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Abstract An iterative ensemble square root filter (iIEnSRF) is designed on the basis of the latest asynchronous algorithm.
In this iterative scheme, the forecast backgrounds at the analysis time and an earlier time are synchronously updated; then,
the ensemble forecast is launched from the analysis field at the earlier time; finally, these two steps are repeated to produce

s B
BRI E

EER-N
BIREE

2011-10-10, 2012-10-08 Hei& & H

AT (5O BHFE I GYHY200806029, 55K H SEAIF AU VR (973) J5IH 2013CB430102, B A1Hr T2 5 I H 1 5
42 708051, [HZK FARFIEEEG VB H 40975068

Tk, Y3, 1985 AR, MRS, ERNFEFETORIFMHIF . E-mail: szwang@ou.edu

X548, E-mail: minjz@nuist.edu.cn



564

PN S

Chinese Journal of Atmospheric Sciences

an iterative analysis of the background at the analysis time. The performance of this iterative scheme is examined using
simulated radar data assimilation with an idealized storm case. The iEnSRF results are compared to those yielded by a
traditional EnSRF. In addition, the performance of iteration involving only the background at the analysis time is
discussed. The results obtained using data from a single simulated radar show that iEnSRF can effectively retrieve the
positive feedback between the vertical motion and the latent heat release in the presence of a poor initial condition that
provides no storm information. This improvement significantly optimizes the balance between different variables in the
initial analysis and increases the convergence speed of assimilation. Conversely, the traditional EnSRF is unable to
retrieve this positive feedback relationship in the initial analysis with the same poor initial condition, resulting in slower
convergence and a larger analysis error. Iterative analysis cannot outperform the traditional EnSRF if the iteration
considers only the background at the analysis time, indicating that considering two backgrounds at different times is
necessary for the iterative algorithm to produce improvement. Results using data from two simulated radars show that the
iEnSREF still outperforms the traditional EnSRF, especially in the upper troposphere. A comparison of the results using
single radar data and dual radar data indicates that the traditional EnSRF cannot effectively use more data to improve the

initial analysis of non-observed variables such as temperature, whereas the iEnSRF can effectively use more data to

374
Vol. 37

further improve the initial analysis.
Keywords

1 3|8

LR IR 280 (EnKF) T 1994 £ 1 Evensen
(1994) HIRGINAZBERFAN, 24 08/53K
AR 3k, ) AE By 7 25 B2 K C Anderson,
2007a), PpJ7ZE s HiAk (Anderson, 2007b) i kR
PR 2550 (Zheng et al., 2006; Li et al., 2009) 2%
J7l e X A4S EnKE B Hi& s, IHAE
RARPEGORHAME 7 550 T k4546 (Whitaker et
al., 2008). 71X ZE JUBE [RG5S, 3 AR T 9
(Tong and Xue, 2005; VF/NKEE, 20065 =A%,
2010a, 2010b) I EnKF BEHE A R v i 4
I3 PRI T IR ORI J R IR A 45 R IR 1S 3 L
AR R . AR1M, EnKF 78X R 1)
N HIEAFAEE R 22 ), 2975 EnKF [F RO .
Horp—An) Ul J& EnKF 842 (ISR NS . X — ]
it 5. Snyder and Zhang (2003) 7E[F{LHLE
IRGORHN I, AR IS 38 03X — 1) AT 3k —
SWHITHE . Cayaetal. (2005) XfEb T EnKF FlPU4E
A5/ (4DVAR) (Sun and Crook, 1997; ¥F/NikZE,
2004) 7ENXEE LT FEAR, &I EnKF %
Et ADVAR A H 5 22 IS IR 23 B A Rk 21 B I ) %
. Kalnay and Yang (2010) F5H, EnKF sZHfx
DA BT AN L AR . G M 5 AT AN
1T, T SR 2 P 7 22 Be AR B SR 22 (1) 5 [A) 45
Ko TIAESERR ORI b, BT H i 58 i) GFS
PR TR HAEIE B 0.5 HEK, 5 Ievlnt K2
P RBURHIE AT HIZ:, DAk EnKF RAEAE RS T

Traditional EnSREF, Iterative EnSRF, Storm-scale, Initial analysis

PR . BRI ERERIRA R RIEER
PR, AR R R AL W EnKE [RIAE A SIoH
FEARME, KRR T O Tt s g il o, BT DA
LN EnKF 32— 25 A et AT IR — )i
EnKF 2 Pt LA GEAEHI UG B A G Y0 5 AR D
FEROR B OL AR b, 2 R ZE BRI
LG S S A A5 30 1 4 A TR AN TF H ORI T SR
ZEV T FEA BEHER AR LSRR 2 W 5 % . [
I, WA AR G s ik = % [R) B AR S [A) (AR Gt 2
X EnKF 15347 7= A 5520 (Yang et al., 2009). [Al
I, ZEXEE EnKF fERIR AT IR, R 22k
WAIE RS CRFEEMEFE)) .. Kalnay and Yang
(2010) KIS ILIX — H by it L BEAT 1) )5 43 H7
(backward analysis), Ml 2 1 7 22 (1) e adt )
7 LT AR TS P AN I IR 2 TR B A ) S 4 B A )
HUPR A R RS . ST, AbATTse v T —AN
TR G AR /R 283 (LETKF) 59% (Hunt
etal,,2007) [FJEHEE (running in place) 7%, fif
B RIP. %7 il TR (no cost) £EHK/RE
P (EnKS) (Yang et al., 2009) SEZHL J5 04T, 46
BB A I 2 2 AR — I R AR, SRS AEIX—
ZIFN G M ISy 2 2 TR A “ ) Ja 20 A — I TR~ ok
SORE TR TS SR 2 T 22, B A SEI A BT IS %)
EnKF 3 #r ekt o o T1% 07 575 2 2o I Bui
DTS [ — R 7112 07 8 TR Al FH AR . 3X— Ak
548 EnKF B PRSI0 B2 8L BeAT H — Xk 1)
FRMP & . {H)2, Kalnay and Yang (2010) #5H,
TEAIIE AL TH IR ZE RIS B0, B SRAEH [F]— 0



3 1 FAIRAE ., RG-Sy MR IR M R OB R A Hh 1R S
No. 3 WANG Shizhang et al. Application of Iterative Ensemble Square-Root Filter in Storm-Scale Data Assimilation 565

DU CAFE 5 3 BT 8RB A2 v LA 32 1 AT I o
AT IR R W12 7 R REA% Nt EnKF [0k
SO, FERCHIN R BE% L 2] 5 4DVAR AR
2K o AT 2 R R FERE A RIP 27,
SRy HbAE A R IR 2 E (LETKF) 752 170 AN
IEFR (12 /NI —IR, 2085 KD A ReMesL, i
T RIP 25, AXFF 50 ANFALIEIR RN AT 8L
X—2ZE R, RIP J7 38 vl 5 5t 16 52 i 5¢ 4]
DABE 93D (1) [RGB PR BT o X T45 48 EnKF
T3 R, T TR BA (4D A (6] 1) B b A0 000 £ B )
R, I HE A REEm 12 N
Y QIIE 7RI DI A ARG 7 o = S INEap e =BT Y5
P, G 7 E AR TR S SIN [1] o IX LERIF Y
AR Ry i EnKF 75X R IR R O B2 it T
RUFZ% .,

T LETKF WiARTE WG R E SRRz
N, DR A (2011) R RIP 7 BAEES
S AR UE J7 2 (EnSRF) (Whitaker and Hamill,
2002) FFIFFERIP (asynchronous) $i% (Sakov
et al., 2010) % T — %X EnSRF (iEnSRF) J7
FURIH EnSRF X —7F W N FEGERHR b
2N EEN T RIP 7 S a] 47 R0 A4k 3%
B JEFPHEYE (Sakov et al., 20100 A] LI i AN [F]
I 200 1) 1) 7 S 1 22 B 2 SR A Y Al 4 AT Bk 200 ) 0
W, JF HAER N T AR EnKF J5%, W EnSRF
s, DA, BARIEAE (2011) FIFIX— 77 %4E EnSRF
BVERESL R SELT RIP 5 S G 00, SEH 40
P Z a1 523% . 5T Lorenz96 3\, (Lorenz and
Emanuel, 1998), 55 (2011) K I iEnSRF &
SEFRL AT P RENS LLAL 4t EnSRF HE A5 %5 [H) fk
Eip R RIINAY ST IE SN A S Iy Y i WSS el
ITITIERIAESE B4 F F, iEnSRF HEWS 0 4T HuF)
FH O J5 AR & TR R SR TH BT . L,
¥4 EnSRF SHE N H Tk 5 & AT 1. [, X
BB (2011) FJFH iEnSRE S JE & K000 1) [H] 4k,
SRR W, iEnSRF A7 78 S0t K )]ORE B2k ]
et Al aedt, PRz R B[Rk R IR A A SRR
VIE S RN NAY S

H+ Kalnay and Yang (2010) Fil[x] % i 55

(2011) HTAE, AICK; iEnSRF (83845, 2011)
BN T RBE) WRF Bk, #5037 Mg R
[N R IE R S /E0 iEnSRF 78 XN
BE R BPT, X — )5 S Rk e R i 54U

B IEVORHA ARG KA K o A SO Hu A% S8 EnSRF
1 AiEnSRF 78 X R T (13RI, H15 i iEnSRF 1)
—ANRFERIE DL BB TERE A 0, X5 805
(2011 Xi%TTEM TRl 5 Tong and Xue
(2005) %} EnKF 7 X RUE T IR0 5T 2R,
YE ) iEnSRF 7E X RE FIHELIIST, A1
e M NI T WIS AL, IR
TR A FAR RS o BEAT BUE K ARG — 7
AT LIS BAE 48 EnSRF BEAT MK [ — I 2 E £ 1)
SR A UG 538, 55— 5 T ] DU 36 ik AR7 &
AT I B 22 R ISR IR B B U R . B i RIIk
AR 5 DK 184 o g o1 B0 ) 00 A AT P 0 %
BMUULAERTAAAG VHR ZE 1B D 3G F (9 i), fEAR
SCHIEFTF, iEnSRF B I A 5 — WK R ER b b
H, BIAGAL EnSRF MIHIAH 4T . SCEEMIEH N 56
THB /v 44 EnSRF R AE 3 Al B8 AR HOKR )
iEnSRF; 5 — #0075 A g0l B 18 0 Rk [A) 4k 356 e v F
i SEDUSAY N SRS IR

2  {£% EnSRF #14X EnSRF

2.1 f£4; EnSRF 7772

1 Whitaker and Hamill (2002) #2H!f#) EnSRF
J7 %52 EnKF H[{)—ANEE1)4) 3, EnSRF J7 5%}
BG4 EnKF SO 7 REEAT 1 %, AT DAAEA
A TR ZE DI IT ZE O S AT IR T4, Tk
G T E B M T ok R SRAE 5 2 B L AR () U
REA L, fRYE Evensen (1994) ¥+, EnKF [H]
NIk = S S TP
X (t)=MX'(t,), (1

P°H'

HP°H" + R
Hrp (D AV GRS 73, X R TR i
WA E, M AR, a REITS, b
REGTFI, @ FR%E i M. (2) A4 EnKF
5B R, Mot HOAR R v W
P°H" =[(X; - X")HX; - HX")"], U 1, W%
GG AT B AR AR B R DO AR P 7 S i
2V % HPPH' =[(HX! — HX")(HX? - HX")'],
RE 1, W R0 Ge v H A B 5 49 3 10 I AR £ 1) 7
FORZEV T 2 RAREMMR Yy %5 vy AREAE
£ IS Z SR AU E AR S J5 19 30 KU . Whitaker
and Hamill (2002) FUAHFE R B W BEAT HE5h 25
FINBOMARFE R 22, FEOITIRZE W 7 ZE4K

X (t)=X"(t,)+ (y;?—HXl.b(tn)), (2




PN S 37 %

566 Chinese Journal of Atmospheric Sciences

Vol. 37

fili, BURIEBRE. wn AN T, B
JSC SR AR AR TR R U T 58, )5t EnKE 73 2111
MR ZE 5 % PP = - KH)P° (I - KH)" + KRK"
MBI N PP =T - KH)P (I - KH)" , [FIFEEAK
TR ZEN T 22, R AT1E& 1 T EnSRF J7 %K
fifRiX—F . #£ EnSRF J5 &, (2) S\ Ay
EAMESPI . FIN, fEiZ7 &, Wk
NG et — U R — A BN s, DAk
ML 11 8 5 AR b V5 T MR 2 B 7 2 R R
URBAL R br s Ro B8 7 AR 0 507 7 R N «

X' =X"+K(y - HX"), (3)

X'=X"-aKHX," (4)

He, XREELGTY, X REEEHHI,
K=P'H'" (HP°H' +R)" REFFK K EWH, a
J& EnSRF g fift v 73 B i 22 Wl 7 25 B ARAG 5T\
NS K, AR W AR RN
a=[1+R(HP"H" + R)'T" (Maybeck, 1979). 7
N o 5, EnSRF (W4 #ri% 2 W )7 22 P* 2 K
(I-aKH)P*(I-aKH)", 5 (I-KH)P"(I - KH)'
+KRK" HE, R T B AP S 0000 1 5 U AL
Iy BT IR ZE T 5 25 (1) i)

EnSRF J7 A /N LB kR, JEHAZ T
ORI 2) T BRI H (Tong and Xue, 2005;
Xue et al., 2006; Xu et al., 2008; Jung et al., 2008a,
2008b), kW] EnSRF RSl H S H T~ rp /) RUEE %%
BHAME . I AEA ST ] EnSRF 5 11 A A&
LETKF 77 & & BEI, A OREF S5 50 ARSI —
B
2.2 iAfX EnSRF

H A 4 A8 A (2011) ikl , iEnSRF 7E448

EnSRF S&Ailt B39 7 — M E AL F R iR B
WAGER, %4t EnSRF (7 [l fb i B2 A8 4 — Mg
AR FE . iEnSRE TAEWAE M 1 iR
FEHT LS T s X0 a8
T WA (X0, X (—An)" Dk ar LU
X" (¢ —Ar) F e — ARG s AR i, AT
X° (53 br 8 AT LLSE AR FE )R EnSRF AU JE
2o XFFE8 7 AL, AR X (e — Ar) B SE BB 43
ESUEWF
X' (t-A)=X"(t—A) +
(X" (1 —At) = X" (1= M))(HX" (1) - HX" (1))
(HX"(1)— HX"(1))(HX" (1) - HX"(1))" + R
(V) — HX (1))
X (t-M)=X,"(t M)~
o X0 (=)= X" (e - A)HX (VHX" ()" HX (),
(HX' (1)~ HX"())(HX" () - HX" (1)) +R  ~

(5

(6)

- N
e X -An=1/NY X (t-A1), « X (5. (6)

530 3. () W RZENTE TR I T AN
R s 2 AR ZE 7 72, AL Res R ¢ I
ZIEIRL F 4 r—Ar N ZIE S 523% . Hunt et al.
(2004, 2007) M)LK WIAE EnKF H448 FH A
A IR () S5 3 Rl T SR 22 W I 25 2 T AT IR,
I HiX—11 5 4E Sakov et al. (20100 i gl
TEB & BRI

{EIEAGH 5, iEnSRF 7R3 #1133 X! (¢ - A1) )5
FILAEN t—Ar BEZIFT0 TS 534 E IR 2 ¢ B
ZIAF B X0 (0)» SRR (3D, (. (5, (&)

YO —

b I obyad | ARG RNE G,
X (t-A0)— X(f) — | furami izt s 5
I

SERN BOER,
H 223475

X a (t)N

Tk RAEER

X @-00)" <X (t-AtY

BEN S+ 1R

K1 iEnSRF LARWREE . 1 3oR3 1IN, BHEEUPEOE NG AR RN t— A AR A LLI A IR 2 LRI Z0, 200 205 23 i )

Z IR AL by as o BHIRIRE R 4. Wil
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