) = iﬂp(xi 1) (15)
A X AU ERE XTS5, N OAREEESE, C(x,t) NER T Rk
FERR AR HEDR -, BTz B A T BRI RN AR, WO HER - C . A R

i 25 ARt i Bt A A v IR 1 5 T AR A 1T A R HE IR P AR, i AUE T EH AR 5 pR
BUHhE, WP T AR S A 2R PR PR . BRIMAEANAE . BT R%
TR 23 (R RS, RSUE DRl 1 25 TR AH 1 5 % a5 B B i S B, P SR FH BR T AR Y 1
54

1.2.4 B BHETE

25 18 I [ 7K 2 18] o3 A ) AN K — M, RIS A2 0 T ik SE B IX 3 rp AN [R] (R
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> > ICG, ) -CG, NI — min (16)
AL ER I N2 AR AR EL C (I, §)
¢’ =min 3.3 {alC )1+ AUGCY (5O an

Kb o WIELE, pOLIRBUE, T A HE R 3 v i e A
PR \

a(c—é)—ﬁ(aa—;c +§y—220)=o (18)

R BEARZR Al D7 RE RS UL IR, AT R A R it B
o E [F) I A ik A i B AL B 2y 100, é)ﬂﬂij‘o
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4 \

1.3 wEDM L
DUHBTE Y &= 1 S E oy EAE, ih R 5 TR IR BRI PR 2 (MED.
SER YRS (MAE). W RIEZ (RM JEWR:

Rei) (19)

_ |RG| _RRi (20)

1 )
\/W — (RGi - RRi) (21)
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FRIE NSRS TEIE, PR Sk T BERR 38 s ol 55 A5 R, e B 20 A
Kl 1 .
El Fi&. #%E, mETNNESH

(J “SR” FIRSEBIR IS, FF1~-8RKS MR, WAL “MLL” F1 “ML2”

ORISR R o P 7 AR AR HE X I ], Dy B 25 B R R B THAE Y A —150km X
50km IEJ7 TR X 48k ] e i 8 Bl DAy Sk BOR U 8 1) 20km &5 B e )
Fig. 1 Positions of the radar, microwave links and rain gauges
(In the figure, the S-band weather radar is indicated by “SR> and the eight raingauges are
indicated by the number from 1 to 8. The two microwave links are indicated by the thick solid

lines “ML1” and “ML2”. The square box represents the area of calibration, which is a
50km>&0km square area. The circles correspond to S-band radar ranges of 20, 40

respectively.)

S B RS H I R ETAIH ~2.85GHz, #RMIVEH460km, 14 $650kw, K
2 = o138 m,  FEES K 1000m, I 5R TR B 90.99S AT A 14
67 B0 58 LM A 2 IR . SE2B6 Hh A FH STk B R
P AT BRI, 75 1 S AT MUV BR AN AL FE, iy

Wu\ S B % 3 PE SR B R U K BARE, AT E AR
P E525km., J7H97° &b %‘!EE%MLH%%@ B ISR FE B 1Tkm. 7H790° 4b,
R R FE126m . HE ML R B41km. HH81° Ak, Wk EE
98m . ¥ 25 it IR B 1) S RIS N7 TGHz, T FLR AL, K 5T T %824.5dBm,
PR T 3.5 R AT i AN A R 2R B, B R N Th 2R RN 2 35)50.01d B,
KA I [A] [A] B% S 60s W B Bhid sk R Z, IE SRR KA
T [ K B % BONAT DATS B B A2 1 O B I (IR MG 4%, 2021

Eeiandis m, X RSB IAS A B, BEBEML24:24.05km, Xf R

FHRE R H IR AR R ML2 A2 B IR 1.
* 1 MBI SRSE LK SRR EX L E

Table 1 The positions of the rain gauges relative to the weather radar and the microwave link

WEiHF S 1 2 3 4 5 6 7 8

HIE L 79 88 86 76 81 78 62 82

TILFEES /km 36 36 28 41 43 47 40 51
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225 /km
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FEPR IR SE BRI KRR R J 7 kEe, B o i S S BOR AR AR FH ek A
MSEF Z = 200R™® S 35 X I B /K 430 A, [ B B PR 2% Bt e B 6 T 2 R &R [20(2)]
S AT T I R O, SRS A P AR DU RS e J7 vk, ) FH Al i R A - 2T W
SENT TR IS KT UE, JES M ETHSEIMEA LR, SR,
3.1 FAKIEHRET . 2016 4F 6 H 1 HFE/KTFE

2016 6 FJ 1 H, MutiXZy 7 —IREMILFE, FF/KM 08:06813:00 H74:
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YRRV 50 ANEF YR . 55 9 BF Yk (08:54) FE5 i o 2 [8] FiSe

-1 -1
-160 -110 -60 -10 40 80 140 190  dBz -10 0 10 20 30 40 50 60 dBz

i e experimgntal area in Fg.2a (The thick solid lines in the figure
T nt microwave links ML1 and ML2 respectively)
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R B AR Pl AR AR, il X I B K AEHT 14 NIFIR (AN 08:06-09:24) Iyt
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Fig. 3 The calibration factors calculated by the mean calibration method and the
calibration method during 08:06 and 13:00 BT, 1 June 201
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Fig.4 In case I, the distribution of the calibration factors calculated by the Kriging calibration
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method at the (a) 13" time point and (b)28th time point, and the distribution of the calibration
factors calculated by the variational calibration method at the (c) 13 time point and (d)28" time
point.
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Fig.5 During 08:06 and 13:00 BT, 1 June 2016, the calibration results of the mean calibration
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method and the Kalman filter calibration method at the position of (a) raingauge 1 and (b)
raingauge 5, and the calibration results of the Kriging calibration method and the variational
calibration method at the position of (c) raingauge 1 and (d) raingauge 5
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Fig.6 During 08:06 and 13:00 BT, 1 June 2016, scatter plots of the rain
gauges against the radar retrieved rain rates (a)using the default precipitation
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Fig. 2 Reflectivity PPI at elevation 0.5<0f the S-band radar at (a) 00:36 and (b) 06:00 BT, 12 June
2016
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mg 08:06 @nd 13:00 BT, 12 June 2016

A, RIREYE ﬁ&@l?fﬁ%@ﬁ&%¢?ly%%f¢&

XL 95 E $¢&@mmﬁk e T B B B B Y RIS R AR B
RHE TS ) PRI IS T R HE AT RU 9o SRR T AHEE, P I R - Bl ) ] AR ALK

B RAEIE IR S PEPE AT HE DR T AN P, BUEAE TS, fERTE X
BT 1.
T SR UEIE AR M UEIEAE S 12 IR (01:12) AIEE 80 Ik (08:00) [H)

FHE 737 9 Ffras:



315
316
317
318
319
320

321
322
323
324
325
326
327

(a) G AREHER 1 CGR120 U0 (b) A ERGE R T CRA20 00

. P 3
y/km 20 y/km

(c) LML ETAREER 1 R80T U0 (d) AROPEREHE - CGR80IT )

50
40
30

20

10 30 10 y/km

0 g0 0 0
y/km 30 yikm 30

E 9 BEAGEIR I P BLRMEETE (2) 8 128DR (01:12) |FAN() % 80 BTk (08:00),
URESRAEEE (b) 55 128K (01:12) F0 (d) 35 80 BHX (08:00) BRIMEIERETF S

x/km

10 0
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Table 2 Statistics of the errors of the four methods
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tween radar rainfall field and surface rainfall

Abstract To reduc deviatio

observations, it i %Nrate the radar rainfall field with surface microwave
links using the vatiational calibration method, the Kalman filter calibration method,
the mean

ibration method and the Kriging calibration method. Joint rainfall
measureme eriments were conducted. The rainfall rates retrieved by two
microwave lin ere used to calibrate the S-band radar rainfall field in two
precipitation cases of different types. The calibration results were then compared with
the measurements of rain gauges. The application processes and effectiveness of the
schemes were also analyzed. The conclusions are as followed. Firstly, all the four
calibration methods are proved effective to reduce the bias between the radar-based
rainfall estimates and the gauge measured rainfall. The problems of the
underestimation of heavy precipitation in precipitation case | and the overestimation
of weak precipitation in case II are both partly solved. The statistical errors

including mean absolute error (MAE). mean error (ME) and root mean square error
(RMSE) are all significantly lowered after calibration. The improvement degrees of
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the statistical errors from high to low are ME. RMSE #1 MAE. Secondly, the
effectiveness of the Kriging calibration method is the best among the four methods.
The performances of the variational calibration method and the mean calibration
method are better than that of Kalman filter calibration method. The Kriging
calibration method is the most effective to reduce ME and RMSE and the variation
method is most effective for MAE. Thirdly, the Kriging calibration method and the
variational calibration method can derive calibration factor fields which vary with
time and spatial position, while the mean calibration method and Kalman filter
method can only obtain a mean calibration factor for each time. These results suggest
that microwave link can be an effective alternative to calibrate the radar rainfall field.
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