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Implementation and Testing of a Hybrid Back and Forth Nudging
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Abstract Based on the “Back and Forth Nudging” (BFN) and Ensemble Kalman Filter (EnKF) methods, a Hybrid BFN
EnKF (HBFNEnKF) data assimilation method was designed and tested using a channel shallow water model and a global
shallow water model, separately. Furthermore, the performances of the HBFNEnKF, Hybrid Nudging EnKF (HNEnKF),
and Ensemble Square-Root Filter (EnSRF) methods are discussed, with model error considered. The results showed that
the HBFNEnKF method retains the continuity and smoothness of HNEnKF, avoids the discontinuity and unbalance
problem of EnSRF, and has the highest convergence speed. Through a single variable observation experiment, the
advantage of HBFNEnKF was clear; that is, HBFNEnKF can maintain the balance between different model variables. A

scale investigation on the increment field showed that, compared with EnSRF, HBFNEnKF produces a better assimilation
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result at larger scales, and avoids a number of spurious increments at medium and smaller scales.
Keywords Data assimilation, Hybrid Back and Forth Nudging EnKF (HBFNEnKF), Ensemble Square-Root Fiter (EnSRF),

Shallow water model
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A R AT — DI AE 5 R 4 A 1 )
o WER IR AR A i B R R TR ke A T2
YER, BORHEIA S R HE AR e e SR R0k
BUIEHEZETF B, B H (&l i 1 w5
PR HIPUWIA ST DNEE w7 e S &2 R <]
A AWIME (Lewis et al., 2006) ., £ ETFHIKRE,
YT R 7 4 AR 4y TR VE R A AL
ko WiE EEAS —4E48 5 (3DVAR) RIPYZEAR )
(4DVAR) (Lewis et al., 2006); &3 2405 LUE
&R/RE e (EnKF) (Evensen, 1994, 2003) %
O, SRR M AR G A, RS
A ¥R R S kS (ETKF) (Bishop et al., 2001;
Livings, 2005). £ % K/ 2980 (EAKF)
(Anderson, 2001). $EA ¥R EP (EnSRF)
(Whitaker and Hamill, 2002; 7+ =51 85 5,
2015) LA AR 2 I SSodh SRk Ak ARER & T AR B
# GEnSRF) (E%E, 2012; FHES, 2013)
£

R RIS Z, (AR Fh A A AL A %
A RS S EnKF J7v2 il 1R T 466 TRk 1 18
ML RIS R E S SR 2 Y 2 (P
FERED, SR T 1 SR 2 7 ZE I IRARE, v I ad
% T 4DVAR  [m] 44 ot D) e MR U BB R 4
i, X{fif4 EnKF ALt 3DVAR. 4DVAR ¥ i&E &
I FH 3 e R L AR AT 1 s R i A
(Yang et al., 2009). &1, A T M HARRMER
PR R R IAEA UL, K TR o5
MR B R 3 75 557 A 9 R L. TR, EnKF
T VE IR Ry i A 35 4 LK TE [R) A0 T A5 v o Bl ) AN 3%
S JIT Y SR (1 v AR 5 T g o PR R S A A
#i5< % (Bloom et al., 1996; Ourmicéres et al., 2006;
Kepert, 2009) Jfi& ik, Mgl NiRZE. X
L6 Gl PR A BB P o /S ROBE S R o S A A A
AFIH

sRIbIEIT (Nudging) (Hoke and Anthes, 1976)
Je— PRGBS A vk, AR 4 R
VNN Nudging A RE— R4 358 7] I3 18 10T
I HALG I (] B R R R Bk 4F - (Lakshmivarahan

and Lewis, 2013), Nudging J5 7% 4E FH 45— B0,
LR AN Sy 3 b ™ T ANE S ) R el T H
TR HATE AR, AR &AL &)
PB4 s AR RGOSR TS . SR T AN
AR . A T e IRIX 8k 55, Auroux and Blum
(2005, 2008) &t T Back and Forth Nudging
(BFN) Jjk: L. ) 5 AR AR AR 7
INfIE], BLANER Nudging [RIAGHCSIGHE,  SEE0 AL
FORH 7R A o 1855 o RS 45 TR =
Meso-NH model (Boilley and Mahfouf, 2012) Flif
FENL 25 T A 2C NEMO (Ruggiero et al., 2015) X
$, IR BFN J754 5 4DVAR A4 11 [ 4644
R

N T iRy EnKF [ [FACANEZE ], Lei et al.
(2012a, 2012b) #EH T Hybrid Nudging EnKF
(HNEnKF) J7ik, HIEAMAUZ T EnKF Bk
IR S 128 5 M K A4 Nudging 515 | AR TR 5
2, 5k Nudging [Fl4k 145 R 5] H] EnKF 5587
RGP, MHEHES KA. Lei et al.
(2012a, 2012b) {E3CE H H] Lorenz 63 F AR IK
BT Tk, BUS TBUFRCR: 7 Lorenz63
B, HNEnKF J5 ik SEE4F 45 48 EnKF Jf
VR 4y BT W /7% (TIAUD (Bloom et al., 1996;
Ourmiéres et al., 2006), JFH5EES K/RK 2 i
(EnKS) (Evensen and van Leeuwen, 2000) #H34;
TEH/KIEAT, HNEnKF B [RERCRAILT EnKF Al
EnKS. #Rif0 Y[R 46 & 1388 K i, HNEnKF 5 7%
R A RO ] W A A T iR 22 (RMSED
W A B MR B s AN SCHTIR , Nudging 507K
S S A S O 1 0 SO 1 A Vg € 45
( Lakshmivarahan and Lewis, 2013 ), f#j B Hh ¥
Nudging 5 FH 57K 8 1 2 0 ME g AT B e KR 5 7
%, AR R AL AL o

M Bk ) @, A SCHRYE HNEnKF J732: 1K 7R
A, O BEN 5775 EnKF BH 7454, Wil T8
¥R A 5i%: Hybrid Back and Forth Nudging EnKF
(HBFNEnKF) [t 7575, JFHIERKEE (shallow
water modeD) HEAT T JLALFALIRES:, TE4HINI8 T 45
o BBEVSRH T BFEN i GBS gk, AT
[RIfbct FE REAR RIS, ]IS T R i A5 = A v it
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ITH %%, th4h, HBFNEnKF {48 7 HNEnKF
RAFI A S e RN, Hs A s
T¥) PRSP 47 e 2215 3 4E 7 . ) HNEnKF I HBENEnKF
T A SO R, B R A
ARy W, I as R T AE S DR o 4
T T ) T R S R

2 BEAXRUEENA

2.1 EnSRF E{L75%

EnSRF J& EnKF [A4b 77ER— N EE S, K
SCBev Y HBFNEnKF 77758 R H T EnSRF (1) 8%
AR R B2 S B S8 . 148 1) EnKF
N T RGOS SR ZE Y T ZERARAY, R T A
PR INBEN LS T, XA R S R
SIAPLEN R % (Whitaker and Hamill, 2002), EnSRF
J7 N — R A A e, S T I iR

EnSRF [ [F AL RS> Ky 20

X} (0)=M(X!(t-D), (D
X' =X"+K()° - HX"), (2)
X"=X"-aKHX, (3

Hodr, (D AChTReE, M ARRBE R TTE, X
REBA TR T, Ebs a RG24,
bR b AEERTHRESE 5, Fhr i 0GR i AME
G, (2). (3 AAHHE, (2) XH T35
L5, ) KHTEFESIS), H AWM
+, yAREMNIA, o j& EnSRF 24 T 4% EnKF
s I I S N 25, K - RR 238
FE

K=P'H"(HP°H" +R)", (4

P'H" ~[(X" - X")(HX" - HX")"], (5)

HP'H" ~[(HX" - HX")(HX" - HX")"], (6)
Hrp, pPARERE SRENITZHIE, pPH™ R H
LG B VT 5 A B AR X AR 1 S W 3 2 ) 1
725, HPYH" R S B VA B BRI AR
B 2=, RARRWIMR Z Wy 250 . 1F
B WPEHT o

a= [1 +R(HP°'H" + R)" T . (7

T+ o 51N, EnSRF J772: 884325 EnKF —Z1)

Gy MTRZE VN J7 ZE R R, [R]INEEE G0 1 RS AR I 95

FENLPL DA R s iR 2=

2.2 Nudging [E{£ 7 74%0 BFN B AE 4R
Nudging [RIME AR A A Bk S ik, & —

FRIELE R T, T AE TR 7 RN\ Nudging Il
AR AR R R R R DRI B . (R
Nudging [F{E AN

%:F(X)+twl G-(y'-HX), (8
A, FOXO) ARECTROTHE, 1, i A T,
G 4y Nudging 5. B—D 0 A A mT e U
ekl TR AES T, HZE R
AU o P B — AR 20 b I A B )
AT FR TR R o AT A AR A, R S R
B K B R A AN &S B . Stauffer and
Seaman (1990) #5H T M FE & 77k

w,
t
twt

( 5 W’_AtJ (9
Hr,
1, |t—1,|<z/2,
(r—|t=1,))
R U A
W, 7 t2<|t-t|<7, (10)
0, lt-1|>7,

2, 2, w2350 A 2 IR 20 PR AR R 8 R A
AR, M o3RRS I ZIFORLI Bk 21,
T AT RGN A DA 2. AR A
3 AT AL R w, A ER (& D

it b, R Nudging [Al 462 {537 bl A A1
AWK ST B {H (Lakshmivarahan and Lewis,
2013), {HZK Nudging 57 G BEAREAKR, 2
B ATEE, AR, NSO RS, B
MR ROR o AEIH b 4580 WRE B, 6
(W24 Cressman % JH 25 A H ik (Stauffer and
Seaman, 1990; Liu et al., 2005, 2006), Stauffer and
Seaman (1990), Stauffer and Bao (1993) L Zou
etal. (1992) #2&H T HfLiET (Optimal Nudging),
M A B R S oo L RO ARA R, A5 2 — [l Ak
DX ] ¥ 5 Nudging 8o SRTXAE K X757
TERERIA R, IR T A

I AR I IS TR () B2 2% 1& - Auroux and
Blum (2005, 2008) #2t} 7 BEN 75k, HAEEAC L
H

—F(X,)+t -G(y° - HX,),
(X,)+t, -Gy 2 (11)

Xy (0) = Xk—l (O)’
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Fig. 1 Temporal weighting function w, in the time window

SeoF(X)-1, /(v - HX,),
X, (T)=X,(T).

(11) KX N RTiET (Forward Nudging), (12) =
) J5 &I (Backward Nudging). 1L, X, . X,
SR AR MR G AR 1, R R k Ronik
AL, G G730 AT Nudging 51 Fln) 5
Nudging 5. ¥ . Auroux and Blum (2005, 2008)
Nudging H 1 G . G/ [H—TE

GG=uH'R", (13)

Hr, w hEH

BFN [RI44 7 120 38 : F]FH Forward Nudging
A ) BRI AL B 2, ROl 5 R 45
Backward Nudging /£ #]14; #JH Backward Nudging
PR n) JE AR B 6T RGN 21, Bl RS
Forward Nudging, MUEAKIECH £WE. T4
A ARZMER R, 10 5 R 2 A R I AR E
{H4F Backward Nudging ., Nudging T [¥) 5| A\ i)
Ja AR5 IO B g AT, et g AN TR A
Bt A% = 1 DU 4[] A 7 %6

Auroux and Blum (2005, 2008) iiF#] T BFN [
AT W S AN A I I R AR SR, (R SRR FixTT
AAALEAR Z . (1) Auroux and Blum (2005,
2008) 431 Nudging 5002 —ANERL, JEARS
BRI ARE, 0T A I HUE AR BER (20 R
ZEV T ZE R MEAE SE PR A I e AR e, TR
PN S5 B IR AE s (3D O T ik 24T [ [R]
AR, BEN A 46 75 B 2 IR AR A fig i 8k

(Auroux, 2009), {F[FRAED: TIRZ W) (A,

2.3 RAFHENR

N T ok EnKF R[RAEANESE R, Lei et al.

(12>

(2012a, 2012b) #&H 7 HNEnKF [k 5%, %7
9 Nudging 57 A 008

w
t, G=r—"t . K

(iwﬂf} . (14)

HNENKF (1 [FA6S BN o Seb 8 i R 4y 1A
et FIH (4 KiHEAS2 K, KGR (14)
IR A 7 i Nudging %N R T, #
FCRL a3 3 [F) A I 21 FH Nudging 240 5 1 45 B8
Pepide 574937, 5 EnKF 95805 (AR A4Rsh A,
(S EaI T S A G S n AR W L (1 A A
N [F1k. HNEnKF 5 IAU 1R Z Ml 4b, {H 1L
KRANFILE T TAU FERR G320 E 78 0 () 14 B 2 s 1
HNEnKF  [i5] £ YU {ff Y B 5 (1) 282 44 1) 23 A7 186 5 1R AT
Bim. 24 T HNEnKF J7 3 0IeE 40 R L.

WIFTHTR, HNEnKF kIS fifE—2L ) dil, A
THkZ s, A4 4 Auroux and Blum (2005,
200842 H! [ BEN 5.3 55 EnKF, {11 T HBFNEnKF
RA Tk LR K (D, (12) AP 6.
G AR AT e

GG)=pK . (15)

h T AR AT R R AR AR e . SIANSEL B AT
21l . HBFNEnKF [1) 2 3¢ 5 HNEnKF ) 3= 22X Ji) i«
# HNEnKF U HEAT 52 [ B531) Nudging [RALECh
fiif] (15) X552 6. G, RIEFIH BFN J7ik
HEAT A0 ) JE AU AR E S, TR e & R )
45 5HH EnSRF T35 A G HAAR AT 28 1
LT . B 3 4 HBFNEnKF [ RAb R r s & .

3 st

4 T K% HBFNEnKF [ [RAERCR, A0 5%
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obs abs Ax=Ay=30 km, L=1500 km, D=1500 km, &=10
v ¥ o BUH AR ¢ I, BN KA
Ensemblesate —>| _ Enkr o[ Er s 3605 BUNTHRALIRES 4 BB S, B
KT KT FUE I M B
K x K x® h, = h,sin(4nx/L)sin(ny/D). (17)
A T BHUREAR 2, A2 AR5 PR s B BEE N
\ 4

Nudging state === Nudging == Nudging [(e——

1‘ forward - T

d obs N i obs ~N

2 HNEnKF J7 %0 FAE A7 2
Fig. 2 Procedures of the HNEnKF (Hybrid Nudging Ensemble Kalman

Filter) scheme

obs obs
Ensemble state ====3  EnKF » EnKF ey
a a
K X K X
4 \ 4
Nudging state =———3»  BFN > BFN  |—
forward
—
backward
obs obs

/¢l 3 HBFNEnKF Jj Z ¥ RL AR K
Fig. 3 Procedures of the HBFNEnKF (Hybrid Back and Forth Nudging
EnKF) scheme

LRI KB AT T AR . BT RN
ou ou Ou oh N ) o
E"Fl«lg""l’a—ﬁ’——ga"rw u+th GM(” H”);

@+u@+v@+fu:—ga—h+xv2v+tw -G, (v° — Hv),
o ox oy oy '
oh Oh Oh Ou Ov
—+u—+v—=—h(—+—)+
ot ox oy ox Oy
(a(g’h) Orh, Kh+1, -G,(h° - Hh),

x

(16)
Hod, x y  WHREERIE 2L 0Sx<L.0sy< D,
0<t<T, L M DERREXA ML S, TH
WA AR I 0], w v RN R, b AT ks 53 504K
TR, AR MERER R B
G G G 73 AR AR AR FG VY ) Nudging
FF. B E £, RS BN
10 s, EAHMBEEEHW N 98 m s, KiE

h, = h, sin (4mx/L)sin(my/D)[ 1.5sin(mx/L) ], (18)

P By #0200 m XN ) HBFNEnKF J772: 7]
({[IBIEBUR S W b N VSBtB R S W s )

Ou, ou, Ou, Oh,
Lttty Ly =—g—FL+
o T gy e
Nu +1t, -G, (u® - Hu,),

ov, ov, ov oh

Lttt +v, L+ fu =—g—+
o T Tl T EE

Ky, + t, ~G,(v = Hv,),
Oh, Oh, Oh,
—tu, L4y, —L=

ot Ox 6y
6(uhs) ovh,

ox

u, (x,y,O) =u,,(x,,0),
v, (x,,0) =7, (x,»,0),
h (x.y,0) = Iy, (x,.,0).

ou 8v (19)
k( : ")+

( )+K’72h +t, -G, (h° — Hh),

om, . om, . om, oh,
—tu,—+v,——fy, =—g—+
P L s
N, ~t, -G (u° —Hﬁk),

o, 6vk aiz
—+u, —+v —+ u —+
o  ax Jo, = ay

KV2vk—l‘ -G (v —Hvk),
%+ﬁk%+v ai_ k(auk av
ot Ox Oy Oy
Ouh) | ovh,\ | W, ~t, -G (h° — Hh),
ox oy

ﬁk(xay:T)="k(anaT)a
i;k(x:y:T):vk('xnyazja
hk(xvyaT):hk(x>y=T)v

—5)+ (20)

(19) X, xo yy  WHETERIE L 0<Sx<L

OsysD, 0<t<T, (200 X, x. y. t I
L OSx<L.0Sy<D T<t<0.u, .
v b ARERARTRA AR, 4. v B AC
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R Ja B AR &, R £ ARRIEARIREL, G, .
G, . G, 7 AR AR 2 AR 556 WYL (9 1) 15 AR 43
Nudging 57, G,. G . G, 73 HACEAFRAR
TS [ ) )5 R4 Nudging 5.

PR P I SR R 4, BRI
0, WIaE SR T A2

h(i, j) = H{1+(y'(i)/m)exp(=2y'(i)*)[1+

0.1sin(4n xG)/L)]} " 2D
Ho, iy j WA IEEEAN OSISN, |
0<,/j<N,, H=3000 m, y'()=2rny@i)/D-=n,
x(J) A1 p() 43 AR L [ BE B RN 8 [ BE 25 . THE AR
F SR, TR C R U I 3 .

FACREG AT T 50 MES, HiwigE Aoy
FEIUG S b B i 2 N(0,20) A sl AR
Jei ) FH R 2 6 R H S N R SR B B . B
FEES R FRZ 5 60 h ¥ 3 i ] (spin up), [F)
IR A B R o TR TR] TR R 23 24 h
— A48 h — IR o AR B 35 25 IR ) 7 v
e K EES R RO u. v = AR B
SR 120 MK A5 55 E, T4 &
WE N, 12) 341 (i) I sh A 2 N (O, 1)
oA ORI Esh s,

56 b BT R4k J7 %< 8 EnSRF . HNEnKF Ll J¢
HBFNEnKF, {53 hdbA7—dsia A AR o3 AR 4%
HREE (CTRL) . A R IR LG4 K ) GC (Gaspari
and Cohn, 1999) JRyMuft 77 yAE T Ry AL b 2, Ryt
BRI 600 kms [R] ISR FH A2 s VE AT V7

F1 BELIAEXPEABBERRRIRE

ZEHZIK (relax inflation) (Zhang et al., 2004), FZfiK
REORER 0.1 FIFHASCHTIA I I WACEH 1,
# HBFNEnKF #1 HNEnKF ) Nudging 3754 fic £
DU RIS A HR i) 224745 1 h (1R 1)
BN

N TR A5 5 SR TRl Tk R e AR [ (1 T A 1
IRIRI I K T EnSRF [AlAk (22 A8 B4 br o T
HEZART, ot /RS IEME I iRz
Ji 75, ARG SEIL B AR AR g G 2
RN, BT R — R R FR . A T
—RIIB T SR, AR SR A A B KA
AT T %18 2 A8 o Ja B RS . A BRI KA
A6 3 180 A, e 14 £ 90 AN, B 5K 60 s,
X AHLE 1% B 2 I Nair et al. (2005). MM B}
IRy 405 AN o3 A (1) 2o Hak BG4 A 20 4
AW, JRHALEE N 50 km, W7 ZIEAK R 5L
h 030 FEARREAKBIRR T, AU
10 d 182 spin up JF R JEEA LA, FEET 3 d.
6 h —IRIFEMLAERN, Z 5T 4d M E mA .

PRI T VRN E S R 1 fik 2.
4 RWERSHH
4.1 BERKENIRELE RS

K 4 2 R TEIRE S 24 h i RE g M3 A
e (RMSE) BRI AR S, Kl 4a. by ¢4
A M s s AR Ay [T Ak e 5 3
MR I 3% RMSE 284k & 4d. e. £ A%

Table 1 Names and designs of experiments in the channel shallow water model

BT % TEFENSHBE

IN T S HBE EEEATRPIMEs

EnSRF KFH EnSRF J57k, 50 AMEASR, AN EEAH AR EAHC

HNEnKF
PR

HBFNEnKF RKH HBFNEnKF VR4 7575, 50 MEAA, AN A%
ARG

CTRL RS, AN

PRI 12.d, LI T EIRE: 24 h, 48 h (X[ SUA; ARRRLIAL
KM HNEnKF W75, 50 AMEG R, ABEERAE: JERF 12d, [FHERRE: 24 h, 48 h X2l (UA; fiialass:

PRI 12d, LI T EIRE: 24 h, 48 h (X[ SUAS; ARRRLIAL

AR 12d 5

F2 SHEABRRPZREBAZRRIRE

Table 2 Names and designs of experiments in the global shallow water model

G SwES FHEFSHRE

I TS IR

EnSRF KM EnSRF 757, 20 MEGHR, HIEHAKALRAIC IHFE3d, Blfs4d, REHTER: 6h (s, AU SR

KHI HNEnKF 357770, 20 MESHUA, R

HNEnKF

PRI 3d, BB 4d, FHLINTIEIRE: 6h AXmifEs: (WA, e

HBFNEnKF H] HBFNEnKF {5757k, 20 MEGHG, HEMHEA ARG 3 d, BB 4d, FRITIERE: 6h @R, (UA7; efiEaes

BATEASK
CTRL P, AR

By 7d B
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NI X3 RMSE 254k, 1T 5 Nudging B4,
HNEnKF F1 HBFNEnKF V%8 % R4k B AR /),
KL R B2 1 RMSE. i LU 2
AN S [F) A0 B — A UL 3 o [R) IsF [R] A v 2 3 A
HIZ W, HBFNEnKF f) i) A6 R0 4R 2 B 01

YA AR B (B 4a), 57 ERI AL
AR , {H EnSRF FEARFA [FIAK I Z1) J5 #5715 1)
¥z, H RMSE 4 5638 K FF g8k 1 A2 40 i 7
FIRERIIL S e 4b the XEHTHRHT
AR EE S ATT, EnSRF [A A6 AN EAR I i ATAR 3 %% A0
ZMIEEPPHIOC R, T2 — BNl spin up. %17
BOE A HBLAE HNEnKF A1 HBFNEnKF 46741, A~
o Rk m e Bkt 2 KRR X Bkt i
TR TTEAR e IR AT I R S, IFLEFRARE
FAR PP G R . (K] 4a FTE 4d 0T WL, T
HAME T mifE s %kl, HNEnKF B4R EnSRF (1)
[FACROR G, (RHARFIEANE, HfEefsr—
BUtial G, A GEKY EnSRF [A4LIAHIZE8E; M0
HBFNEnKF AMHGIGE T 1FE 5 Y, [0 GE1R L Hb
HGE XY X B HT R AR 531, HBFNEnKF
Lt HNEnKF 6 55 G b adh A T 0 o Ak RS X AR =[]
YL

Bl 5 R BAEER R4 ), & AL iR AR AN ]
RIS TR T 0 B IR T)F- 22 ) RMSE AANESLAE
Z# Py (discontinue parameter) [FI%} L. 1XH Py hy
Lei et al. (2012a, 2012b) BIAMZEL, HIZEN T
F s He— e vE R g g . L AR

1
Pd=;Z|Ei—l_Ei|y (22)

by, m 5 RIS 2 SR EL, Eio FE; O3
TR HE R IS 21 [ 46 A0 R 44 )5 ) RMSE . Po{H.
AR ORI 50 I T e 22

& 5a. b 1] W,, HBFNEnKF % ff) i} ]
RMSE #z/)y, HNEnKF 147X 2 , EnSRF {40 52 Ko
BEE TR IS B] TR B R 15K, 4% TR 46 77725 () RMSE #8
AR, AR 2 1) /& HNEnKF J57%, 1A
Ff451F T HBFNEnKF J7 £ 1] RMSE i H- AN B 2 .
FR Y [RI4L [R] B 24 48 h B 1) RMSE 21k fh£k (&I
ATE, AHEGTE BRI TR R 24 h (RGO, & IRk i)
Y8177 R 58 22 W S Ta) A 3G, 3 I TR] P 3
RMSE $4hn) 3= £t e, (HH 4 L HBFNEnKF J7
S 128 Ak fe /N o 4k, HNEnKF 5 EnSRF
2 IE ) RMSE ZEpE ] W od /N Lei et al. (2012a,
2012b) Fi7 H X AL ERIA IS TR] % 134K, Nudging [F4L

89— 60 m 50
0 (@] (b)
>0 40
60
£ 50 | E 0 £ 30
;ﬁ: 40 ;ﬁ: 30 ;ﬁ:
20
&2 30 2 ol &
20
I 10
10 10
ob— oL ol
012345678 9101112 01 23 45678 9101112 01 23 4567289101112
Time/d Time/d Time/d
55— ————————————— 45 — ; 45 —
d
sol @ ol @ 0]
4.5 1 35 35
;” |z 30 2 30
=3 5 2.5¢ 5 25
» 3.0 i A 20 7] 20
S 25 2 2 =2
2.0 1 1.5} 1.5
1.5 1.07 1.0
ol osLb— L ol 0 T
01 23 4567 8 9101112 01 23456728 9101112 0123456728 9101112
Time/d Time/d Time/d
— EnSRF  — HNEnKF ~ — HBFNEnKF

P4 AR & AT S BE Y RMSE BN ()38 4k: (a) Rk fE; (b) RIARI; (o) FINFm MG . (d-D [ (a-c),

{H 4 M 1) RMSE 424k

Fig. 4 Evolution of RMSE of height using single variable analysis in the channel shallow water model: (a) Only height observations are assimilated, (b) only

wind observations are assimilated, (c) both wind and height observations are assimilated. (d—f) As in (a—c), but for RMSE of wind
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Fig. 7 Evolution of RMSE of height using single variable analysis in the global shallow water model: (a) Only height observations are assimilated, (b) only

wind observations are assimilated, (c) both wind and height observations are assimilated. (d—f) As in (a—c), but for RMSE of wind
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Fig. 11 As in Fig. 10, but for zonal wind when only height observations were used
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