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Abstract

This study proposes a bias correction method of dual-pol radar rain rate in real time using the dual Kalman filter. Unlike the conventional
Kalman filter, the dual Kalman filter predicts state variables with two systems (state estimation system and model estimation system) at
the same time. Bias of rain rate is corrected by applying the bias correction ratio to the rain rate estimate. The bias correction ratio is
predicted from the state-space model of the dual Kalman filter. This method is applied to a storm event with long duration occurred in July
2016. Most of the bias correction ratios are estimated between 1 and 2, which indicates that the radar rain rate is underestimated than the
ground rain rate. The AR (1) model is found to be appropriate for explaining the time series of the bias correction ratio. The time series
of'the bias correction ratio predicted by the dual Kalman filter shows a similar tendency to that of observation data. As the variability of
the bias correction increases, the dual Kalman filter has better prediction performance than the Kalman filter. This study shows that the
dual Kalman filter can be applied to the bias correction of radar rain rate, especially for long and heavy storm events.
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al., 1982; Keenan et al., 1998; Zrnic and Ryzhkov, 1999). TH7]
F/A1e] 27], B, Uk, BE 5 ORI ARE S5 5
UoH, o|Z-Fof 7 |4dA o] B 2 e A
o] 7Fsoltt. Tl =gl Hste] ofjt @I 7R
(Drop Size Distribution, DSD)E & 4= $10] o]t 739574
9] B 7T =kl A A IthRyzhkov et al., 2005b). 733
F4o]| o] &E}= o FHu} lof Tt o] ST == 52 RhA
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1995; Sachidananda and Zrnic, 1987; Cifelli et al., 2011).
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MFBC (Mean Field Bias Correction), LGC (Local Gauge
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2007; Thorndahl et al., 2014; Lee et al., 2015; Kim et al.,
2018).
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It Ejof| 4= Kalman gain®| 5-92.$F S22 31} Table 1
oA AA1H B} Zro] Kalman gain A(t) = AE]o S0 210
TA P(t) 52 0 (¢) O] FEAE SO FRle} AtE]of
2t} =, Kalman gain 524 A E]--537t 5] o] of| S| 2}
S2)9] YFE = Aot 7t A=A A mEet Aol &
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Table 1. Algorithm and equations of the Kalman filter

Steps of the algorithm Equation

State estimate prediction | 7 (¢) = az(t—1)

State estimate error

—(4) — _ T
covariance prediction Pt)=aPlt—1)a’+Q

K(t) =P ()(P(t)+5)!
2(t) =2 (1) + K@) [yt)—2 ()]

Kalman gain

State estimate update

State estimate error

covariance update P(t) =(I—K(t)) P (t)
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t}. wahA o] 219t Z-$- Kalman gain- 0.00] 717k 2] 2
T2 "ot Zehd e eb I " ZASH 8-> Kalman
(1960), Gelb (1974), Box e7 al. (2015)°l|4] E<¢1gk 4= Qlct.
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g E = 7] g e et g Aeaet 29
RG-S FAlOl T80k Aladolth FEATEE =
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A 2g2 7120 g e of il AR I ol e
RYFHAN L2 B o m e S 91t Aot =,
TR E = AR AR R A A Tie]
R 2R H Y S A= A2 2 H o) FH(Wan and

Nelson, 1997; Nelson, 2000; Wan et al., 2000).
TAATEEE O] WA Q1 M2 Fig. 13 Ao} eS8
A2t B AP 2| A Q1 P25 7HI T WA,
Ol A0 e (¢ — 1) SFE NS ot — 1) 2 @A Al
o) e 2 (1) @k B i o (¢) o AiSel o] 8
ot ofuf el zofl tigt AR(1) 2P L], o= AR

2(t—-1) () J
State Prediction State Update x(t)

i

I

a—1) a ()
Model Prediction

Measurement
l y@®

Model Update —| a(t)

Fig. 1. Algorithm of the dual Kalman filter

Table 2. Equations of the state-space model in the dual Kalman filter

PP 3, M-S o) gl WY Bl e
B2 AT F Al S a(r) o 2 ol
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Holek, o Ae|F-L et B o ESE AT
o= 34T 5 A et

Table 2= FALWLE] el 37 23| PSS A
23t Aok el 7 YA 2 7|12 Butg el o) § 4}
stk sht o 4 e B uEs o) 7S o2 |
A AL 2 A ETH Holeh. A4, 75
WA, Jel T 27105 AAFHE G BT 7|E 2y

B2} 55ttt

HRPFA AR B v E AR = 785k
o] B astet 1A AARE e 2 7R = B Y mizi e
FeiFAA AR A5 =Y w5 Alsshe] A
T &St Hl o] 8 HTh BTG AR O] A| AR A
= 2o W77 AR @ AHE A eteA] e=the 7St
o]l -2 F th(Wan and Nelson, 1997). whahA] A7 @ 2F
O] FAR} A A’ @ 2}O] FFARS: HPFAGAIAFloA] 1L
=7 Feth WS AS A, e o4, 1
I HE 2 TR AJH 0] @27 IS A
of ZFHTH= HE BT LY & ohE E4 0|t

Table 3= FHZATFIH O] LS A0 A A A 2]
S Zolet. |2, Rl F A 2] lS5-2 o] Al o] 720t F
Asirtal 7P E ek Al AR A 0] @ 247 gL
ol AFE ] @2} T4t Al S = o A Al o] A
Q2 FAt A = 7 Hr, RS A 2] 0] Kalman

Module State estimation system Model estimation system
System equation z (t) =a(t=1Dz(t—1)+w(t) &(t) :&(t—l)
w(t) ~ N0, Q)
Observation equation y(t) =z(t) +o(t) y(t)=at)z(t—1) +w(t) +o(t)
v(t) ~ N(0,.5) w(t) ~ N0, Q), v(t) ~ N0, .5)

Table 3. Algorithm and equations of the model estimation system in the dual Kalman filter

Steps of the algorithm Equation
State estimate prediction a ()=alt—1)
State estimate error covariance prediction P (t)=P,(t—1)
Kalman gain K, (t)= P;(t) (P(;(t + Q-+ $)~ 1

State estimate update

State estimate error covariance update
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y(t) = Hz(t) +v(t), v(t) ~ N0, S) ®)
17|14 pie AdEESE] Bl o B Q] njsoltt.

FoAZ AAE B o] et A el-a7t R o] 52 tha
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M>[w+ﬂ< 1) —p,}] 9)

— H[x(t {M,m( (1) =) ]+ 0 (t)
[,u +a{v t—1) ,uv}]
= Ho(t) +vu(t) — [u,{,+o¢{v(t—l)—uﬂ}]

2 Aol A Eq. (9)9] 932 AR (1) B3 o] Zhaje} At

2(t) = Ho(t) +o(t) = [, +afo(t—1) —p,}] (10)

AAE RO FAE B} 9, A2 5ol 7] o]
2] BALE ofefe} o] HEF 4 9L
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