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AB STRACT

This study doc u ments a de tailed anal y sis on the Mad den-Julian Os cil la tion (MJO) sim u lated by the Na tional Cen ters for

En vi ron men tal Pre dic tion (NCEP) us ing the Global Fore cast Sys tem (GFS) model ver sion 2003 cou pled with the Cli mate

Fore cast Sys tem model (CFS) con sist ing of the 2003 ver sion of GFS and the Geo phys i cal Fluid Dy nam ics Lab o ra tory (GFDL)

Mod u lar Ocean Model V.3 (MOM3). The anal y ses are based upon a 21-year sim u la tion of AMIP-type with GFS and

CMIP-type with CFS. It is found that air-sea cou pling in CFS is shown to im prove the co her ence be tween con vec tion and

large-scale cir cu la tion as so ci ated with the MJO. The too fast prop a ga tion of con vec tion from the In dian Ocean to the mar i time

con ti nents and the west ern Pa cific in GFS is im proved (slowed down) in CFS. Both GFS and CFS pro duce too strong

intraseasonal con vec tive heat ing and cir cu la tion anom a lies in the cen tral-east ern Pa cific; fur ther, the air-sea cou pling in CFS

en hances this un re al is tic fea ture. The sim u lated mean slow phase speed of east ward prop a gat ing low-wavenumber com po nents 

shown in the wavenumber-fre quency spec tra is due to the slow prop a ga tion in the cen tral-east ern Pa cific in both GFS and CFS.

Er rors in model cli ma tol ogy may have some ef fect upon the sim u lated MJO and two pos si ble in flu ences are: (i) CFS fails to

sim u late the wes ter lies over mar i time con ti nents and west ern Pa cific ar eas, re sult ing in an un re al is tic rep re sen ta tion of sur face

la tent heat flux as so ci ated with the MJO; and (ii) ver ti cal east erly wind shear from the In dian Ocean to the west ern Pacific in

CFS is much weaker than that in the observation and in GFS, which may adversely affect the eastward propagation of the

simulated MJO.
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1. IN TRO DUC TION

Since the dis cov ery of the trop i cal Mad den-Julian Os -

cil la tion (MJO) over three de cades ago (Mad den and Julian

1971, 1972), most of the stud ies on the MJO have con -

sidered it a re sult of in ter nal at mo spheric dy nam ics in -

volving the in ter ac tion be tween the con vec tion and large-

 scale cir cu la tion. While some ma jor char ac ter is tics of the

MJO can in deed be sim u lated by at mo spheric mod els with

pre scribed sea sur face tem per a tures (e.g., Hayashi and

Golder 1986; Wang and Schlesinger 1999), re sults from

many stud ies also sug gest the im por tance of the air-sea

interac tion in the MJO dy nam ics. Ob ser va tional di ag no ses

have shown co her ent vari a tions in sur face heat fluxes, SST,

and con vec tion as so ci ated with the MJO (e.g., Krishnamurti

et al. 1988; Zhang 1996, 1997; Hen don and Glick 1997;

Jones et al. 1998; Kemball-Cook and Wang 2001; Kemball-

 Cook et al. 2002; Maloney and Kiehl 2002; Sperber 2003;

Hen don 2005), sug gest ing that in clu sion of the cou pled

air-sea in ter ac tion in a nu mer i cal model may be nec es sary

for a rea son able rep re sen ta tion of the MJO. How ever, im -

prove ments in the MJO sim u la tion by nu mer i cal mod els

due to the in clu sion of the air-sea cou pling are model-de -

pend ent (Flatau et al. 1997; Waliser et al. 1999; Hen don

2000; Inness et al. 2003; Sperber 2004; Liess et al. 2004;

Woolnough et al. 2007). When cou pled to gether, mod els

are ca pa ble of sim u lat ing ob served re la tion ships among

con vec tion, heat fluxes, and SSTs, the MJO in the mod els

are in deed im proved com pared with atmosphere-only

mod els, and if the mod els failed to cap ture the ob served

con vec tion/heat-flux re la tion ship due to a cer tain de fi -
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ciency of the model (for ex am ple, er ro ne ous mean sur face

wind), the sim u lated MJO was not im proved by the in clu -

sion of the air-sea in ter ac tion (Flatau et al. 1997; Waliser

et al. 1999; Hen don 2000; Inness and Slingo 2003; Inness

et al. 2003).

A new global cou pled at mo sphere-ocean Cli mate Fore -

cast Sys tem model (CFS) has re cently been de vel oped at

the Na tional Cen ters for En vi ron men tal Pre dic tion (NCEP)

(Saha et al. 2006; Wang et al. 2005). It con sists of the NCEP

at mo spheric Global Fore cast Sys tem model (GFS) and the

Geo phys i cal Fluid Dy nam ics Lab o ra tory (GFDL) Mod u lar

Ocean Model V.3 (MOM3). In this study, we di ag nose the

char ac ter is tics of the MJO sim u lated by the un cou pled at -

mospheric GFS and cou pled at mo sphere-ocean CFS to

com pare the sim u la tions with ob ser va tion and doc u ment the

role of the air-sea in ter ac tion. The di ag no ses will be based

on free sim u la tions by GFS and CFS, and will fo cus on the

pe ri od ic ity, prop a ga tion, and co her ence among the as so ci -

ated fields of the MJO. For an anal y sis on the bo real sum mer

intraseasonal os cil la tion, re fer to Seo et al. (2007).

2. THE MOD ELS AND OB SER VA TIONAL DATA

2.1 The Mod els

The at mo spheric com po nent of the cou pled CFS is the

op er a tional ver sion of the NCEP Global Fore cast Sys tem

model (GFS) as of Feb ru ary 2003. It adopts a spec tral trun -

ca tion of 62 waves (T62) in the hor i zon tal and a fi nite dif -

ferencing in the ver ti cal with 64 sigma lay ers. The oce anic

com po nent is the Geo phys i cal Fluid Dy nam ics Lab o ra tory

(GFDL) Mod u lar Ocean Model V.3 (MOM3) (Pacanowski

and Griffies 1998). The adopted do main for MOM3 in CFS

is quasi-global ex tend ing from 74°S to 64°N. The zonal re -

solution is 1°. The me rid i o nal res o lu tion is 1/3° be tween

10°S and 10°N, grad u ally in creas ing through the trop ics un -

til be com ing fixed at 1° poleward of 30°S and 30°N. There

are 40 lay ers in the ver ti cal with 27 lay ers in the up per 400 m.

The at mo spheric and oce anic com po nents are cou pled with -

out any flux ad just ment. Sea ice ex tent is pre scribed from the 

ob served cli ma tol ogy. More de tails of the CFS model can be

found in Saha et al. (2006) and Wang et al. (2005).

2.2 The Sim u la tions and Ob ser va tions

Di ag no ses in this re port are based on an AMIP-type

sim u la tion with GFS and a CMIP-type sim u la tion with CFS. 

The AMIP-type sim u la tion with GFS was forced with ob -

served sea sur face tem per a tures (SSTs) from 1982 - 2002.

The pre scribed SSTs were taken from the weekly anal y sis of

Reynolds et al. (2002) but low-pass fil tered with a cut off

period of 150 days so that SST vari abil ity shorter than this

cutoff pe riod is largely re moved. This treat ment of SSTs is to 

en sure that the intraseasonal vari abil ity in the GFS simu -

lation is due to the in ter nal at mo spheric dy nam ics. While

many AMIP sim u la tions were con ducted with monthly

mean SSTs, Wang et al. (2004) showed that an ap pre cia ble

frac tion of intraseasonal vari abil ity may be forced by the use

of monthly-mean SSTs, which com pli cates the di ag no ses of

the intraseasonal vari abil ity re sult ing from the in ter ac tion

be tween con vec tion and large-scale cir cu la tion in the at mo -

sphere.

Sev eral CMIP multi-de cade sim u la tions have been per -

formed with CFS, which have been di ag nosed to in ves ti gate

the model’s ca pa bil ity in sim u lat ing interannual vari abil ity

(Wang et al. 2005). In this re port, the first 21-year seg ment

from one of the CFS sim u la tions will be used. This sim u la -

tion was in i tial ized from ob served anal y ses of 1 Jan u ary

2002. The ini tial con di tion for the at mo sphere was taken

from the NCEP/DOE Reanalysis-2 (R2) (Kanamitsu et al.

2002) and the ini tial con di tion for the ocean was from an

NCEP global ocean data as sim i la tion sys tem (GODAS) (e.g.,

Seo and Xue 2005).

Model sim u la tions will be com pared with ob ser va tions.

The ob ser va tional data to be used in clude: daily SSTs in ter -

po lated from the weekly anal y sis of Reynolds et al. (2002),

NCEP/DOE R2, the Cli mate Pre dic tion Cen ter merged an -

alysis of pre cip i ta tion (CMAP) (Xie and Arkin 1997), and

the daily out go ing longwave ra di a tion (OLR) data from the

Na tional Oce anic and At mo spheric Ad min is tra tion (NOAA)

po lar-or bit ing se ries of sat el lites (Liebmann and Smith 1996).

All fields used to di ag nose intraseasonal vari abil ity are

ei ther di rect daily av er age, or daily val ues in ter po lated from

weekly (e.g., the ob served SSTs) or pentad (e.g., the CMAP

pre cip i ta tion) anal y ses. Cal cu la tions for intraseasonal va -

riabil ity are based on 10 - 100-day band-pass fil tered time

series. In the fol low ing, we will first de scribe some as pects

of the cli ma tol ogy that may have im pacts on intraseasonal

vari abil ity. We will then doc u ment the intraseasonal vari -

abil ity and com pare the MJO char ac ter is tics be tween the

sim u la tions and ob ser va tions.

3. CLI MA TOL OGY

3.1 SSTs

Sim u lated an nual-mean SST er rors by CFS are shown in 

Fig. 1. As in most cou pled mod els with out flux cor rec tions,

warm and cold SST bi ases are pres ent in the CFS sim u la tion. 

A warm SST bias with a mag ni tude of ~2.5 K is found over

the south-east ern Pa cific and At lan tic stra tus deck re gion,

while size able cold SST bi ases are ob served over the trop i cal 

and sub trop i cal western Pacific.

3.2 Pre cip i ta tion Rate

Figure 2 com pares an nual-mean pre cip i ta tion rate be -

tween sim u la tions and ob ser va tion. The de fi cien cies in the

GFS sim u la tion in clude: too lit tle pre cip i ta tion in the equa -

to rial west ern Pa cific and east ern In dian Ocean, too strong
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ITCZ, and too much pre cip i ta tion in most of the sub trop i cal

re gions. CFS sim u lates a weaker ITCZ com pared with GFS.

How ever, the de fi cien cies of too lit tle pre cip i ta tion in the

equa to rial west ern Pa cific and east ern In dian Ocean and too

much pre cip i ta tion in most of the sub trop i cal re gions re main

in the CFS sim u la tion. In par tic u lar, CFS pro duces a dou -

ble-ITCZ struc ture, which is pos si bly as so ci ated with the

warm SST bias in the south-eastern Pacific stratus deck re -

gion (Fig. 1).

3.3 1000-hPa Zonal Wind

Re al is tic zonal sur face winds have been shown to be an 

im por tant fac tor for rea son able rep re sen ta tion of sur face

la tent heat flux (Hen don 2000; Inness and Slingo 2003).

Sim u lated and ob ser va tional 1000-hPa zonal winds are

pre sented in Fig. 3. The ma jor de fi ciency in the CFS sim u -

la tion is too weak wes ter lies in the In dian Ocean and over

the mar i time con ti nents (Fig. 2c). The sim u lated 1000-hPa

zonal winds by GFS (Fig. 2b) are also weaker than that ob -

served but with smaller er rors com pared with that by the

CFS. The weaker wes ter lies in CFS over the In dian Ocean

and the mar i time con ti nents are con sis tent with the neg a -

tive SST er rors in CFS (Fig. 1). Since the sur face winds and 

SST in ter act with each other, the weaker wes ter lies in CFS

sug gest that the weaker Walker cir cu la tion would in duce

cooler SSTs, which in turn would fur ther weaken the sur -

face wes ter lies. The er rors in sur face trop i cal zonal winds

in CFS are more sig nif i cant in north ern cold sea sons (No -

vem ber to April) dur ing which the equa to rial zonal winds

over the mar i time con ti nents and in the west ern Pa cific in

the CFS sim u la tion near the equa tor are very weak while

ob ser va tions and GFS ex hibit rel a tively strong wes ter lies

(not shown).
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Fig. 2. An nual-mean cli ma tol ogy of pre cip i ta tion (mm day-1) from (a) CMAP, (b) GFS sim u la tion, (c) CFS sim u la tion, (d) GFS - CMAP, (e) CFS -

CMAP, and (f) CFS - GFS. Val ues are shaded at 1, 2, 4, 6, 8, and 10 mm day in (a) to (c), and at -4, -3, -2, -1, -0.5, 0.5, 1, 2, 3, and 4 mm day-1 in (d)

to (f).

Fig. 1. Sim u lated an nual-mean sea sur face tem per a ture er rors (K) by

CFS. The er rors are de fined as the mean dif fer ences be tween CFS sim -

u la tion and the anal y sis of Reynolds et al. (2002). Val ues are shaded at

an in ter val of 0.5 K.

(a) (d)

(b) (e)

(c) (f)



3.4 At mo spheric Equa to rial Zonal Winds

An other fac tor that af fects the evo lu tion of the MJO is

the ver ti cal wind shear. Fig. 4 com pares an nual mean cli ma -

tol ogy of zonal wind av er aged from 10°S to 10°N. The ob -

served strong east erly shear in the In dian Ocean and west ern

Pa cific (120 - 170°E) is not well sim u lated in CFS. This de fi -

ciency is largely cor rected in the GFS sim u la tion, in di cat ing

that, as in near-sur face zonal wind (Fig. 3c), the er rors in the

ver ti cal sec tion of zonal wind in the In dian Ocean and west -

ern Pa cific in the CFS sim u la tion (Fig. 4c) are mainly due to

the errors in the simulated SSTs (Fig. 1).

4. INTRASEASONAL VARI ABIL ITY

Be fore pre sent ing the vari abil ity as so ci ated with the

spe cific MJO modes, we com pare the over all am pli tude of

the sim u lated and ob served intraseasonal vari abil ity of

850-hPa zonal wind and OLR. Root mean squared (RMS)

am pli tude of intraseasonal (10 - 100-day) com po nents of

850-hPa zonal wind is shown in Fig. 5. The ob ser va tional

anal y sis shows a rel a tively large am pli tude in the sub trop ics, 

and in the trop i cal west ern Pa cific and east ern In dian Ocean

(Fig. 5a). The am pli tude over the mar i time con ti nents and

south east ern Pa cific are com par a tively small. Both GFS and

CFS (Figs. 5b, c) sim u lated the over all ob served pat tern but

with la ger am pli tude over most of the trop ics and sub trop ics, 

es pe cially for the mar i time con ti nents and the cen tral and

east ern Pa cific where the sim u lated am pli tude is more than

20 per cent larger than that ob served (Figs. 5d, e).

Com pared with GFS, CFS sim u lated weaker intra -

seasonal am pli tude of 850-hPa zonal wind over the mar i time 

con ti nents, in the equa to rial east ern In dian Ocean and west -

ern Pa cific, and in most of the off-equa tor cen tral Pa cific

areas. In the trop i cal west ern In dian Ocean and cen tral

eastern Pa cific, the larger am pli tude in the GFS sim u la tion

(Fig. 5d) com pared with the ob ser va tion is fur ther en hanced

in the CFS sim u la tion (Figs. 5e, f).

A sim i lar com par i son is seen in the intraseasonal am pli -

tude of OLR (Fig. 6), ex cept that the am pli tude ra tio of the
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Fig. 3. An nual-mean 1000 hPa zonal ve loc ity (m s-1). (a) R2, (b) GFS,

and (c) CFS. Con tours are plot ted at -8, -6, -4, -2, -1, 0, 1, 2, 4, 6, and 8.

Fig. 4. An nual-mean cli ma tol ogy of 10°S to 10°N av er age zonal wind.

(a) R2, (b) GFS, and (c) CFS. Val ues are shaded at -6, -4, -3, -2, -1, 0, 1,

2, 3, 4, and 6 m s-1.

(a)

(b)

(c)

(a)

(b)

(c)
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Fig. 5. Intraseasonal (10 - 100 day) root-mean-squared (RMS) am pli tude of 850-hPa zonal wind. (a) R2, (b) GFS, (c) CFS, (d) ra tio of GFS to R2,

(e) ra tio of CFS to R2, and (f) ra tio of CFS to GFS. Unit is m s-1 in (a), (b), and (c). Val ues are shaded at 0.5, 1, 2, 3, 4, and 5 in (a), (b), and (c), and at an

in ter val of 0.2 in (d), (e), and (f).

Fig. 6. As in Fig. 5, ex cept for OLR. Unit is w m-2 in (a), (b), and (c).

(a)

(b)

(c)

(d)

(e)

(f)

(a)

(b)

(c)

(d)

(e)

(f)



sim u lated OLR to that ob served (Figs. 6d, e) is even larger

than that of 850-hPa zonal wind (Figs. 5d, e). Com par i son

be tween the GFS to CFS am pli tude ra tio of OLR (Fig. 6f)

and the CFS SST er rors (Fig. 1) sug gest that, to some ex tent,

the weak en ing (en hance ment) of the intraseasonal am pli -

tude in CFS com pared with that in GFS may be as so ci ated

with local cold (warm) SST errors.

5. THE SIM U LATED MJO

In this sec tion we com pare the MJO be tween sim u la -

tions and ob ser va tions to as sess the model’s per for mance

and to ex am ine the im pact of the in clu sion of the air-sea

interaction on the sim u lated MJO. We will first di ag nose

the wavenumber-fre quency power spec tra of equa to rial

850-hPa zonal wind and 200-hPa ve loc ity po ten tial. We will

then ex am ine the lead ing Em pir i cal Or thogo nal Func tion

(EOF) modes of the trop i cal intraseasonal vari abil ity of

OLR, 850-hPa zonal wind, and 200-hPa zonal wind, and the

tem po ral evo lu tion of the as so ci ated fields.

5.1 Power Spec tra of Trop i cal 850 hPa Zonal Ve loc ity

Fig ure 7 shows wavenumber-fre quency power spec tra

of 10°S - 10°N mean 850-hPa zonal wind (u850). The spec -

tra from R2 (Fig. 7a) are char ac ter ized by an east ward-

 propagating wavenumber-1 peak around a pe riod of 40 -

60 days. GFS sim u lated large east ward-prop a gat ing wave -

number-1 vari ance through out the intraseasonal pe riod range

of 30 - 100 days with peak val ues near 60 - 80-day pe ri ods

(Fig. 7b). Com pared with the GFS sim u la tion, the vari ance

in CFS (Fig. 7c) is sub stan tially en hanced. The peak val ues

of the east ward-prop a gat ing wavenumber 1 are around 60 -

80-day pe ri ods, sim i lar to those in the GFS sim u la tion. The

am pli tude of the spec tra from CFS sim u la tion is about twice

as large as that from R2, in di cat ing that the am pli tude of
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Fig. 7. Wavenumber-fre quency spec tra of 10°S - 10°N mean 850 hPa zonal wind (m2 s-2) from (a) R2, (b) GFS, and (c) CFS. Con tours are plot ted at 5,

10, 20, 30, 40, 50, 60, and 70.

(a)

(b)

(c)



intraseasonal anom a lies in the CFS sim u la tion is about 40

per cent stron ger than that in R2. Wavenumber-fre quency

power spec tra of 10°S - 10°N mean 200-hPa ve loc ity po ten -

tial (c200) are also cal cu lated (not shown). Over all fea tures

of c200 wavenumber-fre quency power spec tra are sim i lar to 

that of u850, ex cept that the west ward com po nents are sub -

stan tially weaker.

5.2 EOF Modes of Com bined Fields

Fol low ing Wheeler and Hen don (2004), Em pir i cal

Or thogo nal Func tions (EOFs) of com bined fields of 10°S -

10°N av er age of 850-hPa zonal wind (u850), 200-hPa zonal

wind (u200), and OLR are cal cu lated to iden tify the MJO.

The two lead ing EOF modes are shown in Fig. 8. EOF1 of

the ob ser va tions (Fig. 8a) is char ac ter ized by a strong con -

vec tive heat source over the mar i time con ti nents and west -

ern Pa cific (90 to 180°E), and the con sis tent con ver gent

flow in the lower tro po sphere and di ver gent flow in the

upper tro po sphere. In EOF2 of the ob ser va tions (Fig. 8d),

strong con vec tive heat ing source is seen in the In dian Ocean

(60 to 100°E). The con vec tive heat source in the In dian

Ocean cor re sponds to con ver gent flow in the lower tro po -

sphere and di ver gent flow in the up per tro po sphere.

The struc tures of the two lead ing EOFs in GFS (Figs. 8b,

e) are sim i lar to that in CFS (Figs. 8c, f). While the EOF1

con vec tion in the ob ser va tion is con fined mostly to the east -

ern In dian Ocean, mar i time con ti nents and west ern Pa cific

with near zero heat ing in the cen tral-east ern Pa cific, large

EOF1 con vec tive heat ing in GFS and CFS is found in the

cen tral-east ern Pa cific with strong as so ci ated cir cu la tion

anom a lies (Figs. 8b, c), es pe cially for CFS. The west ern

bound ary of EOF1 con vec tive heat ing in the east ern In dian

Ocean in GFS is lo cated fur ther east com pared with that in

CFS and in ob ser va tions. Struc tures of EOF2 in GFS and

CFS are sim i lar to that in the ob ser va tions with large con -

vective heat ing lo cated in the In dian Ocean. How ever, the

circulation fields and con vec tive heat ing in the sim u la tions,

es pe cially for the GFS sim u la tion, are less co her ent than that 

in the ob ser va tions.
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Fig. 8. Pat terns of com bined em pir i cal or thogo nal func tions (EOFs) of 10 - 100 day fil tered OLR, 850 hPa zonal wind (u850), and 200 hPa zonal wind

(u200). (a) EOF1 from ob ser va tions, (b) EOF1 from GFS, (c) EOF1 from CFS, (d) EOF2 from ob ser va tions, (e) EOF2 from GFS, and (f) EOF2 from

CFS. Val ues of u850, u200, and –OLR are plot ted as dashed, dash-dot ted, solid lines, re spec tively. The per cent age value above each panel is the vari -

ance ex plained by each mode.

(a)

(b)

(c)

(d)

(e)

(f)



5.3 Prop a ga tion and Re la tion ship among As so ci ated
Fields

Two lead ing EOF modes have been com monly used to

de scribe the MJO ac tiv i ties. Lagged cor re la tions based on

the prin ci pal com po nent (PC) time se ries can be used to

examine the zonal prop a ga tion of the MJO. Fig ure 9 shows

lag cor re la tions be tween two PCs. Pos i tive lag in Fig. 9

means that EOF2 leads EOF1. Since EOF2 and EOF1 cor re -

spond to ac tive con vec tion in the In dian Ocean and in the

mar i time-con ti nents/west ern-Pa cific ar eas, the lag where

cor re la tion reaches max i mum val ues ap prox i mates the pro -

pagation time from the In dian Ocean to the west ern Pa cific.

Fig. 9 in di cates that such a prop a ga tion time is about 9 days

in ob ser va tions, 6 days in GFS, and 8 days in CFS.

The faster prop a ga tion of the con vec tion from the In -

dian Ocean to the west ern Pa cific in the sim u la tions than

that in the ob ser va tion, as de duced from Fig. 9, does not

seem to be in agree ment with the wavenumber-fre quency

power spec tra in Fig. 7 which shows that the east ward pro -

pagation of the dom i nant wavenumber 1 com po nents in the

sim u la tions is slower (with pe riod around 60 - 80 days) than

that in the ob ser va tion (with a pe riod around 40 - 60 days).

Evo lu tion of lag cor re la tion be tween PC2 and c200 is

pre sented in Fig. 10 to help un der stand this ap par ent dis -

crep ancy. Prop a ga tion of neg a tive c200 (cor re spond ing to

di ver gent flow and pos i tive con vec tive heat ing) from the

Indian Ocean near 60°E at lag = 0 to 120°E takes about 10

days in ob ser va tions (Fig. 10a), 6 days in GFS (Fig. 10b),

and 8 days in CFS (Fig. 10c), con sis tent with the lag cor re la -

tion in Fig. 9. East ward prop a ga tion of the neg a tive c200

con tin ues through out the en tire globe. In the ob ser va tion,

prop a ga tion east of 180°E be comes slightly faster be cause

of the weak en ing of the in ter ac tion be tween conden sa -

tional heat ing and large-scale cir cu la tion. In the sim u la -

tions, however, the prop a ga tion slows down sub stan tially

in the cen tral and east ern Pa cific, re sult ing in an over all slow 

wave number- 1 zonal phase speed, in agree ment with the re -

sults in the wavenumber-fre quency spec tra in Fig. 7. Power

spec tra of nor mal ized PC2 in Fig. 11 shows that max i mum

vari ance is around 55 days in ob ser va tion, 60 days in GFS,

and 70 days in CFS, con sis tent with wavenumber-fre quency

spec tra (Fig. 7).

5.4 Evo lu tion of As so ci ated Fields

To ex am ine the prop a ga tion and the re la tion ship among

dif fer ent fields, we cal cu lated lag cor re la tion be tween prin -

ci pal com po nents and in di vid ual as so ci ated fields. The lag
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Fig. 9. Lag cor re la tion be tween two PCs. Pos i tive lag means that EOF2

leads EOF1.

Fig. 10. Lag cor re la tion be tween c200 and PC2.

(a) (b) (c)



cor re la tions be tween PC2 and in di vid ual fields are shown in

Fig. 12. Evo lu tions of pre cip i ta tion and –OLR are very

similar, in di cat ing that these two fields are in ter change -

able. Their prop a ga tion speed is es ti mated ~4 - 6 m s-1 over

the In dian Ocean and west ern Pa cific. Also, a con sis tent

east ward prop a ga tion is seen in u850 and pre cip i ta tion from

the anal y ses (Fig. 12a). The u850 field shows west erly

anom a lies to the west of en hanced con vec tion and east erly

anom a lies to the east of it. Be cause mean sur face zonal

winds are weak wes ter lies over the Indo-Pa cific warm pool,

en hanced evap o ra tion ap pears to the west of the con vec tion

due to strong ver ti cal mix ing and en hanced la tent heat flux

(LH) to air (where up ward is de fined as neg a tive flux) and

re duced evap o ra tion to the east of the con vec tion (down -

ward la tent heat flux to ocean is de fined as pos i tive flux).
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Fig. 11. Power spec tra of nor mal ized PC2.

Fig. 12. Lag cor re la tion be tween PC2 and 850 hPa zonal ve loc ity (u850), pre cip i ta tion (Prec), OLR, sur face net down ward so lar ra di a tion (SW), sur -

face down ward la tent heat flux (LH) and SST. (a) Ob ser va tions, (b) GFS, and (c) CFS. Val ues are plot ted at -0.8, -0.6, -0.4, -0.2, -0.1, 0, 0.1, 0.2, 0.4,

0.6, and 0.8.

(a) (b) (c)



Also, down ward sur face shortwave ra di a tion flux (SW) is

pos i tive to the east of pos i tive pre cip i ta tion anom a lies or

equiv a lently, in the re gion of the sup pressed con vec tion as -

so ci ated with neg a tive rain fall anom a lies. Both LH and SW

heat the sea sur face and re sult in an east ward prop a ga tion in

SST in the In dian Ocean and west ern Pa cific, which helps

en hance con vec tion to the east of the ex ist ing con vec tion.

The sur face heat ing pre cedes en hanced MJO con vec tion

cen ter by a 1/4 cy cle (~10 - 12 days). These sur face flux and

SST fea tures in the MJO are qual i ta tively con sis tent with the 

con cep tual model pro posed by Flatau et al. (1997). The im -

proved sim u la tion in CFS im plies that the MJO is in part a

cou pled mode.

Both the GFS and CFS sim u lated the east ward prop a -

gat ing fea ture in the ob ser va tion, but the spa tial co her ence

ap pears to be im proved in CFS com pared with those in GFS

as seen the re gressed fields. For ex am ple, en hanced MJO

con vec tion in the GFS shows un re al is ti cally fast prop a ga -

tion over the Pa cific with a phase speed of ~14 m s-1, rep re -

sent ing too rig or ous con vec tively cou pled Kel vin wave ac -

tiv ity, but the prop a ga tion in CFS is much im proved. This

feature is also seen in u850.

The evo lu tion of LH in both sim u la tions in the west ern

Pa cific does not ap pear to be con sis tent with that in the

analysis, which is likely due the mean er rors in sur face

wind (Fig. 3). As dis cussed in Inness and Slingo (2003), the

mean sur face wind is im por tant in de ter min ing the LH ano -

m a lies. The re gressed SW in GFS shows a poor sim u la tion,

es pe cially over the In dian Ocean, but the rep re sen ta tion of

SW in CFS is much im proved. SST in CFS also shows a

lead-lag re la tion ship seen in the ob ser va tion (i.e., a quar ter

cy cle dif fer ence) and these intraseasonal SSTs are found to

or ga nize con vec tion that fa vors the lon ger time scales of the

MJO, tend ing to slow the prop a ga tion down in a man ner

close to the ob served (Woolnough et al. 2001). Be cause of

the un sat is fac tory sim u la tion of the LH anom a lies in CFS,

the sim u lated re al is tic east ward prop a ga tion of SST over the

In dian Ocean in CFS (Fig. 12c) is pri mar ily due to the

contribution of SW anom a lies.

The better co her ence be tween the cir cu la tion and heat -

ing fields, and the con sis tent evo lu tion of SST in CFS sug -

gests that air-sea cou pling is im por tant in the sim u la tion of

the MJO. How ever, the SST er rors in CFS also in ev i ta bly

de grade some as pects in the sim u la tion. In ad di tion to the

less re al is tic sur face la tent heat flux in CFS, the east ward

prop a ga tion of con vec tion (pre cip i ta tion and –OLR in Fig. 12)

and the as so ci ated up per di ver gent flow (c200 in Fig. 10) to

the east of 130°E in CFS ap pears to be less con tin u ous com -

pared with the ob ser va tion. One pos si ble rea son for this

deficiency is the weak ver ti cal east erly shear in the west ern

Pa cific in CFS com pared with ob ser va tion and the GFS

simulation (Fig. 4). Zhang and Geller (1994) showed that

vertical east erly shear fa vors east ward prop a gat ing waves

be cause it al lows the gen er a tion of po ten tial en ergy of the

waves. It is thus de sir able to em ploy a nu mer i cal model

which, while in clud ing air-sea cou pling, sim u lates more re -

al is tic sea sur face tem per a tures. An ad di tional sim u la tion

with the un cou pled GFS forced by SSTs from the CFS sim u -

la tion will fur ther help un der stand the role of SST er rors in

the CFS and this is left to be per formed in our fu ture stud ies.

The prop a ga tion of MJO con vec tion from the In dian

Ocean to the west ern Pa cific is less con tin u ous in both CFS

and GFS (see also Seo et al. 2005). One pos si ble rea son of

this de fi ciency is as so ci ated with a pre sen ta tion of con vec -

tion since the MJO it self is an en ve lope of con vec tive clus -

ters. Then, a deep con vec tion parameterization will af fect

the sim u la tion of the MJO. Pre vi ous stud ies show that, along 

with the need of the fun da men tal de sign of con vec tive

scheme, the ad di tion of mois ture trig ger to the cu mu lus con -

vec tion scheme tends to pro duce im proved MJO sig nal (e.g., 

Tokioka et al. 1988; Wang and Schlesinger 1999). The re -

cent study of Lin et al. (2006) shows that GCMs that em ploy

con vec tive trig gers or trig gers linked to a mois ture con ver -

gence sim u late the MJO. The ac tive con vec tive ac tiv ity over 

the warm pools in cli mate model in duces en hanced lower-

 level cir cu la tion, which in turn helps main tain the MJO con -

vec tion and prop a gate across the Mar i time con ti nent, which

is not pro nounced in this ver sion of CFS. There fore, the

critical point is the cor rect feed back be tween the sim u lated

convection and large- scale cir cu la tion and fur ther stud ies

are needed to in ves ti gate the rep re sen ta tion of the re la tion -

ship be tween these.

6. SUM MARY

This study ex am ines the fi del ity of the MJO sim u la tion

by the NCEP un cou pled at mo spheric Global Fore cast Sys -

tem (GFS) model and the cou pled Cli mate Fore cast Sys tem

(CFS) model based on a 21-year sim u la tion of AMIP-type

with GFS and CMIP-type with CFS. Ob ser va tional data for

1982 - 2002 are used for comparison.

Over all, intraseasonal vari abil ity in both the GFS and

CFS is stron ger than that in the ob ser va tions, es pe cially for

the ar eas of the mar i time con ti nents and trop i cal cen tral-

 east ern Pa cific where the sim u lated intraseasonal am pli tude

is more than 20% stron ger than that ob served. The air-sea

cou pling fur ther en hances the vari abil ity in the trop i cal

west ern In dian Ocean and cen tral-east ern Pa cific, and south -

east ern Pa cific stra tus deck ar eas. This en hance ment may be

as so ci ated with lo cal SST warm bias. The am pli tude of mean 

east ward prop a gat ing low-wavenumber spec tra in GFS is

com pa ra ble to that in ob ser va tions but the pe riod of the peak

wavenumber-fre quency spec tra in GFS is around 60 - 80

days com pared with the ob served 40 - 60 days. The CFS

sim u la tion re tains a sim i lar pe riod range of the peak east -

ward-prop a gat ing wavenumber-fre quency spec tra as in the

GFS sim u la tion, but with the am pli tude of the peak spec tra

be ing roughly dou bled.
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The two lead ing EOF modes of com bined equa to rial

850-hPa zonal wind, 200-hPa zonal wind, and OLR are used 

to rep re sent the MJO in the sim u la tions and ob ser va tion.

EOF1 is char ac ter ized by ac tive con vec tion over mar i time

con ti nents and west ern Pa cific, and the dom i nant fea ture of

EOF2 is a strong con vec tive peak in the In dian Ocean.

Major fea tures of the sim u la tions in clude:

· Over all pat terns of the sim u lated MJO are sim i lar to that

ob served;

· Air-sea cou pling in CFS im proves the co her ence be tween

con vec tion and large-scale cir cu la tion;

· The too fast prop a ga tion of con vec tion from the In dian

Ocean to the mar i time con ti nents and the west ern Pa cific

in GFS is im proved (slowed down) in CFS;

· Both GFS and CFS pro duce large con vec tive heat ing in

the cen tral-east ern Pa cific with strong as so ci ated cir cu la -

tion anom a lies, and the air-sea cou pling in CFS fur ther

enhances this un re al is tic fea ture. This is one of the model 

deficiencies that press ingly need im prove ment be cause of

the strong im pacts of intraseasonal vari abil ity over east ern 

Pa cific on trop i cal storm ac tiv i ties and on weather and

climate over the Amer i cas;

· The sim u lated mean slow phase speed of east ward prop a -

gat ing low-wavenumber com po nents shown in the wave -

number-fre quency spec tra is due to the slow prop a ga tion

in the cen tral-east ern Pa cific in both GFS and CFS;

· Er rors in model cli ma tol ogy may have some im pact on the

sim u lated MJO. Two pos si ble re sults are: (i) CFS fails to

sim u late the wes ter lies over mar i time con ti nents and west -

ern Pa cific ar eas, re sult ing in an un re al is tic rep re sen ta tion

of sur face la tent heat flux as so ci ated with the MJO; and

(ii) the ver ti cal east erly wind shear from the In dian Ocean

to the west ern Pa cific in CFS is much weaker than that in

the ob ser va tion and in GFS, which may ad versely af fect

the east ward prop a ga tion of the sim u lated MJO.

There are many as pects of the model’s per for mance that

still needs to be better un der stood and im proved. Given the

ir reg u lar na ture and vari abil ity of the ob served MJO, which

sug gest that the MJO is af fected by var i ous fac tors, and

given the dif fi culty in the model sim u la tions dur ing the past

two de cades, our un der stand ing of the MJO dy nam ics and

im prove ment of the model sim u la tion ap pear to be an in -

cremen tal pro cess. Clearly, for a model to pro duce re al is tic

MJO, the fol low ing fac tors should be con sid ered: dy namic

in ter ac tion be tween large-scale cir cu la tion and con vec tion

(e.g., Seo and Kumar 2008), meso-scale pro cesses, cloud-

 radiation in ter ac tion, com plex ity of the pro cesses as so ci -

ated with the mar i time con ti nent and hence hor i zon tal/ver -

tical res o lu tions (e.g., Inness and Slingo 2006), cu mu lus

parameterization (e.g., Zhang and Mu 2005), the ver ti cal

struc ture of a diabatic heat ing pro file and role of stratiform

cloud heat ing (Lin et al. 2004; Boyle et al. 2008), the static

sta bil ity of the ba sic state, the ver ti cal shear of ba sic zonal

winds, and air-sea cou pling. Lack of re al is tic rep re sen ta tion

of any of these pro cesses will likely lead to un sat is fac tory

sim u la tion of cer tain as pects of the MJO. On the other hand,

to more firmly ad dress the ef fect of the SST bias on the

intraseasonal vari abil ity, a com par i son be tween the GFS

sim u la tion forced by the ob served SST and a new GFS

simulation forced by SST gen er ated from the CFS sim u la -

tion is needed, which is ex plored in the fu ture.

Acknowledgements  The au thors would like to thank three 

anon y mous re view ers. Their con struc tive com ments and

sug ges tions greatly im proved the orig i nal manu script. This 

work was funded by the Ko rea Me te o ro log i cal Admini -

stration Re search and De vel op ment Pro gram un der Grant

CATER 2007-4208.

REF ER ENCES

Boyle, J., S. Klein, G. Zhang, S. Xie, and X. Wei, 2008: Cli mate

model fore cast ex per i ments for TOGA COARE. Mon.

Wea. Rev., 136, 808-832, doi: 10.1175/2007MWR2145.1.

[Link]

Flatau, M., P. J. Flatau, P. Phoe bus, and P. P. Niiler, 1997: The

feed back be tween equa to rial con vec tion and lo cal ra di a -

tive and evap o ra tive pro cess: The im pli ca tions for intra -

seasonal os cil la tions. J. Atmos. Sci., 54, 2373-2386, doi:

10.1175/1520-0469(1997)054<2373:TFBECA>2.0.CO;2.

[Link]

Hayashi, Y. and D. G. Golder, 1986: Trop i cal intraseasonal os -

cil la tions ap pear ing in a GFDL gen eral cir cu la tion model

and FGGE data. Part I: Phase prop a ga tion. J. Atmos. Sci.,

43, 3058-3067, doi: 10.1175/1520-0469(1986)043<3058:

TIOAIA>2.0.CO;2. [Link]

Hen don, H. H., 2000: Im pact of air-sea cou pling on the Mad -

den- Julian Os cil la tion in a gen eral cir cu la tion model. J.

Atmos. Sci., 57, 3939-3952, doi: 10.1175/1520-0469

(2001)058<3939:IOASCO>2.0.CO;2. [Link]

Hen don, H. H., 2005: Air-sea in ter ac tion. In: Lau, W. K. M. and 

D. E. Waliser (Eds.), Intraseasonal Vari abil ity in the At mo -

sphere-Ocean Cli mate Sys tem, Springer Praxis Pub lish -

ing, 223-246.

Hen don, H. H. and J. Glick, 1997: Intraseasonal air-sea inter -

action in the trop i cal In dian and Pa cific Oceans. J. Cli -

mate, 10, 647-661, doi: 10.1175/1520-0442(1997)010

<0647:IASIIT>2.0.CO;2. [Link]

Inness, P. M. and J. M. Slingo, 2003: Sim u la tion of the Mad -

den-Julian Os cil la tion in a cou pled gen eral cir cu la tion

model. Part I: Com par i son with ob ser va tions and an

atmosphere-only GCM. J. Cli mate, 16, 345-364, doi:

10.1175/1520-0442(2003)016<0345:SOTMJO>2.0.CO;2.

[Link]

Inness, P. M. and J. M. Slingo, 2006: The in ter ac tion of the

Mad den-Julian os cil la tion with the mar i time con ti nent in a

GCM. Quart. J. Roy. Meteor. Soc., 132, 1645-1667, doi:

The MJO in the NCEP Cou pled Model Sim u la tion 723

http://dx.doi.org/10.1175/2007MWR2145.1
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=54&page=2373
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=43&page=3058
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=57&page=3939
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=10&page=647
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=16&page=345


10.1256/qj.05.102. [Link]

Inness, P. M., J. M. Slingo, E. Guilyardi, and Jeffrey Cole,

2003: Sim u la tion of the Mad den-Julian Os cil la tion in a

cou pled gen eral cir cu la tion model. Part II: The role of the

ba sic state. J. Cli mate, 16, 365-382, doi: 10.1175/1520-

 0442(2003)016<0365:SOTMJO>2.0.CO;2. [Link]

Jones, C., D. E. Waliser, and C. Gautier, 1998: The in flu ence of

the Mad den-Julian os cil la tion on ocean sur face heat fluxes

and sea sur face tem per a ture. J. Cli mate, 11, 1057-1072,

doi: 10.1175/1520-0442(1998)011<1057:TIOTMJ>2.0.

CO;2. [Link]

Kanamitsu, M., W. Ebisuzaki, J. Wool len, S. K. Yang, J. J.

Hnilo, M. Fiorino, and G. L. Pot ter, 2002: NCEP-DEO

AMIP-II reanalysis (R-2). Bull. Amer. Meteor. Soc ., 1631-

 1643.

Kemball-Cook, S. and B. Wang, 2001: Equa to rial waves and

air-sea in ter ac tion in the bo real sum mer intraseasonal os -

cil la tion. J. Cli mate, 14, 2923-2942, doi: 10.1175/1520-

 0442(2001)014<2923:EWAASI>2.0.CO;2. [Link]

Kemball-Cook, S., B. Wang, and X. Fu, 2002: Sim u la tion of the 

intraseasonal os cil la tion in the ECHAM-4 model: The

impact of cou pling with an ocean model. J. Atmos. Sci.,

59, 1433-1453, doi: 10.1175/1520-0469(2002)059<1433:

SOTIOI>2.0.CO;2. [Link]

Krishnamurti, T. N., D. K. Osterhof, and A. V. Mehta, 1988:

Air-sea in ter ac tion on the time scale of 30 to 50 days. J.

Atmos. Sci., 45, 1304-1322, doi: 10.1175/1520-0469

(1988)045<1304:AIOTTS>2.0.CO;2. [Link]

Liebmann, B. and C. A. Smith, 1996: De scrip tion of a com plete

(in ter po lated) out go ing longwave ra di a tion dataset. Bull.

Amer. Meteor. Soc ., 77, 1275-1277.

Liess, S., L. Bengtsson, and K. Arpe, 2004: The intraseasonal

os cil la tion in ECHAM4 Part I: Cou pled to a com pre -

hensive ocean model. Cli mate Dyn., 22, 653-669, doi:

10.1007/s00382-004-0406-0. [Link]

Lin, J., B. Mapes, M. Zhang, and M. Newman, 2004: Stratiform 

pre cip i ta tion, ver ti cal heat ing pro files, and the Mad den-

 Julian Os cil la tion. J. Atmos. Sci., 61, 296-309, doi:

10.1175/1520-0469(2004)061<0296:SPVHPA>2.0.CO;2. 

[Link]

Lin, J. L., K. M. Weickmann, G. N. Kiladis, B. E. Mapes, K. R.

Sperber, W. Lin, M. C. Wheeler, S. D. Schu bert, A. D.

Genio, L. J. Donner, S. Emori, J.-F. Gueremy, F. Hourdin,

P. J. Rasch, E. Roeckner, and J. F. Scinocca, 2006: Trop i cal 

intraseasonal vari abil ity in 14 IPCC AR4 cli mate mod els.

Part I: Con vec tive sig nals. J. Cli mate, 16, 2665-2690, doi:

10.1175/JCLI3735.1. [Link]

Mad den, R. A. and P. R. Julian, 1971: De tec tion of a 40-50 day

os cil la tion in the zonal wind in the trop i cal Pa cific. J.

Atmos. Sci., 28, 702-708, doi: 10.1175/1520-0469(1971)

028<0702:DOADOI>2.0.CO;2. [Link]

Mad den, R. A. and P. R. Julian, 1972: De scrip tion of global-

 scale cir cu la tion cells in the trop ics with a 40-50 day pe -

riod. J. Atmos. Sci., 29, 1109-1123, doi: 10.1175/1520-

 0469(1972)029<1109:DOGSCC>2.0.CO;2. [Link]

Maloney, E. D. and J. T. Kiehl, 2002: MJO-re lated SST vari a -

tions over the trop i cal east ern Pa cific dur ing north ern he -

mi sphere sum mer. J. Cli mate, 15, 675-689, doi: 10.1175/

1520-0442(2002)015<0675:MRSVOT>2.0.CO;2. [Link]

Pacanowski, R. C. and S. M. Griffies, 1998: MOM 3.0 Man ual,

NOAA/Geo phys i cal Fluid Dy nam ics Lab o ra tory, Prince -

ton, USA 08542.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes, and

W. Wang, 2002: An im proved in situ and sat el lite SST

anal y sis for cli mate. J. Cli mate, 15, 1609-1625, doi:

10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2.

[Link]

Saha, S., S. Nadiga, C. Thiaw, J. Wang, W. Wang, Q. Zhang, H.

M. van den Dool, H.-L. Pan, S. Moorthi, D. Behringer, D.

Stokes, M. Peña, S. Lord, G. White, W. Ebisuzaki, P. Peng,

and P. Xie, 2006: The NCEP cli mate fore cast sys tem. J.

Cli mate, 19, 3483-3517, doi: 10.1175/JCLI3812.1. [Link]

Seo, K.-H. and Y. Xue, 2005: MJO-re lated oce anic Kel vin

waves and the ENSO cy cle: A study with the NCEP Global 

Ocean Data As sim i la tion System. Geophy. Res. Lett., 32,

L07712, doi: 10.1029/2005GL022511. [Link]

Seo, K.-H. and A. Kumar, 2008: The on set and life span of the

Mad den-Julian Os cil la tion. Theor. Appl. Climatol., 94,

13- 24, doi: 10.1007/s00704-007-0340-2. [Link]

Seo, K.-H., J.-K. E. Schemm, C. Jones, and S. Moorthi, 2005:

Fore cast skill of the trop i cal intraseasonal os cil la tion in the 

NCEP GFS dy nam i cal ex tended range fore casts. Cli mate

Dyn., 25, 265-284, doi: 10.1007/s00382-005-0035-2. [Link]

Seo, K.-H., J. K. E. Schemm, W. Wang, and A. Kumar, 2007:

The bo real sum mer intraseasonal os cil la tion sim u lated in

the NCEP Cli mate Fore cast Sys tem: The ef fect of sea sur -

face tem per a ture. Mon. Wea. Rev., 135, 1807-1827, doi:

10.1175/MWR3369.1. [Link]

Sperber, K. R., 2003: Prop a ga tion and the ver ti cal struc ture of

the Mad den-Julian os cil la tion. Mon. Wea. Rev., 131, 3018 -

3037, doi: 10.1175/1520-0493(2003)131<3018:PATVSO>

2.0.CO;2. [Link]

Sperber, K. R., 2004: Mad den-Julian vari abil ity in NCAR

CAM2.0 and CCSM2.0. Cli mate Dyn., 13, 769-795.

Tokioka, T., K. Yamazaki, A. Kitoh, and T. Ose, 1988: The

equa to rial 30-60-day os cil la tion and the Arakawa-Schu -

bert pen e tra tive cu mu lus parameterization. J. Meteorol.

Soc. Jpn., 66, 883-901.

Waliser, D. E., K. M. Lau, and J.-H. Kim, 1999: The in flu ence

of cou pled sea sur face tem per a tures on the Mad den-Julian

Os cil la tion: A model per tur ba tion ex per i ment. J. Atmos.

Sci., 56, 333-358, doi: 10.1175/1520-0469(1999)056

<0333:TIOCSS>2.0.CO;2. [Link]

Wang, W. and M. E. Schlesinger, 1999: The de pend ence on

con vec tion parameterization of the trop i cal intraseasonal

os cil la tion sim u lated by the UIUC 11-layer at mo spheric

GCM. J. Cli mate, 12, 1423-1457, doi: 10.1175/1520- 0442

(1999)012<1423:TDOCPO>2.0.CO;2. [Link]

Wang, W., S. Saha, and H. L. Pan, 2004: Sim u la tion and pre -

dic tion of the MJO with the NCEP mod els. Proc. ECMWF/ 

724 Wanqiu Wang & Kyong-Hwan Seo

http://dx.doi.org/10.1256/qj.05.102
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=16&page=365
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=11&page=1057
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=14&page=2923
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=59&page=1433&ct=1
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=45&page=1304
http://dx.doi.org/10.1007/s00382-004-0406-0
http://ams.allenpress.com/perlserv/?request=get-abstract&doi=10.1175%2F1520-0469(2004)061%3C0296:SPVHPA%3E2.0.CO%3B2
http://dx.doi.org/10.1175/JCLI3735.1
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=28&page=702
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=29&page=1109
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=15&page=675
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=15&page=1609
http://dx.doi.org/10.1175/JCLI3812.1
http://dx.doi.org/10.1029/2005GL022511
http://dx.doi.org/10.1007/s00704-007-0340-2
http://dx.doi.org/10.1007/s00382-005-0035-2
http://dx.doi.org/10.1175/MWR3369.1
http://ams.allenpress.com/perlserv/?request=get-abstract&doi=10.1175%2F1520-0493(2003)131%3C3018%3APATVSO%3E2.0.CO%3B2
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=56&page=333
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=12&page=1423


CLIVAR Work shop on Sim u la tion and pre dic tion of

Intra- Sea sonal Vari abil ity with Em pha sis on the MJO,

Read ing, United King dom, ECMWF, 237-249.

Wang, W., S. Saha, H. L. Pan, S. Nadiga, and G. White, 2005:

Sim u la tion of ENSO in the new NCEP Cou pled Fore cast

Sys tem Model (CFS03). Mon. Wea. Rev., 133, 1574-1593,

doi: 10.1175/MWR2936.1. [Link]

Wheeler, M. C. and H. H. Hen don, 2004: An all-sea son real-

 time multivariate MJO in dex: De vel op ment of an in dex

for mon i tor ing and pre dic tion. Mon. Wea. Rev., 132,

1917- 1932, doi: 10.1175/1520-0493(2004)132<1917:

AARMMI>2.0.CO;2. [Link]

Woolnough, S. J., J. M. Slingo, and B. J. Hoskins, 2001: The or -

ga ni za tion of trop i cal con vec tion by intraseasonal sea sur -

face tem per a ture anom a lies. Quart. J. Roy. Meteor. Soc.,

127, 887-907, doi: 10.1002/qj.49712757310. [Link]

Woolnough, S. J., F. Vitart, and M. A. Balmaseda, 2007: The

role of the ocean in the Mad den-Julian Os cil la tion: Sen si -

tiv ity of an MJO fore cast to ocean cou pling. Quart. J. Roy.

Meteor. Soc., 133, 117-128. 

Xie, P. and P. A. Arkin, 1997: Global pre cip i ta tion: A 17-year

monthly anal y sis based on gauge ob ser va tions, sat el lite

estimates and nu mer i cal model out puts. Bull. Amer. Meteor.

Soc., 78, 2539-2558, doi: 10.1175/1520-0477(1997)078

<2539:GPAYMA>2.0.CO;2. [Link]

Zhang, C., 1996: At mo spheric intraseasonal vari abil ity at the

sur face in the trop i cal west ern Pa cific Ocean. J. Atmos.

Sci., 53, 739-758, doi: 10.1175/1520-0469(1996)053

<0739:AIVATS>2.0.CO;2. [Link]

Zhang, C., 1997: Intraseasonal vari abil ity of the up per-ocean

ther mal struc ture ob served at 0° and 165°E. J. Cli mate, 10,

3077-3092, doi: 10.1175/1520-0442(1997)010<3077:

IVOTUO>2.0.CO;2. [Link]

Zhang, G. J. and M. Mu, 2005: Sim u la tion of the Mad den-

 Julian Os cil la tion in the NCAR CCM3 us ing a re vised

Zhang-McFarlane convection parameterization scheme.

J. Cli mate, 18, 4046-4064, doi: 10.1175/JCLI3508.1.

[Link]

Zhang, M. H. and M. A. Geller, 1994: Se lec tive ex ci ta tion of

trop i cal at mo spheric waves in Wave-CISK: The ef fect of

ver ti cal wind shear. J. Atmos. Sci., 51, 353-368, doi:

10.1175/1520-0469(1994)051<0353:SEOTAW>2.0.CO;2.

[Link]

The MJO in the NCEP Cou pled Model Sim u la tion 725

http://dx.doi.org/10.1175/MWR2936.1
http://ams.allenpress.com/perlserv/?request=get-abstract&doi=10.1175%2F1520-0493(2004)132%3C1917%3AAARMMI%3E2.0.CO%3B2
http://dx.doi.org/10.1002/qj.49712757310
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0477&volume=78&page=2539
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=53&page=739
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0442&volume=10&page=3077
http://dx.doi.org/10.1175/JCLI3508.1
http://ams.allenpress.com/perlserv/?request=get-abstract&issn=1520-0469&volume=51&page=353

