000 20050 0000000—000000000000000—0
0530 020 211-229 oooooo
©2005 0O0OOOOO

Jodouobooboobooboobogbgo

oo oo™ ooo oo*®ooo0 oo??

OoO0 20050 30 310000 20050 80 3100

O g

tobooooooooooboooooooOoOooooboboOoooobooOoboOooboOboOonooon
obooooooboooooobooooooooooobooOooooboooboooooobooOoo
gobobooooooboocoooooboooooboOoobooooobboOooobooOoOoooobooo
gooobooogoboooooogoooobooooooooooooooobooDooo
goboooooobooboooooboooooboooboooooooooooooooboog
gobooooooobooobbooobooDo

gbobbooooooboobooooooooboboooooboboOooobooOooOooboOooOooDOoo
oood

1. 00

0 0O 0O O I Wunsch, 1996; Daley, 1991; Bennett, 2002; D 00O 00O, 19970 000 0OOOO
000000o0oopoooooOoo0O000d00oooooooooDoo000oooOooooo
000000000000 o00o0o0000000000ooOoooooooooOoooDon
0000000000000 o0O00000ooDOo0o0ooOoDoooDooooOoooon
0000000000000 o00o0oD00oo0oo0oooooooooOoooooon
0000000000000 oooooooooo0oo0o0oo0ooooooooon
0000000000000 b00o0ooDooo00ooooooooooooooooOoonon
00000000000 oo0bO00oo0o0o0ooO0o0oD00oo0nOo0onooooDoOon
000000000000 000o0O00bO00000ooooDooDoo0oooooOooDnon
0000000000000 o00oo0o0Do0o0oooOo0ooooDo0oooooDoOon
0000000000000 0o00o0oD00oo0o0o0ooooDoo0no0nD 400000
[ four-dimensional variational] 4DVARIIT] Talagrand and Courtier, 1987; Courtier et al., 1994[]
gooooag

dooddbOo0odoOddoooboodoD0dbDo0DooOoDoooOOooDoOOoOobDOooDOOon
[1J Ensemble Kalman Filteid [0 [ EnKF[I Evensen, 1994, 20030 00 0000000 OO0O
Jdo00do000d0bOO00ooO00bOo0bOo0o0DO0ODObOOo0bODO00bLOOo0obOOoOoDODoOoOooDoOoOn
goddoobobooodooboboooooooobobobobbddddUmdKalman, 196001
Jdd0DoO0od0d200b000d0O00d0bO000DObOOO0O0DOOO0OOoDbOOoODDOOOOn

l0poo000000 000000000000000 106-8569 00000000 4-6-7
000000000 106-8569 00000000 4-6-7
S0DoO0O00mMJSTMOO000000000 M CRESTO



212 oooooo s3000 200 2005

goooooo

J0000bO0000oDOO0DO0bOO000o0DOO0DOO0OOo0o0O0oDO0oDOOobOO0obOoOoDOooDo
J0000DO000O00O0O0O0O0DOU0ODObO0O0ObO00DOD00oDO0oOO0DOoO0ODOoODOOOn
000 M Higuehi, 2003l 00 0000OODOOOO0OOOOOOO0OEnKFOOOQOOGOGQO
O Particle Filtet] O O PF[O Kitagawa, 1996; Gordon et al., 1993; Liull 2001; Doucet et al., 2001;
gd,199;, 00,1960 000000000000 0O0O0ODOO0OO0OO0ODUOUOEnKFO PF
J0o00000O0DO0000O00O0O0DO0ODbOOo00o0oO0DO0oOoOOoDOoDOoDOOobOoOn
J00000DO000O00O0DO0bO00ODO0DOO0DbO0DOO00ODOO0DODO0ODO0O0oDOOoDOOoDbOOOn
0000O0oDoO0oDOooOooOooDoooooooo

gobobooboboobot 200b000boboooboboobobooo 3pgoo
00oo0oo0ooooooooooooooooD 400000000000000000
000000 EnKFOODODOOOODOOOOODOO0O0D 50000EnKFOO0DOOODOOO
0000000000000 D0000DO000000D0000D 60 0OO0OPFO EnKF O
0ooooooo0oo00ooooooooooooooooooooooooooooon
O00000OPFO EnKFOOOODODDODOODODODOOOOOO7TO0O0DODOOOOOO

2. ooooooo

goobooobooobooobuoobobooobboobboobboo

gogboobooboobooboobooboobooboobooboobboobon
goooobooobooboobooboobboobooboobuobbobbooboo
goooobodooooobooboobbobbodboobbooboobboboo
goobooboobbooobooboobboobboobooobobDbobobooboo
gobooboooboobbobooboobobbobbooboobboobbobooo
gbooboobobooboobobibObOLorenz, 1963l 00000O00O00O0OODOOOOODO
gooboooooboboooooboobobooobobobobooobooboobOobobOoo
gbooboobooboobooboooboooobogobooboobooog

gbooooooobobooooboobobobobooboooobooooooboDbo
goobooboobooooooboboboooboobooboooboobooboboooobooo
gooboooobooboooobobobooooboboooooobooobooboboooooo
gooboobobooooobobooobobooobooboboobooboooooooobooo
goobooboboooooboboooooboboboooboboooboobobooboobooo
gbooboooobooboobooooooboobooooboobooooooon

gbobooooobooboboooooboobobobooboboobooooboobooo
gob0ob0oobO0OC0EnKFOOOOOODOOOODODOODOOOOODOOOODOOm™@O
0,1983; 00,19 000000 000oooooooooooooobconoooonoooa
goboobooboooooboobobobooboobobboobobobobooboboobooo
gbooboboboooboobooboboob 2000000 EnKFO00ODOODOOOOOOOD
U000 Evenser] 1994000 00000O0O0OCOOODOOC

Uob EnKFOODODOODOODOOODOOOODLDOObOO0DbOobOoobobLDboOobOoOon
U00000000D0ODOLisaeter et alll 20030 00000000 0O0O0O0O0OO0O0O0DOO0OO
0000000000000000000000000 2x10°0000000000000
gobooobodgbooboboboobobooboboboobooboobboobboboon
00000 Lisseter et al. 00000000 0ODOOO0O0OO0ODODOOODOODOODOOOOODO



gobooooooooooooooooo 213

Jdd0D0d00O0doo0odoDOOdobDOobOO0o0bOO0odDbOO0bOO0obDOoOoooDoOoooDoOoon
1001130000000 boooooboo b ooooooooooao
bbb 3o ooooooooboooooooooooon
000000000000 EnKFOOOOOO EAKE] Ensemble Adjustment Kalman Filter
0 Anderson, 20010 0000000000000 EnKFOOOOOOOOOOOOOODOOO
0000000000 MM EnKS Evensen and van Leeuwer ] 20000 OO0 O0O0OOOOO0O
O00EnKFOOOOOOOODO PFOOOOOOOOOOOOOOOOOPhand 20011
00 300 Lorenz 0000 van Leeuwer 1 2003l OO0 00 O00O0OOODODO OO O Manda et al.
do3 000000000000 oooooobooOooooooobObooooooooooo
ddoooooboodoboobooboooooaa

3. Uobuooobobooooboo

3.1 OO0O0OO0OO0OO0D0OO0
gobobooboooooocooooOoooooooOoOoooboOoOoOoOoboOoOoOoOobboOooooon
obobooooooOooooobooOoOoOoooObo sgboooooooooboooOooooooo
goboooooobooooooboooooooboooooOoooOoooOoOoobboboOoooobooOoa
uobobooooobooooooooOooooboOooobooOooobOboOoobobOOoOoooboDbOboOo
obbooooboooooobooOoooooOooobooOoooboboOooooOobOoOoooboDbOoo
obobooocoooooobocooobooobooooooooooooooooboooOooooonn
obobooooobooOooooooocOooobooOoOooooOooooOoOoOoobOboboOoOooobooOoOon
gooooo
goboooooooooooooooooOooboooOobooooooooooobooOooo
uobboooobooooooocoboooooboOoobooooooboboooobooOoooboobooa
goboooboooobooooboobooboooobooboooooboobooooDooo
gobooboooooooooobooooooooooboooooobobooooboooooo
gopbooobooogoooobooooboooooooobooboooooooooooboooo
gobooooooboooooooobooooobobooooobobooboooobbooooobooo
gobbooooobooooobooooobooooobobooooboooooobboOooooboo
oopoooooooooo
goboooooooboooooobooooooooooobooooobooooooooooon
gobooooooboobooooooooooooooooboooooobboooooboooooDbooog
goboooooobooooooooboooooooobboooboooooDboOoooobooo
gboooooooooobbooobobooboboo

3.2 JOoOoood

gobooboobobooobboobobbooboobuoobooboobobbooo
goobb ez, 0bogoobbogbbooobooobboobbooobboobbooo
oooooooooooooooogoooooo1ggggo Mooooo {g,2,...,.Mp000
oo nbopoOo s;0o0oo000obobD 2000000 (U, v;)OoOoOoOooOoOoOooooDooodg
gooooogoogo

gooboooooooono 00

z=(T1,581,U1,V1,T2,52,U2,Va,...,Tor, Saa, Unt, Vir)

gooooobo n00 0000000 DD 2z, D000O00O0OOOOMODDODOOO



214 oooooo s3000 200 2005

J+1 24+1

£=(T, 8, U V;) \
()

i+1
&= (Tat, Sta1,Uing, Visy)

41 M-1
oo M

01 0000000000000O0O0D0O0DO0DO0000 «(i=1,2,...,M)0000 T;0
0oooo s;0oo0o (U, V) ooooooo

ie{l,2,...,M}00000000000000000 0000000020

xr= (€1T7£QT7"'7£I\T/I)T

0000000 000000000 2,0000000-TO000000OO
ooooooooooooooodfe, 000 n0000 0, 00000 2,00000
ooboooooa

Tn :fn(xn—hvn)

gobooobobooobodby, boobobbobboboobooboobobboboobo
gooogbodoooobobooboobuoobboobobooboobooboobooLbo
o, 000O0OO0DODOOODOODODOO

gogbooboobooobooboooobuoobbooboobbooboobobboboon
gobobooobooboboobboon

Yn = hn (20, wn)

ubobooooOtobobtdw, 00000000000 DOCODOOO0ODOOOOOOOOO0ODOOO0
booooooooobooobobooobobooooomoon,2es@moobobooobobooboboa
goboobooooboooooooobooooo

OO0000 pzelyiim—1)=p@nly1,y2,--- Yn—1)

0000000 p(zalyin)=p(@nly1,y2,---,Yn)

000000 p(alyir)=p(@nlys,yz,...,yr) (OO U T>n)
goooooooooooo0oooboooooooobooobooooooono

gobooooooooooooobooooooboooooboooooooboooboooooon
gooooo



gobooooooooooooooooo 215

oobooooooooob enKFpOOO0OO0OO0OO0OO0000O0CO00O0O0OO00000O0C00
gobOboooooobbooobobooobobooboo

(3.1) Yn = HpTn + wn,

000000000000

00000000000000000000000000000000000000000
000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
000000000 200000100x1000000000000 1000000000000
0000000000000010°00000000000000000000000000
000000000000000000000000000000000000000000
0000000000 10°00 10°000000000

00000000000000000000 2,000 20000 yun={y,...,y»} 0000
00000 #,,0000006000040000000000000000 p(@nly1n),p(6lyin)
00000 00000000000000000000 p(ay. 0000000000
000000000000 0000000000000000000000O0 EnKF O0PF
0000000000000

4. J00OO0O0OO0OO0OOCOOODOO

UO00C0OEnKFOOOOOOOOOOOOOOOOOOOOO0O00

41 00000O0OOOOOOOO
EnKFOOOOO0OO00000000000000000000000000 20000
00000000000000000000000041000000000000 [ 310
000w, O N(O,R,) 000000000
00 n—10000 pl@n-ilyin) 0 NOOODDOOMMDOOOOOOODOOOODO
=, 1, 00000000000000000

1 .
P(Tn—1|Y1in—1) =2 N 25(3%—1 - ‘Tf@l)—l\n—l)
i=1

00000000o00ooo PFOO0ODDOOOODOOODOOODDODDOOODODOOODOOO
yn, 0 0

P(Zn|y1in) :NZJ n|n

IZIDIZI{x(I)} L, OoobOoooooobooooooboooDOoOO0OO0O0OEnKFODOOO

41.1 00000
oooooooooooooOo 29

Do0000 {0, }¥, 0000

.., 0000000000000000000000
Ty = @y 0l), ol ~N(0,Qn).

oboooobo pFOOO0O0OOO0ODOOCOOOOO0ODOCOO0OEnKFO PFOOOOODOCOODOO
goboooboooobooooooooooon



216 oooooo s3000 200 2005

uboooooobOboooOooobooobOoooOoOoobooooboOooooo xsl)nADDDDDD

0000000000000 0000000000 % 00000000000000000
gobobooobooobooobooobboobboon

4.1.2 0000000

gobooooooooooooboooooboooobbooobooogoobboooooogoo
goboooboooobocoooooo

DDDDDDDD{w(z) L, 0N0OR,)0000000O0000O0O0O0O0O0O0O0O0O000O0
goboooooooboocooboood

N
20 § :
n\n 1 xn|n 1 n|

V /(J) /(])T

nin—1 1 n|n 1 n\n 1

1 XN
R, = N1 Zw(J)w;J)T

j=1

0000000000000 0D0DO000000OOOOO0O0
(4.1) Ko =Voin 1 Hy (Hy Vi1 Hy + Rp) ™!
0000000000000 0DD00000000D0D00000NDDDoDooooo

(4.2) 2 =29 4R (yn + wl — Haa!

n\n nin—1 n|n 1)

3000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
0000000000000000000000000000000000000 PFOOO
00000000000000004200 «F 0000000000EnKFODOODOO
000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
0000 PFOOCOOODOOODODODODODDOONODODODOOOOOOOODOODOODO
00000000
00D000000000000000 «Y00@M4200 K, 00OM420000 w0
0000000000000 00000000000000000

413 0000O0OOOO0OOOOOO
EnKFOOOOOOOODOPFOOOOOOOOOOOODOOOOOOOOOOONONOOO
00r»,=00000000000000 {3}, 00000000000000000000
000000000000r=000000000 2 000000000000000000
00000000000000000000O0000000000000000000000
0000000 @MO000D0D000D0DODO0DODO0Oo0O000000000NNNonmoooo
00000000000000000000000000 NOOOOOOOOO00 2,000
0000000000000 C00000000 M Evensen, 20030 000000000000
0000000000 00000000000000000000000000000000
0000000000000 00000000000000000000000



gobooooooooooooooooo 217

42 O0O00OO0OOOOOOOO

OO0000EnKFOOOOOOOOOOOCOOOO0DODOEvensen, 200300000000
obobOodoboooboooooobocOooboOoOoboOoO0ooO0oOoOonodOnEvenserd 200300
gobooobooooboocooooo

oboooooobooooboocooonod

1 . . .
NXn\-lN:[mn|-7xn|-7“'7xn\-]7
1
X;l‘. ZXn|. - NX"\'IN’
Wn:[w£1)7w512)7~“7w'£1,]v)]7

Yo=1[yn,--,yn] (o0 NODOOODODO).

00001y 000010 NxNOOO#, 00{}¥,0000000000000000
0000000000

Vel = X0 X4, Ra= WL W,

1
N-1
gooboooboonobOd4g.etd

Xn|n :Xn|n—1 + Vn|n—1Hg(HnVn|n—1Hg + Rn)_l(Yn + Wy — Han|n—1)
gooboooboooobooobooboo
(4.3)

1 1 T T ’ T | p -1
Xn|n :Xn|n71 + an\nfl (I - N1N> X;L\n—lHn (H’nvn\nlen + R")
X (Yo + Wy — Ho Xpjn_1)
=X (L + Xijn 1 Hy (Ho X 1 X1 Hy + Wa W)™ (Yo + Wa = HoXpjn1))
gooooooooooogd
In X1 =0

cooooooooooom43moodn z,,., 00000
(44) Xn\n :Xn|n—1Zn|n—1

ooooooodz,,. O NxNOOOOOOOOOOOOOOOOOo 2000000000
goboobdooboooboob11ggboobboobDbotEnkKFO oo bbo o
goobooooboooboobbuoobbooobuooobooboboobobo

prOOOOOOODODODOOOOPFOOOODLDDDOOODDDODOOOUOODDDDOO
gbdgbooooboboboobobuobboooboobuobDbobobobbU0l UEnKE
ooooooooooood X, 0000 pPFO0OOOOOOOOOOO00000OD4.4000
gdo

Xn\n = Xn|nflzn|n71



218 oooooo s3000 200 2005

0000000000PFOOOOOOO Z,,., 00000000000000 1000 1
000000000 00000000000000000 Z,,,00:0000010000
2 _,0000000000000000000000

4.3 ODO0O0ODOOOOOOOOOO
0000000000000 O Ensemble Kalman Smootherd O 0 EnKS PF O 0O 0O O
000000 Particle Smoother O O PSO O O, 1996; Kitagawa, 19961 0O OO O OOO
00000000000 LO0O0O000oooO0 n(n—L<n'<n-1)0000
= _ 1 al (¥ R (4) " T T ~ T |, 1
Lﬁn__ﬁr:i»(E:ngn_lxnm11Xxnn_lxnnﬂ )ILJEQV;nyHn4Rn)

nin—1

=1

X

oooooog 9

illlnDEID nO000000COO0DOCOO0ODOCOOOCOOO0OOO00O0DOC0O
goood

(45) Xn/|n:Xn’\nflzn\n71

000000000000000 Z,,,0 EnRKFOOODOOOO0000000000000
M 440 Z,,_, 0000

O000EnKS0000000000000000000000000000000000
0000000000000PSO0000000000000000000000000000
000000000000000000000000000000000000000000
00000000 EnKFO PFO0O000000000000000M 4500000 EaKSO
PSO000000D0000DOO0OO00

5. EnKFUOQOQOGog

51 00000OOOOO
00000000000 0EKFOOOOODOOOO0O0000000000000000
000000000000000000000000000000000000000000
0000000 Burgers et al., 199811
002 ,000wY020000000000000000000000000000
0,0 1,1 000000000000w, 000000000000000000000O0O
N—-ooOOODO

N
1 ; N
N § ‘Tv(@l\)n—l Tnln—1, Vn\n—l ’ Vn|n—17

i=1
1SN .

NZU}S)—M, R, — Rp
i=1

0000000000000 zap-1, Vap— O
xn|n71 - E[xn|y1:n71]7 Vn|n71 - E[(:L'n - xn\nfl)(xn - xn\nfl)T]

0000000000000000000000000000 K,OOOOON — o000 4.10
0 K, O

K, — K,



gobooooooooooooooooo 219

obooooooooooooooooooooonooon z,,0
i'n\n—>mn\n—1+Kn(yn_Hn$n\n—l):mn\n

gogobooobooobooobbooboboobboobboobbooo
gobooobooboboobooboobooboobbooboobbobboboon
gooboooboooboobbuoobbooobuoooboobobga Vn‘nDD

Vol _12{ = ) (@), = Eagn) T}

N
N N 1 N )T 1
= (I = K Ha)Vajnos + 5571 AU = KnHa) (@l ) = &nnr)ul K
i=1
+ Kn (Z)( ,E:.‘)n,1 - i’n\n—l)T([ - [A(an)T}

(Kn - Vn\n—ng(HnVn\n—ng + Rn)_l)
%(I*K H, )Vn‘n,1

( —121”(” ot = Fainr)” zO)

— (I = KnHn) V-1 (N —o0)

000000w,02,000000000V,,000000000000000000000
0000000000 V,,00000000000000M410000000000000
00000000000000000000 R O000O0O0OO0O0OCOOOO0ODOOOOO0O0
0OR, 0000000000000 O0COD 2000000000000000000000
ooooo

O00Evenser] 1994 00 000000000000 42000 «» 00000000
000000000000 V,,0

Vipn — (I = KnHy) V(I — Ko Hy)T (N — 00)

0000000000000 000ooooooooogddd Burgers
et al., 199811

O00D0D0EKFOOOODOOOODOO 200000000000000000000
0doDo0oooooooooooooo0oooooooooooooooooooooag
000000000000 00EnKFOOOOOO N—ooOOOOODODOOODOODODOO
gooooooooa

5.2 JO00O0OOOoOooboOoOoood

prO0ODOOODODOOODLOOOODODODOOODOOUODEKFOODOOOODDODOO
goobooboboobbooboodoobboobobbobbobbobobooboo
h, DOOODOOOODODOOODOOODLDOOOODOOODLDM 3™ H,OOOODOO
gooboooogbooboboobooboobooboobboobbobobboboboboboo
gobobooboboooobooboobooboobobboboboobboobbooboo
oboboOoobO00dlMEvensen, 2003l 000000 DO0OO0OOOOODOOO0OOO

(5.1) Fn = [, hn(za) "]



220 oooooo s3000 200 2005

goboobooooboocooooobooooon

&n = [fo(@n—1,0n)" hn (fa(@n1))"]" = fa(@nz1,0n),

Yn = [Oixk, Lixi]Tn + wn = HpZpn + wn

obooooOocooooooboOobOOo0onO0ooDOn £!00000 zn,y. 0000Lx, O1
oobobooboOoox 00 k000000000000 O00000000O00O00O0O0ODO0C0O0O0
oobooobooooooooooooooon

0000000 en=yn — HnZppn—, 00000

Cov(n,en) = Cov(xn, Hp(Zn — Znjn—1) + wn)

= COV([Ik:Xk:Ole]fényHn(fén - in|n71) + wn)
1
TN-1

1 )
= mX;|n,1X,{L|n_1HE7

1 -~ ~ ~
VELI‘(En) ~ H(HYLX;LML—lX'rILTnleE =+ WnW,,;r)

ooboooooobooooooo

~ ~ T ~
[Ierkrykal]X;L|n71X7,L|n—1Hg

X’n|n = X’n|n71 + X':L|n71XTIL’|I‘n—1ﬁg(ﬁl’ﬂX':ﬂnlevaTn—lﬁlg + W’"«WT’LI‘)71
X (Yn + Wn - ﬁnXMn—l)

oobobooooOoooooboooooooOoO0o0 enKFOOOOOOOOOOO0O0oOoooo
oboooooooocOooooooooboooOoooOboOoOooOOOoOooooboOo0ono 2000
goboooooooboobooooboocoobOoobOboOoobooOooooooao

6. PFOODODO

6.1 OO0

U0000EnKFO PFOOOOO0OOOOOO0OO0OO0O0O0O0O0O0O0O0O0O0O0O0O0O0O0000
oboboooooooooobooooooooooooooooogooooooooood
gboboooooooooooopPFODODODODEnKEF OO

U 0000000000000 000 200000000000
U 00D0o0o0o0oooooooooo
000000000000 000000ooooooooo

oboboooobooooooboo 200 prO0OOOOODOOCOCO 100 EnKFOODOOOO
oono

EnxKFOOQOoOOOoOOooooobobooooob2000000000000DO0O00000
EnxKFOOOOOOOOoooooooooooobobooooboboooooooooboooono
gobooooooooooooocoooobobooobooooobboOoOooobOoOoooobooo
goboooocooobtEnKFODOOOOOOOOOOOOODOOOOOOOOOOOOOODOO
ubooooboooooooobooooboooooOooOooOobOboOoprOOODOOOOOOODO
goboboooobooocoobobooobooooboooOobooOooobOoOoOoOoOoOoOooPrFOO
goooooo

2000 EnKFOOOOOOOOOOOOOOOOOOOOODOOOOOOOPFOODOO
goboooooboogoooboobooooooooboboooooobbooooooooooboo



gobooooooooooooooooo 221

goobooboooooobooboobobobbooooboboobooboboooobooo
gooboooooboboobobobooboobobobobooboobbooboboobooo
gooboooobooboboooooboboobobobooooobbooboDobobooboobooo
gbooboooboobooboboobobooooooboboboo™@boooooboobooobooo
gbooboooooooboboooboobooboboooooboboooobooboboooo
U0OExKFOOOOOOOOOOOOOOODOOODODOO0bO0obOO00om41oooooD
gooboboboooooobobooboobooboooboobobOobOo pPOOCODOD
gooogoooooooboboobobooboobobooooooboboooooooboooo
goboboooooboboboooboobooboobobobbooboobobobooobooo
gooboooooobooboooooobooboobooboob prO0bOobCobooOGg

jgbooobooooboobboobbobboobbooLoboobbooboobbo
goobooboobuoobobbobobooboobobboobooboobbobbo
googooobooooobbboooooonbom4sogbbbbooobboboo o
goboboobodbibeEnKFOOOooooobooboobboobbobbooboo
gooboobobooooboboobbooboobb pFOUDOOODDOOODDOODRODOO
gooodooooobobbobboboododdoooobb bbb oUL B
goooobooobooobobooobbboobobooob bbb bomboooo
010°~10*000000000000000000000000000000D000000
goooooooobobooobobboooobboooobLbbooobbboooL o
gbobobobobobob0obobO0obO0obO0obObOlORejection Controll Liu et al.,
vegoooboobooooboboboobobobooobobbobooobOoboon
gooooboooooobobboooobboooobLbbooogbbbbooobLbobo
gooboobuoooboobbooboobbobboobooboboob PFODDOO
goobobooooboooboobuoo pFOOOO0ODOODODOODDOOODDOODRDbDOO
gbooboooooooobogoogon

6.2 0O0O0O

JOb0000000o00oO0o0d0ooDOoDOO0bOOo0oO0ODOO0oDOoDbOOoODODOoDODOoDbDOoOn
000000 EnKFOEnKSOPFOUOO PSOOOODOOOODOOOODOOODODOO

0b0 4. 0000O0O00000000O00000b00b0DO0O0O0OO Carlin et al., 1992;
Gordon et al., 1993; Kitagawa and Gersch, 1996; Kitagawa, 1998[]

25, —1

—5— +8 1.2 n
1+Ii71+ cos(1.2n) + v

1
ITn = 53Tn—-1 +
2

(6.1) Yn =32 + wn
zo~N(0,5), wv,~N(0,1), wn~N(0,10), n=1,...,100

gbooboobooboooooobooboobogo 20000
gogboboooboobb200bboobobooboba

O @Me1MOD00z, 0000
[0 Me1MDOO000000 2 0000000000000000M Kitagawa, 199800 0 O
0000o0oooooooooon

EnKF OOOQOOOMs1@ooooogoooboodbooobbobooboooboonoo 2
goobooobooobooboboobooboooo



222 oooooo s3000 200 2005

20

observation e

02 00wy, 000000000000 9,0000

01 OOO0OOO0OoooooOlcoboOOOOOOOOOOO

T YTV PF EnKF PS EnKS

100 1841.76 | 2853.11 || 567.84 | 1618.73
1000 1710.01 | 2779.09 || 404.90 | 1470.93
2500 1701.90 | 2771.28 || 397.03 | 1447.65

6.21 JOOOODOOOOOOO

gobbd ey, 00000000 bOl EnKFOERKSOPFOO PSOODOOOOOOODOO
goboogn NvO 1o0,1000,2500 U0 0000 DO0bOOO0bDOo0obDoonog oo yn
gooobooobooobooobuoob =z, 200

100

Z(i’n - wn)Q

n=1

goooobooooooooooooboooooooooobz,00OOO0OCOOOODOOOO
goboOobOOO00OEnKSOOO PSOOOOOCOO LO 200000

goboooooo1000o

goooooooobo 2000000001000 000ooooOOb0bo00o0oOo0ooooooo
goboobooooooboooboboO0oOUOEnKFOOO PFOEaKSOOO PSOOOOOOOO
goboboooboobz2000000000000b00O00DOC0C0000EnKF OO0 PFOEnKS
oobOpsOO0O0O000O0O0O0O0OCCOODOOOOOOOOOOOOOOOOOOODOCOO
gbooooocoooopFOO0O0 PSOOODOOOOOOOOOOODOOODOOOOOODOO
boooboooooooooboooprFOO0O0O PSOOOOOOCOOOCOODOODOOOOO
uobobooooboooooooobooOoooOoOoOooOboOoOobOoOoOoboOoOobOoOooOooboDbOoo
gobooobooooboooooboooooobooooobooOoOoooboOooboooooobooOoo
gobooooboocoOoboooboooooooon



gobooooooooooooooooo 223

20 " " " "
0 20 40 60 80 100

03 00z, 000000000000 2,0000 EnKFOODODOODOOOO PFOOO
oooooo

U0O0OEnKFO PFOOOOOODOOOOO 2z, 0000000000300000000
gobooood eoOO0OO0OOCOOO0OO0OD 2, 00000000000 EnKFOPFOOO s
gooo

goboboooOoprO0OO0O0DOOO0O EnKFOOOOOOOOOOOODOOOOOODOOOO
Ub0tdtbEnKFOoooooo z, 000 2z, 0000000000O0n=45000000 2,00
uoboboooobooooooocobooooOoOooOboOoobooboOooobOboOooooDoboba
U0z, 0000000000000 Doucet et al., 20010 00000000CO0OOEnKF
gooooooobooobooooooooooooobooboboDbboooooooDooOooooon
U00D0OEnKFOOOODOOOOOOOOOODOOOODOO0OOOOO00ObOOOoOoooDOOoo
gobooboobooobooooboooo

6.2.2 JUO0O0O0OOODOODODODODO
gobooobooboboobooboobbooboobboobobobbobbobnbon
gooboooboooboooboonbo
Tn| %mn_l—&—f_ﬂ;’;*i + 8cos(1.2n)
9" Hn—l
xONN(O75)7vnNN(OyeXp(en))790NU(7276)

Un

Jr

Un

O000exp(dn) D v, DO0ODOO0ODOOOOOODODOOOOO G, 0O00O0DOOOOOOO
6, 000000000 exp(én)DDDDDD v, DOOO0ODOOOODOOODODO

1 N
IS (i)
On N He” ’

000000000000 10000000exp(d,)0 1000006, 00000000wv, 0
oboooi1obobooooooooooooooooOoooooooboOoobooOoooobooOoa
Ud0uw,=00000000000000EnKFO0 w,=00000PFO0O0O0O0O0O0OOO
000000000000 ¢, 0000000000000000000000000000
gooooboooooooboboboooooooboboooooobooooooooooooooon



224 oooooo s3000 200 2005

02 000000000 6pO0000010000000000000000000

PF | EnKF | BUffES

SE 0.021 | 1.334 | -0.020

FEHE(EZE || 0.662 | 0.933 0.568

" integration
EnKF

PF

0.75

0.5

. . . . 40.25
[¢} 20 40 60 80 100

04 EnKFOO PFOOO0 6, 0000 000000000000000000 EnKFO
00000000 PFOOOOODOOOOOODOODOD 60,0000 exp(bn) 0000

goboooooooooooooobooooOooobooOooooooOooOoboOOoOoOoDbboOooo
oooooooooooooooo prOO N(0,00025) 0000000000 0O00O0O0OOO

000000000000 0u,=00000y1.10000000000 610000000000
oboooooooocoooooobooooboobooOoooboooooooooDoooOoOoooon
goboobooooobooooooobooooo

goboboooooboobooooooosobbOObCOObOOOOOOOOOOOnOn 00
U0y, 000000000000EnKFOOOOO0OO0 u, =000 0OKitagawd] 19871 O O
uoboboooobooooooocoboooocOooooOobooOooobObo0oooboobooOooboOoobooo
0000000000000 00000000 200000000600 0000000000
goboocooooooooo

goboboooooboooooocooboOoooboooobo prO0OOO0ODOOOOOOOOOOO
goboboooobooOoOoOOoOobOOOCOOOOOOOoOOCOOOObObOOOOODOOOO
ooboboo40000000C00D0C

gooooo nIZII:I{Hﬁlj)};\’:lDDDDDDDDDDDDDDDDDDD 5000 60000

O00nrn=10000 EnxKFO PFOO0O0ODOOOO0OOOOCO0OODOERKFOOOOOO
gooogoboobooooooobogoooboboOobo20b0b00oboooooooooooPrFO
gooooooboooootbobobboOobbo0oobooobboboboooooooboOoprprOO
goboboootdoobboOoooboOoboOooobOoOooooobbooooooboooooDooboo
ooo



gobooooooooooooooooo 225

200

150 /:%:1%.;5!:!
LTS IR
number of ’5,;4.0','»'4","‘ 7S 05 0
100 (T1117] 7 N 7
ensemble (AL A 7~ ] (N Vi 7
I L B e P T ettt a7y 20
members iii:’:”.'.'i"illr, RS "‘Q'.V.“:::.'.'.'.'." 40
SN i AN NN S NI et e/

60
L[ 2T
2 1 0 1 3 R e,

4 5 100

~7

/ 77 i 4{} i’
i ¥ e o B Ay RN A AT
fr T NN
LT AT T *,Azﬁ.-:.:::":::::

0 5. EnKFOOOO {6}, 000000000 »000000 6,000000000

gooodao
200
150
e mEbg,
NNV e as Tandl L IDaanglih,
number of ) N\ T 7 735 T T
w0r A8 e
e 77

ensemble
members 50

AT 77
i e 20

77
i
= e

..........'......".'.'.'

06. PFOOOO {Gslj)};.\’:IDDDDDDDDD ndO00000 ¢, 0000000000
ooooo

6.2.3 OO
gogbgoobooboobobboobobboobo 2bogbooboobooboon

00000 PFOO0020000000000000001000000000000000
000000000000000000000000000000000000000000
0000000O0ENKFOOOOOOOO0O0O0OO0O0O000000000000000 2000
0000000000000000000000000000000000000000PF
000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
ooooooo
20000000000000000000000000000000000000000
00 PFOOO0O0O00O0O00000000000000O0OOOENKFOOOOOOO0O0O0O
0000000000000000000000000000000000000000000
0oooO0{eY}Y,00000000PFOO0O0O000000000O000000 EnKF OO
000000000000006,000000000000

000000OPFOO0O0O0O0O0O0O0O0O0O000000000000000000000OO
000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
0oooooooo0



226 oooooo s3000 200 2005

7. OO

gobobooooooooooobooooooooooOooooocOoooobobocOooboooOooon
goboooocooooooooOOoCcOooO0ooODOo0oOooDOD EnKFOOOOOOOOOO0OOd
uooooboprO0CO0O0DOO0O0DOOOOOOO0ODOOOOCOOOOODOOOOCOODOO
obboooobooooooooobOocOoOobooOoobooooobOoOoOoOoOoOoOoOooOoPrFOO
uobobooooobOocooooocoOooooOoOooboboOoOoboboOooobOboboOoOoboOoDbOoo
goboboooobooooooocooooboooOooobooOooooOoboOooboOoOoOooooobooa
uobobooooboooooooOooooooOooOooobOOoboOoOoOoOboOooobOboOoooboDbOoo
gbooboooobooprOO0O0OO0O0OOO0COO0OOOO0COOOOODOOOOCOOOOOODOO
uoboboooooboooooooocOooooooooboooooobooOoobobooOoooobooOoa
00000000000 van Leeuwen, 20030 00000000000

booboooboooooodoodoooooooooooooooooooooood
obooooboooooooooooogoooooooobbooooooooooood
obobooooooooooooooomoooooooooooomoogooooaad
U0b0O00EnKFOOOOOOOO0OO0O0OO0O00O000O00000000000000004
[ Evensen, 20030 0 000000000PFO EnxKFOOOOOOOOOOOOOOOOO
gobooooboooooooodon

0 oooooooooooo
0 oooooooooooooo
0 o00o00000ooO0o0ooooooo

oooooooooooooooooooooooooooooooooooooooooon
JdoodooooooDooodoooobb0oooooooObo0ooooooooooooo
oooooooooooooooooooooooog

OO0O0OPFO ExKFOOOODODOODODOOODODOOOODOOODOOPhant] 200100000
EnKF 0O smooth bootstrap] Efron and Tibshirani, 1993; Stavropoulos and Titterington, 20010
0000000000000 0DO0oDO0DbO0o0oD0DO0oDO0bO0OOoDOO0oDOobOooOooooOoon
ooooDoooooooon

gooo

0ooooooooooooooooooooooooooODOmJST/CRESTCOOOO
uobobooooobooooooooocooooboOooobooooobOboooboboOoOoOobOoDbOoo
ooboobooooa

goooogn

Anderson, J. LU 20011  An ensemble adjustment Kalman filter for data assimilation, Monthly Weather
Review, 129, 2884-2903.

oo 0DO0DO00OO0OD000o00m@oOoooooog

Bennett, A. F[J 200200 Inverse Modeling of the Ocean and Atmosphere, Cambridge University Press,
Cambridge.

Burgers, G., van Leeuwen, P. J. and Evensen, GO 19981 Analysis scheme in the ensemble Kalman
filter, Monthly Weather Review, 126, 1719-1724.



gobooooooooooooooooo 227

Carlin, B. P., Polson, N. G. and Stoffer, D. S 199201 A Monte Carlo approach to nonnormal and
nonlinear state-space modeling, Journal of the American Statistical Association, 87, 439-500.

Courtier, P., Thepaut, T. and Hollingsworth, AJ 19941 A strategy for operational implementation
of 4DVAR, using an incremental approach, Quarterly Journal of the Royal Meteorological
Society, 120, 1367—-1387.

Daley, RO 19910 Atmospheric Data Analysis, Cambridge University Press, Cambridge.

Doucet, A., de Freitas, N. and Gordon, N[J 2001l An introduction to sequential Monte Carlo meth-
ods, Sequential Monte Carlo Methods in Practicell eds. A. Doucet, N. de Freitas, and N.
Gordonl] 3-14, Springer-Verlag, New York.

Efron, B. and Tibshirani, R. J.O 19931 An Introduction to the Bootstrap, Chapman & Hall, New
York.

Evensen, G.0 199401 Sequential data assimilation with a non-linear quasi-geostrophic model using
Monte Carlo methods to forecast error statistics, Journal of Geophysical Research, 99, 10143~
10162.

Evensen, G[J 200301 The ensemble Kalman filter: Theoretical formulation and practical implementa-
tion, Ocean Dynamics, 53, 343-367.

Evensen, G. and van Leeuwen, P. J[1 2000C1 An ensemble Kalman smoother for nonlinear dynamics,
Monthly Weather Review, 128, 1852—-1867.

Gordon, N. J., Salmond, D. J. and Smith, A. F. MO 199301 Novel approach to nonlinear /non-Gaussian
Bayesian state estimation, IFE Proceedings F, 140, 107-113.

godoi1996l O00D0D0O0OODOODOODOOODOODOODODOOODOOODOOA44, 19-30.

Higuchi, T 2003l Data assimilation with Monte Carlo mixture Kalman filter toward space weather
forecasting, Proceedings of International Symposium on Information Science and Electrical
Engineering 2003, 122-125.

Kalman, R. E[J 19601 A new approach to linear filtering and prediction problems, Journal of Basic
Engineering, 82, 35-45.

gooflies3l boooooooooo™@ooooooog

Kitagawa, G[J 19871 Non-Gaussian state-space modeling of nonstationary time seried] with discus-
sionl] Journal of the American Statistical Association, 82, 1032-1063.

Jo0oddieeell O0DODO00D0ODOO0ODOODOODODOODODOOO0O00O0O0ODOOA4, 31-48.

Kitagawa, GO 1996[1 Monte Carlo filter and smoother for non-Gaussian nonlinear state space models,
Journal of Computational and Graphical Statistics, 5, 1-25.

Kitagawa, GJ 1998[1 Self-organizing state space model, Journal of the American Statistical Associ-
ation, 93, 1203-1215.

goO0o0d20050 DOOOOD0ODODO0mMbOOobOOobDOoog

Kitagawa, G. and Gersch, W[ 19961 Smoothness Priors Analysis of Time Series, Lecture Notes in
Statistics, No. 116, Springer-Verlag, New York.

Lisaeter, K. A., Rosanova, J. and Evensen, G 2003L1  Assimilation of ice concentration in a coupled
ice-ocean model, using the ensemble Kalman filter, Ocean Dynamica, 53, 368-388.

Liu, J. SO 20010 Monte Carlo Strategies in Scientific Computing, Springer-Verlag, New York.

Liu, J. S., Chen, R. and Wong, W. H[J 19981 Rejection control and sequential importance sampling,
Journal of the American Statistical Association, 93, 1022—-1031.

Lorenz, E. NI 19631 Deterministic nonperiodic flow, Quarterly Journal of Atmospheric Science, 20,
130-141.

Manda, A., Hirose, N. and Yanagi, T 20031 Application of a nonlinear and non-Gaussian sequential
estimation method for an ocean mixed layer model, Engineering Sciences Reports, Kyushu
University, 25, 285-289.



228 oooooo s3000 200 2005

Pham, D. T 20010 Stochastic methods for sequential data assimilation in strongly nonlinear sys-
tems, Monthly Weather Review, 129, 1194-1207.

Stavropoulos, P., Titterington, D. M.[J 20011 Improved particle filters and smoothing, Sequential
Monte Carlo Methods in Practicd] eds. A. Doucet, N. de Freitas and N. Gordonl] 295-317,
Springer-Verlag, New York.

goboooobOeyr DOoOoUoobOoOobOobDOobO1o0ooobUobDUoobOoboobooag
0043, 1-16.

Talagrand, O. and Courtier, P[] 1987[1 Variational assimilation of meteorological observations with
the adjoint vorticity equation I: Theory, Quarterly Journal of the Royal Meteorological Society,
113, 1311-1328.

van Leeuwen, P. JO 200301 A variance-minimizing filter for large-scale applications, Monthly Weather
Review, 131, 2071-2084.

Wunsch, C.00 199601 The Ocean Circulation Inverse Problem, Cambridge University Press, Cam-
bridge.



Proceedings of the Institute of Statistical Mathematics Vol. 53, No. 2, 211-229 (2005) 229

Data Assimilation: Concept and Algorithm
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The data assimilation technique, which was developed for meteorology and oceanog-
raphy, aims at accommodating states of a physical simulation model to observations. It is
motivated to provide a good initial condition for the nonlinear simulation model and to
realize an online model parameter estimation. To attain these purposes, sequential data
assimilation such as the Ensemble Kalman Filter is used. Compared to the Particle Fil-
ter, the Ensemble Kalman Filter has a similar methodology in view of the ensemble-based
method, but it has different structures. For example, linear calculation is done instead
of resampling at the filtering step and approximated probability density does not con-
verge to real probability density even if the number of ensemble members goes to infinity
in almost all cases. This paper reviews the concept of data assimilation, and formulates
using the nonlinear state space model. On the basis of this formulation, the Ensemble
Kalman Filter is reviewed, focusing on the difference and similarity between the Ensem-
ble Kalman Filter and the Particle Filter. After the review, we demonstrate assimilation
experiments of nonlinear observations with small scale simulation and the superiority of
the Particle Filter to the Ensemble Kalman Filter under these conditions. Applicability
to actual systems including nonlinear observations is also suggested.

Key words: Data assimilation, Particle Filter, Ensemble Kalman Filter, state space model.



