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1. INTR ODUCTION

Unlik e the El Nino and Southern Oscillation

(ENSO) episo des of the 1980s, anomalous equato-

rial w arming ev en ts in the 1990s are more frequent,

last for shorter p erio ds, and are less in tense [e.g.,

Liu et al. 1995, Ji et al. 1996]. Un usual condi-

tions in the Paci�c basin during the �rst half of

1990s are characterized by a p ersisten tly negative

Southern Oscillation index (SOI) and p ositiv e sea

surface temp erature (SST) anomalies in the equato-

rial cen tral Paci�c [e.g., T ren b erth and Hoar, 1996].

The pattern of SST anomalies forms a horse-sho e

pattern, branc hing out from the equatorial cen tral

Paci�c to the w est coast of North and South Amer-

ica at 20

�

latitudes [Ji et al. 1996; Kleeman et al.,

1996] . The �rst half decade of the 1990s has ex-

p erienced three w arm episo des: win ter 1991/1992,

spring 1993, and fall 1994. Most dynamic or statis-

tical forecast mo dels sho w ed useful forecast skill in

predicting the anomalous w arming during 1982-1992

p erio d, but failed in the 1993 and 1994 episo des, as

reviewed by Ji et al. [1996].

The nature of the prolonged anomalous w arming

in the �rst half of 1990s is a matter of debate: either

it is a new ev en t induced by curren t factors (e.g.,

an throp ogenically induced greenhouse w arming) as

suggested by T ren b erth and Hoar [1996], or it is part

of the decadal-scale v ariabilit y [W ang 1995; Latif et

al., 1997]. Observ ations a v ailable either do not ha v e

su�cien t qualit y or are not long enough in duration

to clearly resolv e the con trov ersy .

In this study , 36 y ears of surface wind stress and

�
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supp orting measuremen ts are used to drive an o cean

general circulation mo dels. Oceanic resp onses in

terms of temp erature, depth, heat con ten t, and cur-

ren t of the upp er o cean are examined. The in ter-

decadal and ENSO mo des of b oth the observ ations

and mo del sim ulations are compared with the to-

tal anomalies, in hop e to shed light on the physical

causes of the anomalous characteristics of 1990s.

2. MODEL AND D A T A

The o cean mo del used in this study is the Mo d-

ular Ocean Mo del v ersion 2 (MOM2) develop ed at

GFDL. Detailed description of the mo del history can

b e found in MOM 2 User's Guide and Reference

Man ual. V ertical subgrid mixing parameterization

is Richardson num b er dep enden t [P acano wski and

Philander 1981], while the horizon tal mixing is non-

linear Smagorinsky [1963] sc heme.

The mo del spans the tropical Paci�c from 120

�

E

to 70

�

W and from 30

�

S to 30

�

N. The spatial resolu-

tion is 2

�

longitude by 1 = 3

�

latitude b et w een 10

�

S to

10

�

N and 1

�

p oleward. There are 28 v ertical lev els,

with 10 m resolution at the top 150 m and relaxed

to the b ottom at a depth of 5600 m. Sp onge b ound-

ary condition is applied to the lateral b oundaries.

Scripps T op ograph y data (1

�

� 1

�

) w as in terp olated

to the mo del grid. A time step of one hour is used

in the numerical in tegration.

The short w av e and longw av e radiation 
uxes ap-

ply climatolog y derived from the mon thly Interna-

tional Satellite Cloud Climatology Pro ject (ISCCP)

data parameterized using radiative transfer mo dels

(SRB, July 1983-June 1991). W e used the mon thly

mean Florida State University (FSU) surface wind

stress and Comprehensive Ocean Atmosphere Data

Sets (COADS) sp eci�c humidit y . The FSU wind



stress co v ers the p erio d from Jan uary 1961 to De-

cem b er 1996 on a 2

�

latitude by 2

�

longitude grid

b et w een 30

�

S and 30

�

N and from 124

�

E to 70

�

W.

The CO ADS sp eci�c humidit y used w as from Jan-

uary 1961 to Decem b er 1993 on a 2

�

latitude by 2

�

longitude grid.

The mo del w as spun up by restoring the surface

temp erature and salinit y to Levitus climatology and

later driven by the 36-year (1961-96) wind forcing.

The spin up w as run for 4 y ears and the upp er o cean

reaches quasi-equilibrium seasonal cycle. In the last

three y ears' (1994-96) mo del run, sp eci�c humidit y

w as replaced by climatology due to lack of data.

In the tropical Paci�c during 1992-1996, the sim-

ulation of SST and sea lev el v ariation compared rea-

sonably w ell with spacebased observ ations, in agree-

men t with previous studies [Liu et al., 1995; Liu

et al., 1996]. F ourier decomp osition analysis w as

applied to the mo del sim ulations to pro duce in ter-

decadal mo de with p erio ds greater than 8 y ears and

ENSO mo de with p erio ds from 2 to 7 y ears.

3. RESUL TS

The zonal wind stress anomalies for the 1990-

1995 p erio d are characterized by p ersisten t w est-

erly anomalies in the equatorial w estern and cen tral

Paci�c and o�-equatorial eastern Paci�c (Fig. 1a).

Fig. 1b sho ws that the mo del SST resp onse is highly

correlated with the zonal wind stress. The sim u-

lated SST anomalies are similar to the observ ations,

which indicates that the abnormal conditions of ob-

serv ed SST in the 1990s are closely link ed to the

low-frequency v ariations in the atmospheric wind

forcing. The w esterly anomalies result in shallo w er

thermo cline depth (as represented by the depth of

20

�

C isotherm in Fig. 1c) in the equatorial w est-

ern Paci�c and north Paci�c around 10

�

N, whereas

the equatorial cen tral to eastern Paci�c exp eriences

a deep ening of the thermo cline in accordance with

easterly anomalies. The upp er o cean heat con ten t

anomalies (�gure not sho wn) are v ery similar to

the thermo cline anomalies. The mixed lay er depth

(�gure not sho wn) features negative anomalies to

the w est and p ositiv e anomalies to the east of the

basin, consistent with the thermo cline v ariations on

Figure 1: Interann ual anomaly of (a) zonal wind

stress, (b) sea surface temp erature and, (c) depth of

20

�

C isotherm derived from mo del sim ulation and

av eraged for six y ears (1990-1995). The anomalies

are deviations from the 36-year (1961-1996) av er-

aged ann ual cycles.

the in terdecadal time scale. The close resem blance

b et w een the in terann ual anomalies and the in ter-

decadal mo des sho wn in Fig. 2 implies that anoma-

lies in the 1990s for b oth the atmospheric forcing

and upp er o cean resp onses are dominated by the

in terdecadal v ariabilit y .

Fig. 3 depicts time-longitude cross sections of

the in terdecadal mo de of zonal wind stress, mo del

SST, and 20

�

C isotherm. It is sho wn that the in ter-

decadal comp onen t of zonal wind stress has w esterly

anomalies in the w estern and cen tral Paci�c during

the 1990s, which reinforces the ENSO comp onen t

sho wn in Fig. 4. Accordingly , the SST resp onse

during the same p erio d is at the w arm phase of the

in terdecadal mo de (Fig. 3). A shift from cold to

w arm phase of the in terdecadal mo de around 1977

is ob vious in Fig. 3; the shift in SST is consistent



Figure 2: Same as Fig. 1, except for in terdecadal

mo des instead of in terann ual anomalies. The in ter-

decadal mo de is de�ned as the v ariation with p erio d

longer than 8 y ears and w as derived from the 36-year

sim ulation through F ourier decomp osition.

with the shift from easterly to w esterly zonal stress

anomalies. The thermo cline deep ens to the east of

the w arm SST on the in terdecadal time scale. Dur-

ing the short-liv ed w arming ev ents in 1993 and 1994,

amplitudes of the in terdecadal v ariation are compa-

rable or ev en larger than the ENSO mo de. Esp e-

cially during the 93 basin w arming, the in terdecadal

mo de pla ys a dominan t part in the total anomalies

b oth for the wind forcing and upp er o cean resp onses

suc h as SST and thermo cline depth.

The thermo cline ev olution di�ers notably b et w een

the traditional mo derate-to-strong ENSO ev ents

suc h as those in the 1980s and 1991/92 and the lat-

est t w o w arming ev en ts. In a traditional ENSO, the

w estern Paci�c w arm p o ol displa ys b elow-normal

sea lev el pressure and signi�can t deep ening of the

thermo cline at least one y ear prior to the eastern

Paci�c w arming, resulting from the strong-than-

normal Paci�c trade wind. The recent tw o w arm

ev ents, ho w ev er, develop ed against the anomalously

v ery shallo w w estern Paci�c thermo cline. This is

most evident in the total anomalies of 20

�

C isotherm

depth (not sho wn), and also evident in b oth the in-

terdecadal and ENSO mo des (Fig. 3c and Fig. 4c).

Figure 3: Longitudinal and temp oral v ariations of

decadal mo des of (a) zonal wind stress, (b) sea sur-

face temp erature, and (c) depth of 20

�

C isotherm

along the equator.

In the eastern Paci�c, the in terdecadal mo de (Fig.

5a) has large amplitude sligh tly o� the equator

while the ENSO mo de (Fig. 5b) has the largest

amplitude within the equatorial w av e guide. The

mo del-sim ulated SST anomalies (Fig. 5c) ha v e large

amplitudes during the 1982/1983, 1986/1987, and

1991/1992 ENSOs near the equator, whereas the

1993 and 1994 episo des exhibit considerable w arm

SST o� the equatorial region. In the core region of

the traditional ENSO in the equatorial Paci�c, there

are negative SST anomalies. The close resem blance

b et w een Fig. 5a and 5c for 1993 and 1994 implies



Figure 4: Same as Fig. 3, except for ENSO mo de

instead of decadal mo de. The ENSO mo de is de-

�ned as the v ariation with p erio d b et w een 2 to 7

y ears and w as deriv ed with the same metho d as the

in terdecadal mo de.

that the in terdecadal v ariation con tributes signi�-

can tly to the total SST anomalies, particularly in

the o�-equatorial regions.

In order to further understand the physical mec h-

anisms of the anomalous characteristics in the 1990s,

exp eriment w as conducted with the in terdecadal

mo de remo v ed from the wind and sp eci�c humid-

ity (i.e., from the wind and heat forcing), The av-

eraged SST resp onse for 1990-1995 sho ws much re-

duced w arming in the equatorial cen tral Paci�c and

o�-equatorial eastern Paci�c (Fig. 6). This is in-

duced by the m uc h w eak er in terdecadal v ariations in

the mo del resp onse (�gure not sho wn), which sug-

gests that the in terdecadal mo de of the upp er o cean

resp onse is closely asso ciated with the atmospheric

forcing on the same time scale. Compared to the

con trol run, the latest t w o w arm ev ents are esp e-

cially suppressed, indicating that the in terdecadal

Figure 5: Latitudinal-temp oral v ariation for (a)

decadal mo de, (b) ENSO mo de, and (c) total v ari-

ance of sea surface temp erature of a meridional band

b et w een 150

�

W and 110

�

W.

v ariation plays an imp ortan t role in the w arming.

The in terdecadal v ariation accoun ts for a signi�can t

part of the characteristics displa y ed in the latest tw o

short-liv ed w arming suc h as large o�-equatorial east-

ern Paci�c w arming and little or negative w arming

in the equatorial eastern Paci�c which is the k ey

region of w arming for traditional ENSO.

4. CONCLUSION

The 1991/92 anomalous w arming episo de is found

to b e similar to the ENSO ev ents in 1980s, whereas

the latter tw o w eak and short-liv ed episo des di�er

signi�can tly in the sense that latter tw o w ere devel-

op ed from v ery shallo w w estern Paci�c thermo cline.

A signi�can t p ortion of the 1993 and 1994 w arming

episo des w ere explained by the in terdecadal v aria-

tions. This ma y b e one of the factors why most



Figure 6: Average (1990-1995) of mo del-sim ulated

sea surface temp erature anomalies when forced by

zonal wind stress and atmospheric humidit y with

decadal mo de remo v ed.

of the forecast mo dels failed to predict adequately

the latest t w o episo des. The resem blance of the

geographic and temp oral distributions of the total

anomalies and the in terdecadal mo de av eraged ov er

the �rst half of 1990s in observed wind stress, sim-

ulated SST and thermo cline depth implies that the

anomalies in the 1990s are likely to b e dominated

by the in terdecadal mo de. The low-frequency v ari-

ations from in terann ual to in terdecadal time scales

of the upp er o cean resp onses are closely asso ciated

with atmospheric dynamic and thermo dynamic forc-

ing.
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