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Abstract Existing studies on radar rainfall uncertainties were performed to reduce the uncer-
tainty for each stage by using bias correction during the quantitative radar rainfall estimation
process. However, the studies do not provide quantitative comparison with the uncertainties for
all stages. Consequently, this study proposes a suitable approach that can quantify the uncer-
tainties at each stage of the quantitative radar rainfall estimation process. First, the new
approach can present initial and final uncertainties, increasing or decreasing the uncertainty,
and the uncertainty percentage at each stage. Furthermore, Maximum Entropy (ME) was
applied to quantify the uncertainty in the entire process. Second, for the uncertainty quantifica-
tion of radar rainfall estimation at each stage, this study used two quality control algorithms,
two rainfall estimation relations, and two bias correction techniques as post-processing and
progressed through all stages of the radar rainfall estimation. For the proposed approach, the
final uncertainty (ME = 3.81) from the ME of the bias correction stage was the smallest while
the uncertainty of the rainfall estimation stage was higher because of the use of an unsuitable
relation. Additionally, the ME of the quality control was at 4.28 (112.34%), while that of the
rainfall estimation was at 4.53 (118.90%), and that of the bias correction at 3.81 (100%). How-
ever, this study also determined that selecting the appropriate method for each stage would
gradually reduce the uncertainty at each stage. Finally, the uncertainty due to natural variabil-
ity was 93.70% of the final uncertainty. Thus, the results indicate that this new approach can
contribute significantly to the field of uncertainty estimation and help with estimating more
accurate radar rainfall.

Key words: Radar rainfall estimation, uncertainty quantification, uncertainty propagation,
maximum entropy
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9 Z}(hardware error), #o|E 21 &A 2] L Z(radar
signal process error), #l|°]t] ’“44’3101]7\1«] 9 2Herror
of quality control), A4 7397 3% (Quantitative
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Woodely et al., 1975; Wilson and Brandes, 1979;
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1983; Henderson-Sellers, 1993), Jones (2000)= 715
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2.2 Maximum entropyE 0|28t E&HAM HEst
Entropy (Shannon, 1948)& F=0i% H Ko o]a)
A= XqEE‘:(mformatlon context)ol] Tt o= &7}

574 (unpredictability) £-2 &2 (uncertainty)2
E]:X—] =4 ZX%’%]— I %l H]—H‘j = O]-],}o]]:]_ XJ_H;_E]:

o AR BT FEZE FoAA e, ofd 3
Bl Ay e gEo] Akl ARFE 2 JHo) vt
AgEo] FArpd P IA "ol B x= FE
pE 7R = F2H$] W4 (random variable)2}sta A K

F IX)E B HES =8l d2fshd, entropy
o] 713242 th-# ZErh(Shannon, 1948).
H(X) = = Xpy(x)Inpy(x)
=2 px(0)I(X) = E{I(X)}, )]

Maximum entropy:= Shannon (1948)°] #| A} entropy
O|25 BRSO Z Jaynes (1957)°] W3t o] 2o, of
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Fig. 1. Basic concept of uncertainty propagation: (a) in climate change assessment (IPCC, 2001), (b) in radar-rainfall estimation

procedure on this study.

" Ju7E FolHE o oS e ESUAES 3
slel= GEL =TS A|FSth. Maximum entropy
9] 7]E4e v 7Tt Gay and Estrada, 2010).
n
max,H(X) = - Zl Px(x)Inpy(x,), )
=
subject to
moment—consistency constraint:
pr(x V(X)) = Yy (m = - M), G)

fhormalization constraint:

gpx(x,-)ﬂ (Px(x;)20), @
o7]1A HT‘:— X°] entropy, X= 35 p= /AN E

[e]

9 W, x= W1 X 3 p()e Xo SFEEEET
(probability mass function), fm( Y RHE A|FzA,

ne AEI7\oltk ek Athgh ash HAgh b2 Fol
Z 7d%-9l+= maximum entropy distribution uniform

distribution (Ax) = 1/(b — a))°1™, [a, b] 77+ WA
BE AHAS] BHAFELS FYUs|It) ©]E entropy H(X)
2 JepA ol ¢} Zti(Gay and Estrada, 2010).
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Table 1. Summary of the Radars and Rainfall Cases.
(a) Weather radars used in this study

Item Detail

11 single-polarization radars operated by the Korea Meteorological Administration:
Target radar Baegnyeondo (BRI), Kwanaksan (KWK), Oseonsan (KSN), Jindo (JNI), Gosan (GSN), Seongsan (SSP),
Gudeoksan (PSN), Myeonbongsan (MYN), Gangneung (GNG), Gwnagdeoksan (GDK), Incheon (IIA)
Calibration data  Rainfall cases from June 1¥ to August 31* in 2012

(b) Rainfall cases

Case Period (KST) Source

Case | 20120608 06:00~20120608 19:00 Local rainfall

Case 2 20120615 05:00~20120616 04:00 Changma front

Case 3 20120618 00:00~20120619 13:00 Changma front

Case 4 20120623 13:00~20120624 19:00 Local rainfall

Case 5 20120629 08:00~20120701 01:00 Changma front

Case 6 20120705 04:00~20120707 02:00 Changma front

Case 7 20120710 10:00~20120711 19:00 Changma front

Case 8 20120712 23:30~20120713 07:30 Changma front

Case 9 20120714 08:00~20120715 15:00 Changma front

Case 10 20120716 23:00~20120717 22:00 Changma front

Case 11 20120718 14:00~20120719 13:00 Typhoon

Case 12 20120810 03:00~20120810 22:00 Local rainfall

Case 13 20120812 05:00~20120813 15:00 Local rainfall

Case 14 20120814 17:00~20120816 23:00 Local rainfall

Case 15 20120819 16:00~20120822 21:00 Local rainfall

Case 16 20120822 22:00~20120825 11:00 Local rainfall

Case 17 20120827 13:00~20120828 18:00 Changma front and typhoon

Case 18 20120829 15:00~20120830 23:00 Typhoon
b

H(X) = — [fy(x)Infy(x)dx Table 2. Quality control, rainfall estimation, and bias
Z correction methods used in this study.
_ jﬁlnb i adx =—1In(b — a). 5) Step Description
“ Quality control ORPG algorithm, Fuzzy
B Aol Ak By At 2 Pt algorithm
2 maximum entropy 2 188 o 44 FYE 5 9 Rainfall estimation WPMM, M-P relation (in the
o 94 BE 799] ol Ui dold A9FS BE RAR system)

Rainfall bias correction  G/R ratio, LGC method
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Radar Product Generator) =2d%2] &xZ&3 Ag
<9 T fuzzy EIBFE 483 TH( Weather Radar
Center, 2013). ORPG &2 &1 EL APl =
7F e/ A48 BAYWARE (corrected reflectivity)S
PYHTE to, AR oo Y99S AAS= &
A dxEEoln). Fuzzy €2elES Aoz
H 28§ o] sIEE JEHHTRE o], 71t
v 7)o 22 o] AR S B8l 2 AFES] B7)d
3 a&FrE Qs AR E T ¢
Zo]t}(Weather Radar Center, 2013). #|°]t] 7+-$-F4
< HEA 7178 A EH 9 T Radar-AWS
Rainfall 2F& A|Z="(©]3F RAR A=) ©]8-3F3
T} RAR AlZ="2 U] YA ol E 7o R
£ 5™, WPMM (Window Probability Matching
Method) (Rosenfeld et al., 1993) o]&3}o] 7F-$-A}
ol Beg ZMWIE)-R(E7EE) BAI2 ] w7
5 A7 AA3th RAR Al2EHo] thdlk A g
AP Lee et al. (201425 =z wigdt) £3)
RAR Al2Ho|ME S402 WPMMT BjEo] Z=
200R"%(°13} M-P A2 )(Marshall et al., 1947)2] &
o] 753ttt ol # AFeAE WPMM M-P
AN S AFFHIHOE ARSIt A e 2
FA 2 HA 712 LGC (Local Gauge Correction) 7]
H(Zhange et al., 2011)%} G/R (Gauge to Radar) ratio
71" (Morin et al., 2005)2 #8399 th LGC 7IH&
golt] AP F9-FE RS 7IHOE AgHo
2 BAske - B o] o™, GR ratio
7S AE8AY A9E e R dolr 48 A%
F} A GASL ASFTFe HE ol&st] BA s
= 7Igeltk 7 71l gk AMIgE AR Lee et
al. (2014b)ell Ath.
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2 AeF BN ARt fEuRr oS

ez F & =3 doly A2 FHsinh

a3 FE9E S Ay Y A
J kTl

of W A% 74 Jde vlaslon, AWS 1
AL A A= E o] &3ITh 540 Table 32 18

=
N Aol tiate] Ed ] darElEel ORPGS} fuzzy
THE AF 2Y7IHA GR ratios}
lole] 752 J3AHS 71w

515

Table 3. Comparison of accuracy of radar rainfall estimates
for each quality control algorithm and correction technique.

(a) Accuracy of ORPG and fuzzy algorithms

Accuracy ORPG Fuzzy
RMSE (mm/hr) 8.56 8.32
Correlation coefficient 0.79 0.81
(b) Accuracy of G/R ratio and LGC techniques
Accuracy G/R ratio LGC
RMSE (mm/hr) 7.29 6.06
Correlation coefficient 0.93 0.94

JoltAlg 5)2 YUl A EA T Table 3aclA]
= fuzzy €258 2838 7392l RMSE (Root Mean
Square Error)2} “3#7]5(correlation coefficient)”} 2+
7} 832mm hr'¢} 0.8184 ORPGHT} Ao =
Al YERtTh Table 3bol4E LGC 71HS A83% 7
$-9] RMSE®} #A7F 2+2 6.06 mm hr'9} 0.94
24 GR ratiol ot 7F9-F4 Bl -Fshitt.
Figure 2& fuzzy®?} ORPG £ ¥ 41 &S F
&3t A3= vk Atttk 9 Figs. 2a~c= 2012
@ 7€ 13 0700 KSTO Sallol Gald =do 7
¢7F JSH o2 BAg AlE2A] Fig. 2a®] AWS
7ol ERlE 4 St Figures 2b9t ci= fuzzy
ORPG &8|&S 77t 283 Ax=EA, A90
Fig. 2b= Fig. 2col| Hls] dUlH o2 oA, A4
o4& Fig. 2b7} Fig. 2coll B8 tha 7abA vhet
t}. 3] AGDolAE Fig. 2b8 AF7 AWS &
7ol | 7A EE2EHATE SR fuzzy SarE]
o] A& Fig. 2bollA A @l o7t ¢
AASA &3 FEE AT} Figures 2d~f= 2012
8 28 1020 KSToll A= o2 efE3 Fulr}
Ak AldlolH | Fig. 2d9] AWS #HE7F-$-oll A 24213
= At} Figures. 2e8t = fuzzy®} ORPG €3]
< M7t A8 AHEA, AG9@e} ©4 ORPG
FeEol 48% Fig 27t ¢ A BE=Uh
3] FRAS] AHGS] 9= Fig. 2¢7F o 7HEA
EE2HT Yo AHGEA = Fig. 2bt 5U3HA 2
o =7} Yebytth. o202 Fig. 3 #lolt] 7%
HA7He GR ratio?t LGC 71HS A&3F 432
Bl w3k Alg|olt}. Figures 3a~ctE 20129 7€ 13Y
0530 KSToll &9 @FA9S FAHLE Fnprt o
A3 Ao, Fig. 3a2] AWS #7504 gelgd
T Atk AG9O74 @5 AHEH, LGC 71HS 1§
gk Fig. 3¢7} G/R ratio 71'H& 283 Fig. 3bXEt} 7
s BE2E 3 Jon, AWS F=79d o 7HEA
YebgTh. Figures 3d~f= 2012 8 302 1030 KST
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Fig. 2. Comparison of rainfall estimates between AWS and quality control techniques: (a) AWS, (b) fuzzy, (c) ORPG on 0700
LST on 13 July in 2012; (d) AWS, (e) fuzzy, (f) ORPG on 1020 LST on 28 August in 2012.
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Fig. 3. Comparison of rainfall estimates between AWS and bias correction techniques: (a) AWS, (b) G/R ratio, (¢) LGC on
0530 LST on 13 July in 2012; (d) AWS, (e) G/R ratio, (f) LGC on 1030 LST on 30 August in 2012.
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Table 4. Uncertainty quantification in each step of the radar rainfall estimation for the study basin using the Maximum Entropy

(ME).

Procedure ME Maximum of ME Incremental Ratio (%) to the final uncertainty

Initial uncertainty 4.28 4.28 - 112.34
ORPG 428

QC Fuzzy 415 428 - 112.34
WPMM 3.90 o

RRE M-P 453 4.53 0.25 (6.07%) 118.90
LGC 3.77 o

PRBC G/R ratio 381 3.81 —0.72 (-15.89%) 100.00

Final uncertainty 3.81 3.81 - 100.00

Natural variability 3.57 3.57 - 93.70

* QC, RRE, and PRBC represent Quality Control, Radar Rainfall Estimation, Post-processed Rainfall Bias Correction,
respectively.

0.25 I -0.72

RRE uncgrtainty

ME=4.53(118.90 %)
QC uncertainty
ME=4.28 (112.34 %)

PRBC ungertainty
ME=3.81)(100.00 %)

Initial Uncertainty
4.28(112.34 %)
A 4
Final Uncertainty
3.81(100.00 %)

I

Quality Radar-rainfall Post
control estimation -processing

Fig. 4. Uncertainty quantification in the radar rainfall estimation.

Bl Tembinoll oJa Het= A A& FACE Ax7 TP Fgoerg FAAYE 3 AR o %
o2 7 dAS Ao, Fig. 3d9 AWS &= 7] B34 (initial uncertainty)>. 2 7Fg 3ttt 7k ©
Zdell BRI 4 otk AGQS AW EH, LGC A MEE A i, FA#AGA N4 ORPG ¢l

S 283 Fig. 37} Fig. 3ed o} o 7971 73} 2= MEE 4.8, fuzzy d7EE2 MEE 4.1584

A EEFHANLH, Fig. 3de} 2Fo] HAlolx E5&HS H ME= 4.280]H, glo]H] 758 elelle] WPMM
2 BE Tembin °|SAZE g FAE Zoos g o] MEE 3.90, M-P &A1 4 2 ME‘; 453024
YERN AL T ME+= 4.530|th $48] R AGA A LGC 719
°] ME¥E 3.77, G/R ratio 71%*..34 ME 38124 4

3.3 SN NS Za MEE 3.810|t}. %7 %ﬂmu MEE &3 &

<
ol

_‘VL
é s tlo o

A}t FL3t 42801, #F B2/ (final uncertainty)
o] MEE FAg] 7 %H?’év}?ﬂs} 7re 3812 A
Atk FF B34 MES 100%E a1H TAAE=
12.34%, #l°oly 754 9AE 18.90% B2 o

s

2 AT = 3.249] dold 3 dd
A7 B AFo|A] AAE B3halA A eks) v

23990, 7 A= Table 49} Fig. 49+ 7+
Fig. 1bolA AAISE lole] #Z53 AlsAe] o

feoe 2

Atmosphere, Vol. 25, No. 3. (2015)



518 Maximum EntropyS ©]-8-8t %4 #lo|r] 7574 B34 B4
I -0.25
A 1 T } -013
A
‘WPMM
g 9 ME=3|90(103.45 % _
£ ® F N . X
5 uzzy algorith g
2 S| ME=4.15 (11D.08 %) 53
SR D ES
TW ] ==
- LGC t¢chnique — rl:
E- ME=3/77(100.00 %) g i
v
v r T_ ------------
Quality Radar-rainfall Post
control estimation -processing

Fig. 5. Minimum uncertainty for each step of the radar rainfall estimation in this study.
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