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Abstract. Interannual and interdecadal variabilities in
the Pacific are investigated with a coupled atmosphere-
ocean GCM developed at MRI, Japan. The model is
run for 70 years with flux adjustments. The model
shows interannual variability in the tropical Pacific
which has several typical characteristics shared with
the observed ENSO. A basin-scale feature of the prin-
cipal SST variation for the ENSO time scale shows ne-
gative correlation in the central North Pacific with the
tropical SST, similar to that of the observed one. Asso-
ciated variation of the model atmosphere indicates an
intensification of the Aleutian Low and a PNA-like
teleconnection pattern as a response to the tropical
warm SST anomaly. The ENSO time scale variability
in the midlatitude ocean consists of the westward prop-
agation of the subsurface temperature signal and the
temperature variation within the shallow mixed layer
forced by the anomalous atmospheric heat fluxes. For
the interdecadal time scale, variation of the SST is si-
mulated realistically with a geographical pattern simi-
lar to that for the ENSO time scale, but it has a larger
relative amplitude in the northern Pacific. For the at-
mosphere, spatial structure of the variation in the in-
terdecadal time scale is also similar to that in the
ENSO time scale, but has smaller amplitude in the
northern Pacific. Long oceanic spin-up time (> ~10y)
in the mid-high latitude, however, makes oceanic re-
sponse in the interdecadal time scale larger than that in
the ENSO time scale. The lagged-regression analysis
for the ocean temperature variation relative to the
wind stress variation indicates that interdecadal varia-
tion of the ocean subsurface at the mid-high latitudes is
considered as enhanced ocean gyre spin-up process in
response to the atmospheric circulation change at the
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mid-high latitudes, remotely forced by the interdecadal
variation of the tropical SST.

1 Introduction

Along with increasing concern about global warming
due to anthropogenic greenhouse gases, it has been re-
cognized that a full understanding of the natural varia-
bility of the climate system is most essential for quanti-
tative detection of the warming and for reduction of
uncertainties in the prediction of future climates. In-
creasing numbers of experiments with coupled atmos-
phere-ocean GCMs have been conducted in order to
investigate transient responses of climate system to the
growth of atmospheric greenhouse gases (e.g. Manabe
et al. 1991; Cubash et al. 1992). It is realized that quan-
titative detection of greenhouse effect is difficult due
to the existence of natural variability of interdecadal
time scale with comparable amplitude (IPCC 1990).
The model’s performances need to reproduce realisti-
cally natural variability for climate sensitivity experi-
ments. In several transient experiments, interdecadal
natural variabilities are simulated in their coupled
models (Manabe et al. 1991; Cubash et al. 1992), where
resolutions of the ocean models are too low to simulate
realistic El Nifios.

El Nifio and the Southern Oscillation (ENSO) in
the tropical Pacific is one of the most dominant inter-
annual natural variabilities of the air-sea coupled sys-
tem. The influence of ENSO to the midlatitudes was
also considered in many observational and GCM in-
vestigations.

When considering the natural variability of decadal
to interdecadal time scale, on the other hand, the large
climate shift in the North Pacific which occurred in the
mid-1970s is notable. Kashiwabara (1987) reported a
clear decline of winter atmospheric geopotential height
in the central North Pacific after 1977. Nitta and Ya-
mada (1989) and Trenberth (1990) pointed out that
this change in the atmospheric circulation is related to
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decadal scale variation of the tropical ocean. In recent
studies with atmospheric GCMs, Lau and Nath (1994)
and Graham (1994) forced AGCM by the observed sea
surface temperature (SST) in the midlatitude and the
tropics separately, and studied contributions of the two
SST anomalies to the variability of the midlatitude at-
mospheric circulations. They suggested that the atmos-
pheric variation in the North Pacific can be attributed
to the variation of the tropical Pacific SST. Close link-
age between the Aleutian Low and the SST in the west-
ern tropical Pacific is also suggested by Yamagata and
Masumoto (1992). Miller et al. (1994) showed that in-
terdecadal variability of the midlatitude Pacific Ocean
is driven by the atmosphere, from results of an experi-
ment with an OGCM forced by the observed anomalies
of surface heat flux and wind stress.

On the other hand, Trenberth and Hurrell (1994)
suggested the importance of a feedback mechanism
that causes north-south shifts of storm track accompa-
nied by the SST change in the central North Pacific to
reinforce or sustain the SST anomaly there. With the
analysis of a multi-decadal integration of a coupled
GCM, Latif and Barnett (1994) claimed that coupled
interaction between the subtropical gyre circulation
and the Aleutian Low is also important to interdecadal
variability in the North Pacific. In their model, varia-
tions in the tropical Pacific are considered of secondary
importance to the forcings in the midlatitudes.

An experiment of global warming with transient
CO; increase is performed at the Meteorological Re-
search Institute (MRI) (Tokioka et al. 1995). The mod-
el used for the study has enough resolution in the
OGCM in the low latitudes to show ENSO-like varia-
tion and interdecadal variation in the Pacific both in
the control run and CO, increase run. In order to vali-
date the performance of the model, the present study
investigates temporal and spatial structures of the si-
mulated variability and compares them with the obser-
vation. This work, furthermore, tries to pursue mecha-
nisms of the variabilities in the Pacific with emphasis
on the relation between the tropics and the mid-high
latitudes.

This study is organized as follows: outlines of the
model and the model run are described in Sect. 2. Sec-
tions 3 and 4 describe model climatology and overview
of the model ENSO, respectively. Sections 5 and 6 de-
scribe basin-scale variations in the Pacific for interan-
nual time scales and for interdecadal time scales, re-
spectively. Finally summary and discussion are pre-
sented in Sect. 7.

2 Model and run

The coupled atmosphere-ocean model employed in the
present study consists of a world ocean general circula-
tion model (OGCM) with an active sea-ice model and
an atmospheric general circulation model (AGCM),
developed at MRI.

An atmospheric component of the model is a new
version of MRI-GCM (Tokioka et al. 1984). Its per-
formance is described in Kitoh et al. (1995). The hori-

zontal resolution of the AGCM is 4° latitude and 5°
longitude. There are 15 vertical layers with the model
top at 1 hPa. Calculation of the shortwave radiation is
based on Lacis and Hansen (1974). Calculation of the
longwave radiation is based on the multi-parameter
random model by Shibata and Aoki (1989) applied in
four spectral regions (20-550, 550-800, 800-1200,
1200-2200 cm ~'). Parametrization of cumulus convec-
tion is based on the scheme of Arakawa and Schubert
(1974). Planetary boundary layer (PBL) is parame-
trized as a well-mixed layer with variable depth after
the model of Randall (1976). Five types of clouds are
considered: penetrative cumulus cloud, mid-level con-
vective cloud, stratus cloud in PBL, cloud due to large-
scale condensation and cirrus anvil cloud. Partial clou-
diness is allowed for the convective clouds. Orographic
gravity-wave drag is parametrized following Palmer et
al. (1986) with quantitative adjustments by Yagai and
Yamazaki (1988). Thermodynamic and hydrological
treatment of the land surface are based on a multi-
layer soil model which has four layers with the lowest
at 10 m depth. Effect of the vegetation canopy is not
explicitly modeled. In order to allow different horizon-
tal resolutions between AGCM and OGCM, different
types of surface characteristics (ocean, land, sea ice
and ice sheet) are considered in a single AGCM grid
box.

The oceanic component of the model is a world
ocean general circulation model developed at MRI
(see Nagai et al. 1992). The model has realistic bottom
topography and 2.5° (longitude) x2.0° (latitude) hori-
zontal resolution. For latitudes lower than 12 degrees,
non-uniform latitudinal grid spacing ranges from 0.5°
(4°S-4°N) to 2° poleward from 12°N and 12°S). There
are 21 vertical levels, 11 of which are located in the
upper levels of ocean between deep and the surface
300 m. To resolve the oceanic mixed layer, a turbu-
lence closure scheme based on the Mellor-Yamada lev-
el-2 is introduced. Coefficients of the horizontal viscos-
ity and diffusivity are set to 2.0x10° cm?s and
5.0x 107 em?/s, respectively. The vertical eddy viscosity
and diffusivity are calculated following the turbulence
closure scheme (Mellor and Yamada 1974, 1982; Mel-
lor and Durbin 1975).

An active sea ice model is included. The model pre-
dicts compactness and thickness of sea ice following
Mellor and Kantha (1989). Advection of the sea ice is
taken into account with a simple relation to the ocean
surface current.

The model results analyzed in this study covers a
70-y control run for the transient CO, experiment (its
atmospheric CO, concentration is fixed at 345 ppmv).
Before coupling, AGCM was integrated for 3 y forced
by the observed SST, and OGCM was spun up for
1500y from motionless state initially with homogene-
ous potential temperature and salinity. Then, prelimi-
nary coupling 30-y-integration was made, during which
flux adjustments of heat and freshwater were obtained
through the relaxation of sea surface temperature and
salinity to Levitus (1982) climatology. Finally, a 70y
integration was made as a control run. During this inte-
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gration, the flux adjustments obtained above were im-
posed to insure realistic climate of SST and surface sal-
inity.

3 Model climatology

In this section, we overview model climatology of the
SST, wind stress, and ocean subsurface thermal struc-
ture, compared with observational data.

Annual mean SST climatology for the 70 y integra-
tion of the model is shown in Fig. 1. Flux adjustments
worked well to maintain the SST close to the Levitus
(1982) climatology in the mid-high latitudes as well as
in the tropical region. During the 70 y time integration,
however, the model has some climatic drift in the sub-
surface ocean at the high-latitudes especially over the
Antarctic sea and the North Atlantic. An overall fea-
ture of the SST pattern is reasonably reproduced.
Some discrepancies from the observation, however, are
seen. The temperature of the western equatorial warm
water in the Pacific is slightly higher than 30°C while
the observed one is less than 30 °C. The model SST has
generally warm bias in the warm water regions in the
tropics.

Figure 2 shows the model climatology of the sea sur-
face wind stress field for (a) January and (b) July.
Overall features of the observed wind stress (Heller-
mann and Rosenstein 1983) are well reproduced. The
westerly winds associated with storm tracks in the
northern midlatitude and the northeast trade winds
are realistic not only in direction but also in amplitude.
Since the model Aleutian Low is shifted westward (Fig.
2), the wind stress in the central north Pacific has
larger northward component compared to that of the
observations. The southeasterly trade winds of the
model do not extend to the equator especially in the
west off Peru and off Brazil. Generally speaking, the
meridional component of the model wind stress in the
tropics is small compared to that observed. In July
(Fig. 2b), the strong southwesterly wind stress which is
related to the Indian monsoon is reasonably simu-
lated.

In order to simulate realistic El Nifios, it is crucial
that the thermocline along the equator is adequately
reproduced. Both the annual mean field and seasonal
variation of wind stress along the equator are closely
tied to the thermocline structure along the equator.
Figure 3 shows the seasonal variation of the zonal wind
stress and the meridional wind stress both along the
equator. These are compared with the observational
wind stress of Hellermann and Rosenstein (1983). In
the comparison, the observational wind stress of Hel-
lermann and Rosenstein (1983) is multiplied by 0.75,
because it is considered to be overestimated (Stock-
dale et al. 1993). In January, zonal wind stress in the
model shows good agreement with the observations. In
April, the observed easterly wind stress is weakened in
the central Pacific, although the model maintains east-
erly wind stress at January values. The model simulates
the easterly wind stress in the central equatorial Pacific
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Fig. 1. Model climatology of the annual averaged SST. Contour
interval is 1°C. Regions warmer than 27 °C are shaded
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Fig. 2a, b. Model climatology of the wind stress at the ocean sur-
face for a January and b July. Reference arrow denotes 0.1 N/m?.
Contour plot shows magnitude of wind stress with interval of 0.05
N/m?

to be about 50% larger than that observed during
April through July. The zonal wind stress in the east-
ern coast of the Pacific in the model has a relatively
large westerly component compared to observations.
Meridional wind stress plays significant role in coastal
upwelling and cold currents along the eastern coast of
the Pacific and the Atlantic. Southerly wind stresses in
the model are weak compared to observations in the
equatorial east-central Pacific and Atlantic especially
during July to October.
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Fig. 3a, b. Seasonal variation of a zonal wind stress and b merid-
ional wind stress along the equator (average between 2S and 2N)
for the model climatology (solid line) and the observed climatolo-

Figure 4 shows the vertical cross section of annual
mean temperature along the equator for the model and
for the observation (Levitus 1982). The model suc-
ceeded in representing the Pacific equatorial thermo-
cline structure. Over most of the Pacific sector, the
model simulates the depth of the 20°C isotherm with
good agreement with the observations. At the eastern
coast, however, the 20°C isotherm declines toward
east, which is not seen in the observations. This is
probably caused by weak upwelling due to the unreal-
istic westerly wind stress along the eastern coast (Fig.
3a) and weak advection of cold water due to weak
southerly wind stress along the west coast of South
America (Fig. 3b). At all longitudes, the model ther-
mocline is diffuse compared to that of observation.
The model fails to reproduce the zonal gradient of the
thermocline in the Indian ocean. This is related to dif-
ferences in the wind direction at the equator, asso-
ciated with variations in the southward extent of the
westerly Indian summer monsoon between the model
and the observations.

The structure of the subsurface basin-scale gyre is
mainly controlled by the vorticity input of the large-

gy (Hellermann and Rosenstein 1983) multiplied by 0.75 (dashed
line), respectively

scale wind stress. Figure 5 depicts the climatology of
the annual mean ocean temperature of the subsurface
(275 m depth) for (Fig. 5a) the model and (Fig. 5b) the
observation (Levitus 1982). An overall pattern of the
principal subtropical gyres is reproduced in the model.
It is recognized that the model shows a weaker temper-
ature gradient in the strong current regions compared
with the observed field. Since horizontal resolution
(2.5°x2°) is not enough, the model simulates the Kuro-
shio transport only 38 Sv (x10°m?s) at maximum.
The Kuroshio Extension is shifted north (around
40°N). The subpolar gyre of the northern North Pacific
is not sufficiently reproduced in the model.

4 Model ENSO

In this section, we overview ENSO-like variabilities in
the equatorial Pacific reproduced in the model.
Figure 6, a, b shows time series of the simulated SST
monthly anomaly at the equatorial central Pacific re-
gion (160°E-160°W, 6°S-6°N) and sea level pressure
difference between Tahiti and Darwin, namely the



Yukimoto et al.: Interannual and interdecadal variabilities in the Pacific in an MRI coupled GCM 671

b 60E 120E 180  120W  60W 0

Fig. 4a,b. Longitude-depth cross section of the annual mean
ocean temperature along the equator for a the model climatology
and b the observed climatology (Levitus 1982). Contour interval
is 1°C

southern oscillation index (SOI). The SST anomaly
and SOI show significant interannual oscillations with
dominant periods of 3 to 6 years. The magnitude of the
SST anomaly is about twice as large as that of previous
coupled models (Philander et al. 1992; Nagai et al.
1992; Latif et al. 1993), though it is still small compared
to the observed peak value of 3°C. Our model has
maximum variability of the SST around the date line,
while it has smaller amplitude in the NINO3 region
(150°W-90°W, 5°S-5°N) of the east-central Pacific
(peak value 0.9°C). This is due to a westward shift of
the strongest zonal gradient of the equatorial SST in
the model climatology. Time series of the model SOI
also show an interannual variation which has negative
correlation (r—0.72) with the SST anomaly. This cor-
relation is comparable with that for the observed
ENSO.

There are prominent 10 warm events and 8 cold
events during the 70y model integration. Common
features of these events are typically seen in a warm
event in the tenth year of the integration.

Figure 7a-d shows the time-longitude plots of
anomalies for SST, zonal wind stress, vertical averaged
temperature (VAT) along the equator, and VAT along
8°N respectively. These variables are plotted for the
years 9 to 13. VAT represents the ocean heat content
of the upper 300 m of ocean.
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Fig. 5a, b. Annual mean ocean temperature at 275 m depth for a
the model climatology and b the observed climatology (Levitus
1982). Contour interval is 1°C

SO

b Year

Fig. 6a, b. Time series of simulated a SST anomaly in the central
equatorial Pacific region (160°E-160°W, 6S—-6N) and b SOI, for
the 70 y model run. Values are 13 month running means

Preceding the warm event, VAT along the equator
increases in the western Pacific and decreases at the
east-central Pacific. This is equivalent to a deepening
of the thermocline at the western boundary and a
shoaling at the east-central Pacific. During this period,
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Fig. 7a—d. Longitude-time plot for anomalies of a SST (average
between 6°S and 6°N), b zonal wind stress (average between 6°S
and 6°N), ¢ VAT along the equator and d VAT along 8°N. Time

a large easterly wind anomaly in the central Pacific is
sustained. The VAT positive anomaly in the equatorial
western boundary begins to propagate eastward in Jan-
uary of year 10, and reaches the eastern boundary in
March of year 10 (Fig. 7c). It takes about 2-3 months
for the signal to cross the basin. The propagation speed
is comparable with that of the first equatorial Kelvin
mode. The beginning of the signal propagation is sea-
sonally phase-locked to boreal winter in most of the
model events. It can be seen that several pulses of
VAT anomalies (which follow impulsive westerly wind
anomalies in the central Pacific) propagate successively
for more than one year, and subsequently, the positive
VAT anomaly in the western Pacific disappears.

Warming of the SST starts at the east-central Pacific
when the first VAT anomaly arrives at the eastern Pa-
cific. The SST warming which is initiated at the eastern
Pacific extends westward accompanying the westerly
wind stress anomaly (Fig. 7a, b). In the mature stage of
the model warm event, SST warming is enhanced
around the date line, and a westerly wind stress anom-
aly becomes dominant in the central Pacific. To the
west of the date line, at the mature stage of the SST
warming, a significant positive downward heat flux
anomaly at the ocean surface (not shown here) corre-
sponds with the SST warming.

It is clearly seen that westerly wind stress anomalies
in the central equatorial Pacific generate negative

120E 150E 180 150W 120W 90W
c d

covers years 9 to 13 of the model run. Negative values are shaded.
Contour intervals are a 0.3°C, b 0.05 N/m?, ¢ 0.2°C and d 0.2°C

VAT signals away from the equator (Fig. 7d) by weak-
ening of the Ekman convergence there. These negative
VAT signals propagate westward and reach the west-
ern boundary. It takes about 6 months for the signals
to cross half of the basin. Its propagation speed ap-
proximately corresponds to the group velocity of an
oceanic Rossby wave along this latitude. The propaga-
tion of this off-equatrial signal contributes to the de-
crease of ocean heat content in the western Pacific.
After the decrease of ocean heat content in the west-
ern Pacific, a negative signal propagates eastward, in
turn (at the beginning of year 12). Variations similar to
these mentioned with the opposite sign are repeated as
the next La Nifia phase. This cycle in the model ENSO
is similar to the delayed-oscillator discussed by Schopf
and Suarez (1988) and Nagai et al. (1992).

5 Interannual variabilities in mid-high latitudes

The power spectra of the SST is estimated to deter-
mine dominant time scales in the whole Pacific region.
Figure 8 shows power spectra of the model SST aver-
aged over the Indo-Pacific region (region A: 30°E-
60°W, 40°S-50°N), the central equatorial Pacific re-
gion (region B: 160°E-160°W, 6°S-6°N) and the cen-
tral North Pacific region (region C: 160°E-160°W,
30°N-42°N). There are peaks at periods around 4y,
6y, 89y and 20-30y for all the regions. Since a dis-
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Fig. 8. Area-averaged power spectral density of the simulated
SST. Bold line, thin line and dashed line indicate averages for the
Indo-Pacific region (30°E-60°W, 4°S-50°N), the central equato-
rial Pacific region (160°E-160°W, 6°S—6°N) and the central
North Pacific region (160°E-160°W, 30°N-42°N), respectively.
Linear trends of SSTs are removed for each grid point before
calculating spectra

tinct gap in the spectra is recognized at the 12 y period,
we define (1) variation with the 2 to 12y period as an
ENSO time scale variation and (2) variation where the
period is longer than 12 y as an interdecadal time scale
variation. We separated these variations by applying
time filters for the annual mean data set. Then, empir-

EOF1 (30.8%) SST (BPF =2.1-12y)
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ical orthogonal function (EOF) analyses were made
for those time filtered data of the Indo-Pacific region
(region A). Calculation of the EOFs are based on a
variance-covariance matrix in order to work out the re-
lative magnitude of the variations. In this section, we
focus on the ENSO time scale variation of the Pacific
in the mid-high latitudes.

Figure 9 shows EOFs of the first mode (EOF1) for
the ENSO time scale variation of the simulated SST
and wind stress. The EOF1 of the SST and the wind
stress accounts for 30.8% and 20.4% of all variance in
this time scale, respectively. The spatial pattern of the
EOF1 of SST indicates that there is an intensive posi-
tive signal in the central equatorial Pacific where the
model ENSO shows maximum SST variations. Notable
peaks in the temporal coefficients coincide with years
of the prominent events in the model ENSO (Fig. 6).
Accordingly, it is considered that this EOF1 mode rep-
resents variations in the equatorial Pacific region asso-
ciated with the model ENSO. In the mid-high latitudes,
the EOF1 of SST shows as positive in the eastern Pa-
cific, especially between Hawaii and off California and
as negative in the central North Pacific and the west-
central South Pacific. This wedge shaped pattern is
also typically seen in the EOF1 of the observed SST in
the same time scale (see Fig. 15a).

The EOF1 of the wind stress also corresponds to
the variation associated with the model ENSO, since
the temporal coefficients correlates well with that of
the EOF1 of the SST (r=0.82). During the maximum
phase of the equatorial SST, a large westerly wind
stress anomaly in the western equatorial Pacific and
the convergence of anomalous wind stress from the
equator (around 150°W) to 120°W-12°S in the South
Pacific, are clearly seen. This feature of the wind stress
anomaly is well documented in the observed El Nifio
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(e.g., Rasmusson and Carpenter 1982). In the central
North Pacific, there is a dominant westerly wind anom-
aly and a cyclonic wind anomaly on its northern side
which corresponds to the intensification of the Aleu-
tian low in winter. The eastern North Pacific around
Hawaii is also dominated by the westerly wind stress
anomaly (Fig. 9b). This results in weakened northeast
trade winds and a suppression of evaporation which
contribute to warming of the SST there. Along the
coast of Canada and Alaska, a strong southerly wind
anomaly, which leads warm air advection, is expected
to raise the SST there as is seen in the EOF1 of SST
(Fig. 9a). An associated variation is also recognized in
the 500 hPa geopotential height (Z500). The correla-
tion map between Z500 of northern winter (December
to February) and the time coefficient of the EOF1 of
the SST for the ENSO time scale (Fig. 10a) shows the
largest positive correlation in the tropical Pacific and
marked negative correlation in the North Pacific with a
center at around 170°E, 45°N. Another positive corre-
lation is seen in North America centered over the
western part of Canada. These features are seen in
similar correlation map for the observations (Fig. 10b).
These PNA-like teleconnections originate from the
equatorial Pacific as a midlatitude atmospheric re-
sponse of the Northern Hemisphere to the warm SST
anomaly in the tropics (Horel and Wallace 1981).

In order to see whether the SST anomaly is forced
by the surface heat flux, or the surface heat flux is con-
trolled by the SST, for the ENSO time scale, we exam-
ine correlation between temporal coefficient of the
EOF1 of the SST and total heat flux (including radia-
tive flux) at the ocean surface (Fig. 11a). Apart from
the equatorial region, the heat flux anomaly is positive
downward where the SST anomaly is positive, and vice
versa. It implies that the extratropical SST is forced by
the surface heat flux variation at the ENSO time
scales. In order to see whether the surface heat flux
anomaly is a dominant factor of the extratropical SST
change in terms of heat budget, correlation between
the SST tendency anomaly and the surface heat flux
anomaly for the northern winter (December to Fe-
bruary) is examined (Fig. 11b). The seasonal mean
SST tendency is defined from the raw monthly mean
data. It is found that the correlation is higher than 0.6
in a large part of the midlatitudes of the Pacific. The
area averaged correlation is 0.78 for the central North
Pacific (160°E~160°W, 30°N-42°N) and 0.91 for the re-
gion east of Hawaii (160°W-120°W, 14°N-26°N),
where large values appeared in the spatial EOF1 of
SST (Fig. 9a). Correlation of the midlatitudes in sum-
mer (not shown here) has qualitatively similar features
to those in winter, and has slightly smaller value. Al-
though the correlation north of 40°N in winter is low
(Fig. 11b), the correlation north of 40°N in summer is
close to that in the midlatitudes. Analysis of SST heat
budget shows that the heat flux anomaly accounts for
large part of the SST tendency anomaly in the midlati-
tuding North Pacific. The SST variation in these re-
gions is, therefore, mainly controlled by the surface
heat flux variation at the ENSO time scale.

Fig. 10a, b. Correlation between boreal winter (December to Fe-
bruary) Z500 and temporal coefficient of EOF1 of the SST for
the ENSO time scale, for a the model and b the observations,
respectively. Observed correlations are calculated for the period
1946-1992
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Fig. 11. a Correlation between downward heat flux (sensible +la-
tent heat and net radiative flux) at the ocean surface and tempo-
ral coefficient of the first EOF of the SST for the ENSO time
scale. Negative regions are shaded. b Correlation between the
SST tendency anomaly and the downward surface heat flux
anomaly for the northern winter (December to January). The
SST tendency is defined from the raw monthly mean data. High
correlation (r>0.6) regions are shaded
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Ocean subsurface variation in the whole Pacific in
relation with the model ENSO is examined. The verti-
cal averaged temperature (VAT) over the upper 300 m
of the ocean is used as an indicator of the ocean sub-
surface variation, and the temporal coefficient of
EOF1 of the SST for the ENSO time scale is chosen as
an indicator of the model ENSO. Figure 12 shows lag-
ged regressions of the VAT from the temporal coeffi-
cient of EOF1 of the SST.

In the tropical Pacific, VAT variation associated
with the ENSO is apparent. Preceding the maximum
phase of the model ENSO (lag= —1: Fig. 12a) a posi-
tive equatorial signal suggesting a propagation of an
equatorial Kelvin wave is notable. In the following 2
years, it appears that a negative signal off the equator
propagates westward and reaches the western bound-
ary (Fig. 12b—c).

In the midlatitudes of the North Pacific, significant
variation is found to be associated with the model
ENSO. Negative anomalies appear in the central
North Pacific (A in Fig. 12b) and the Kuroshio exten-
sion region (B in Fig. 12b) at the maximum phase of
the model ENSO. The negative anomalies (A and B)
develop and are combined one year later (C in Fig.
12¢). Afterwards, the southern portion of the develop-
ed anomaly (C) migrates westward and reaches the
western Pacific (Fig. 12d—e). A similar signal with the
opposite sign to signal A is seen where lag=3 years (D
in Fig. 12¢), which has migrated from offshore of Cali-
fornia. Propagation of these signals and their enhance-
ment in the central North Pacific are evident in the
vertical zonal cross section along 32°N for similar lag
regression analyses (Fig. 13a—e). It has been analyzed
to show that horizontal pattern of the shallow signals is
consistent with heating and cooling region shown in
Fig. 10a. A warming in the eastern part and a cooling
in the central part of the surface layer (~100 m) are
separated from the deeper signals in the subsurface
(Fig. 13a, b). Westward propagation of the subsurface
signals (200 m ~ 500 m depth) is clearly seen: for exam-
ple, a negative signal around 150°W at lag= —1 year
migrates to 160°E during the following 4 years. The
propagation speed (~5 cm/s) is almost comparable to
the group velocity of oceanic first baroclinic Rossby
wave at this latitude in the model.

After a year beyond the maximum phase (lag=1),
cooling in the central Pacific extends beyond 800 m
depth (Fig. 13b, ¢). Location of the negative subsurface
signal around 160°W corresponds to that of the large
positive vorticity of the wind stress anomaly (Fig. 9b).
It is considered, therefore, that the development of this
subsurface signal is a dynamical response to the wind
forcing through the Ekman pumping.

6 Interdecadal variabilities in the Pacific

The power spectra of the SST in the Pacific (Fig. 8)
indicates decadal to interdecadal variations as well as
the ENSO time scale variation as mentioned by Tokio-
ka et al. (1995). In this section we show structure of the

interdecadal variation in the Pacific with analyses of
the low-pass filtered data (the cut-off period is 12 y).

Figure 14 shows the EOF1 for the interdecadal var-
iations of SST and wind stress. The EOF1 for the SST
and the wind stress accounts for 36.4% and 38.8% of
all the variance for this time scale, respectively. The
spatial EOF1 for the interdecadal SST variation re-
veals a marked negative correlation of the central
North Pacific with the tropical SST. It shows a similar
geographical pattern with that for the ENSO time scale
(see Fig. 9a). The interdecadal variation of SST, how-
ever, has a larger amplitude in the central North Pa-
cific relative to that over the equator, however, for the
ENSO time scale, the equatorial amplitude is much
larger than that of the North Pacific. It is noteworthy
that this feature is also found in similar EOF analyses
for the observed SST (Fig. 15). For the EOF1 of the
observed SST, both the ENSO time scale and the inter-
decadal time scale show a wedge-shaped pattern with
its apex at the central equatorial Pacific. It is easy to
see the difference in relative amplitudes of the SST
anomalies in the tropics to those in the extratropics be-
tween the interdecadal time scale (Fig. 15b) and the
ENSO time scale (Fig. 15a). The temporal coefficient
for the model SST may be contaminated by climatic
drift due to residual spin-up of the model. It should
also be noted that period of the observed SST data is
not long enough to determine statistically whether it
represents a trend or oscillations. The spatial patterns,
however, strongly suggest a robust relationship for the
model and the observations.

An EOF1 for the wind stress variation of the inter-
decadal time scale (Fig. 14b) shows a similar general
spatial pattern with that for the model ENSO time
scale (Fig. 9b). There is a westerly anomaly in the west-
central equatorial Pacific and a cyclonic anomaly in the
central North Pacific associated with an intensification
of the Aleutian Low. The correlation map of Z500 with
EOF1 of the SST for the interdecadal time scale (not
shown) also indicates a PNA-like pattern similar to
that for the ENSO time scale (Fig. 11a). Some differ-
ences are seen between the two time scales. For the
interdecadal time scale, the magnitude of the wind
stress anomaly in the midlatitude is as large as in the
equatorial west-central region. For the ENSO time
scale, on the other hand, the wind stress anomaly in the
central North Pacific is larger than that in the tropics.
It is also noted that the axis of the maximum anoma-
lous westerly wind in the central North Pacific slightly
shifts to the north for the interdecadal time scale
(~45°N) compared to that for the ENSO time scale
(~40°N).

Difference of variances between the ENSO and the
interdecadal time scales can be found by comparing
Fig. 9 and Fig. 14 directly, since the loading factors of
spatial EOFs are plotted with the same unit of var-
iances. Relationship of relative magnitudes of varia-
tions of SST and wind stress for the tropics versus the
extratropics between the ENSO and the interdecadal
time scales is summarized in Table 1. In the central
North Pacific, it is found that the interdecadal SST var-
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Table 1. Relationship of relative magnitudes of variations of SST
and wind stress for the tropics versus the extratropics. D and E
denote magnitude of variation for the interdecadal time scale and
the ENSO time scale, respectively

SST variation Wind variation

Midlatitude
Tropics

D>E
D<E

D<E
D~E

iation is larger than the ENSO time scale SST varia-
tion, and the interdecadal wind variation is smaller
than ENSO time scale wind variation. In the equatorial
Pacific, on the other hand, the ENSO time scale SST
variation is larger than interdecadal SST variation, and
the interdecadal wind variation is as large as ENSO
time scale wind variation.

We examined variations of the ocean subsurface in
association with the wind stress variations for the inter-
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decadal time scale. The temporal coefficient of EOF1
of the wind stress for the interdecadal time scale is ap-
plied as an indicator of the interdecadal wind stress
variation. Lagged regression of VAT from the tempo-
ral coefficient of EOF1 of the wind stress for the inter-
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decadal time scale (Fig. 16a—d) shows that a negative
anomaly in the central North Pacific slowly migrates
westward. This variation is considered as spin-up of the
ocean subtropical gyre in response to the wind stress
variation in the midlatitude.
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It is suggested that the surface heat flux and/or the
Ekman heat transport also contribute to the VAT
change, because its spatial pattern (Fig. 16a) has strong
similarity with the SST pattern (see Fig. 14a) in the ex-
tratropics. More detailed analysis is required to esti-
mate relative magnitudes of the individual contribu-
tion.

We notice that horizontal structure of the ocean
subsurface variation in the tropical Pacific and the
eastern Pacific of the midlatitudes resembles that of
ENSO time scale in some phases. For example, geogra-
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phical patterns in the tropical Pacific and the eastern
Pacific of the midlatitude for lag=0 year through
lag =4 years (Fig. 16a—c) are similar to those for lag=0
through lag=1 for the ENSO time scale (Fig. 12b—c). It
is also seen that positive anomalies in the eastern
North Pacific extend westward along the tropical lati-
tudes between 10°N to 20°N, and reach the Western
Pacific close to the Philippines at 10 years lag time. In
addition, a negative signal near New Zealand at first
(Fig. 16a) appears to migrate eastward until it reaches
near to 140°W at 10 years lag time (Fig. 16f).



Yukimoto et al.: Interannual and interdecadal variabilities in the Pacific in an MRI coupled GCM 679

Lag=0 year

60N

40N

20N

20S1

40S T
90E  120E

a
Lag=2 years

180 150w 120w  90OW

60N —

~

40N 1

20N 1

120E
Lag=4 years

os L)
, J0E

60N

A
40N
20N

EQ

20S

0S4 \ ') T X
90E 120E 150E 180

150w

120 90w

Fig. 16a—f. Lag-regressions of VAT with time coefficient of the
EOF1 of the wind stress for the interdecadal time scale; a lag=0,
b lag=2 years, ¢ lag=4 years, d lag=6 years, e lag=38 years, f

The Meridional structure of the interdecadal tem-
perature variation along 175°E is shown in Fig. 17. It is
apparent that there are subsurface signals (below
~100 m depth) independent of shallow signals which
are confined to surface layer (surface to ~100m
depth). A negative anomaly, which extends deeper
than 800 m at around 50°N, develops until 6 years lag
time is reached (Fig. 17a—d). This cold signal corre-
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sponds to the negative VAT signal of the central North
Pacific shown in Fig. 16. A positive anomaly intruded
from the east along the 10°N-20°N latitudes at around
the 200 m depth, becomes significant after 6 years lag
time (Fig. 17d-f), with significant amplitude down to
1000 m depth. This warm signal is identical to the west-
ward expansion of the positive VAT signal along
10°N-20°N shown in Fig. 16d-f. It is noticed that this
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meridional structure in the subsurface is symmetrical
to the 15°N-20°N latitude, though the horizontal struc-
ture of the SST variation seems symmetrical to the
equator (Fig. 14a). Watanabe and Mizuno (1995) re-
ported the vertical structure of the observed tempera-
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ture difference along the 170°E-180°E longitude band
between 196675 and 1976-85 (Fig. 3 of Watanabe and
Mizuno 1995). It is remarkable that this meridional-
vertical structure in Fig. 17d is quite similar to that of
the interdecadal change observed in the mid 1970s.
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7 Summary and discussion

Interannual and interdecadal time scale variations in
the Pacific region are investigated with the analysis of a
70y integration of a coupled atmosphere-ocean GCM
developed at MRI. The climatology of the annual
mean state and seasonal variation are realistically re-
produced by the model.

The model reveals interannual variability in the
tropical Pacific which has several typical characteristics
of the observed ENSO. The oceanic heat, which is
piled up in the equatorial western Pacific preceding the
warm event, propagates eastward as an equatorial Kel-
vin wave and brings about the warming of the SST in
the eastern Pacific. In the model events, however,
there is no indication of eastward evolution of SST and
wind stress coupled with Kelvin wave propagation
(Philander et al. 1984). The SST warming spreads west-
ward, accompanied by the westward propagation of
the westerly wind stress anomaly. This stage reminds
us of an SST mode (Neelin 1991) which behaves as a
wind stress-upwelling feedback. Similar behavior of
SST signals with global coupled models were reported
by Meehl (1990) and Lau et al. (1992). At the mature
stage, the SST warming develops around the date line
with increased downward surface heat flux. The model
shows that westward propagation of the oceanic heat
content off the equator contributes to the pile-up of
ocean heat content in the western Pacific to prepare
the next event. This cycle implies the delayed-oscillator
mechanism of the model ENSO.

Both for the ENSO and the interdecadal time
scales, variations of SST, atmospheric circulation and
ocean subsurface show coherent spatial structures in
the whole Pacific. The spatial structure of the variation
in the model corresponds well to the observed one.

Basin-scale features of the principal SST variation
for the ENSO time scale (representing the model
ENSO in the tropics) show negative correlation in the
central North Pacific with tropical SST, and are similar
to that of the observed one. The associated variation of
the atmosphere indicates the intensification of the Al-
eutian Low and the PNA-like teleconnection pattern as
a response to the tropical warm SST anomaly. It is
shown that the surface heat flux associated with atmos-
pheric circulation changes is a dominant factor for the
midlatitude SST variation in the North Pacific. Tokio-
ka et al. (1993) argued that the enhanced Aleutian Low
in winter contributes to cooling in the central North
Pacific ocean by increase of evaporation and south-
ward cold water advection by the Ekman transport in a
coupled GCM. Miller (1992) also reported the similar
result with a simple coupled model. Our result is con-
sistent with those studies.

It is shown that the ENSO time scale variability of
the midlatitude ocean consists of the westward propa-
gation of the subsurface temperature signal and the
temperature variation within the shallow mixed layer
forced by atmospheric heat fluxes. Let us discuss the
temporal evolution of the negative subsurface temper-
ature anomaly. The negative anomaly is apparently

either originated by the last La Nifia along the eastern
coast of the North Pacific, or generated by the norther-
ly wind anomaly along the Californian coast. This ne-
gative anomaly migrates westward as an oceanic Ross-
by wave, while the next El Nifio occurs. Figure 13
shows that wind forcing, as a result of atmospheric re-
sponse to the El Nifio, contributes to enhancing this
signal through both surface cooling and positive vorti-
city input. Consequently, the negative anomaly is en-
hanced sufficiently to sustain its amplitude until it
reaches the western Pacific. Thus, close time scales of
the model ENSO and the westward propagation of the
midlatitude subsurface signal across the basin may en-
hance midlatitude oceanic variation in the ENSO time
scale.

Compared with the ENSO time scale, SST variation
for the interdecadal time scale shows similar geogra-
phical patterns of positive/negative area, but has a
larger relative amplitude in the central North Pacific
than that in the tropics. For the atmosphere, spatial
structures of the variations in the two time scales are
similar to each other.

Based on Table 1, we consider that the interdecadal
variation of the extratropical atmospheric circulation is
forced mainly by the interdecadal tropical SST varia-
tion. Since the variation of equatorial SST is relatively
small for the interdecadal time scale, the correspond-
ing atmospheric response in the midlatitude is relative-
ly small.

The SST variation in the midlatitude for the inter-
decadal time scale, however, is relatively large in spite
of the smaller wind variation. This can be explained as
follows: the interdecadal variation of the ocean subsur-
face at the midlatitude suggests spin-up of the subtro-
pical gyre (Fig. 16) in response to the atmospheric cir-
culation at the mid-high latitudes (Fig. 14b), remotely
forced by the interdecadal variation of the tropical
SST. Since spin-up time of the ocean in response to the
atmospheric forcing is longer at the higher latitudes,
the midlatitude ocean responds more to slowly varying
forcing of interdecadal time scale than to forcing that
quickly changes its sign in the ENSO period. We spe-
culate that the subtropical gyre, spun-up by the inter-
decadal time scale forcing, affects the SST variation,
which is expected to be larger than that for the ENSO
time scale.

If the local SST anomaly in the midlatitude was con-
trolling the variation of the extratropical atmospheric
circulation, it is natural to consider that atmospheric
response becomes large for interdecadal time scale
whose SST anomaly in midlatitude is relatively large.
However, the model result is contrary to that. It is sug-
gested, therefore, that interdecadal variation of the
tropical ocean plays a controlling role on the atmos-
pheric circulation variability in the extratropics. This is
consistent with the results from analyses of the obser-
vations and atmospheric model experiments by Lau
and Nath (1994) and Graham et al. (1994).

It is proposed by Trenberth and Hurrell (1994) that
a positive feedback of the SST anomaly at the midlati-
tudes, influencing the midlatitude’s atmospheric circu-
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lation to sustain or enhance the SST anomaly, is large
for the interdecadal time scale. Latif and Barnett
(1994) also claimed that interaction between the sub-
tropical gyre circulation in the North Pacific and the
Aleutian Low is important for interdecadal variability
in the Pacific. They argued that decadal variability in
the North Pacific is primarily attributed to coupled in-
teractions in the midlatitudes. In contrast, our model
result indicates significant influence of the tropics on
the midlatitudes.

To elucidate the cause of interdecadal variation of
the tropical ocean is also an important theme. Some
possible mechanisms that determine the time scale of
the interdecadal variation in the tropical Pacific are
considered: (1) interaction between the tropics and the
midlatitude in an air-sea coupled system, (2) subhar-
monics of the ENSO itself. The present study, we be-
lieve, demonstrates that further careful experiments
and analyses with the coupled GCM will be effective
ways to pursue these subjects.
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