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Abstract Decadal time scale climate variability in the
North Pacific has implications for climate both locally
and over North America. A crucial question is the de-
gree to which this variability arises from coupled ocean/
atmosphere interactions over the North Pacific that
involve ocean dynamics, as opposed to either purely
thermodynamic effects of the oceanic mixed layer inte-
grating in situ the stochastic atmospheric forcing, or the
teleconnected response to tropical variability. The part
of the variability that is coming from local coupled
ocean/atmosphere interactions involving ocean dynam-
ics is potentially predictable by an ocean/atmosphere
general circulation model (O/A GCM), and such pre-
dictions could (depending on the achievable lead time)
have distinct societal benefits. This question is examined
using the results of fully coupled O/A GCMs, as well as
targeted numerical experiments with stand-alone ocean
and atmosphere models individually. It is found that
coupled ocean/atmosphere interactions that involve
ocean dynamics are important to determining the
strength and frequency of a decadal-time scale peak in
the spectra of several oceanic variables in the Kuroshio
extension region off Japan. Local stochastic atmospheric
heat flux forcing, integrated by the oceanic mixed layer
into a red spectrum, provides a noise background from
which the signal must be extracted. Although telecon-
nected ENSO responses influence the North Pacific in
the 2-7 years/cycle frequency band, it is shown that
some decadal-time scale processes in the North Pacific
proceed without ENSO. Likewise, although the effects
of stochastic atmospheric forcing on ocean dynamics are
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discernible, a feedback path from the ocean to the
atmosphere is suggested by the results.

1 Introduction

Significant decadal time scale climate variability has
been observed in the North Pacific in a number of ocean
and atmospheric variables (e.g., Miller et al. 1994;
Trenberth and Hurrell 1994). Such variability has im-
plications for both local ecology (Mantua et al. 1997)
and wintertime temperatures and precipitation over
North America (Latif and Barnett 1994). These are the
time scales that encompass the effects of droughts and
persistent crop failures, which can have severe economic
and social impacts. Therefore, a successful prediction of
such variability could potentially afford the opportunity
to mitigate any otherwise damaging effects.

Such predictions of the future state of the climate
system require at least two things; first, the nature of the
mechanism or forcing giving rise to the variability must
be understood if the applicability and limitations of the
predictive strategy are to be quantified. Second, the
mechanism itself must be a predictable process. It can-
not be either intrinsically random, or chaotic in the sense
that the initial conditions cannot be observed to a suf-
ficient degree of precision to support the desired forecast
lead time.

In this work we identify the mechanisms giving rise to
North Pacific decadal time scale climate variability in a
coupled ocean/atmosphere general circulation model (O/
A GCM). Such variability can be thought of as arising
three different kinds of ocean/atmosphere interaction:
(1) stochastic heat flux forcing by the atmosphere that is
integrated by the oceanic mixed layer, with only ther-
modynamics being important; (2) stochastic heat flux
and wind stress forcing by the atmosphere that has a
one-way effect on ocean dynamics, with no feedback to
the atmosphere; (3) fully coupled, dynamical interac-
tions between the ocean and atmosphere. The models do
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not include other kinds of variable forcing that might be
expected to have decadal time scales, such as solar
variability, volcanism, or changes in anthropogenic
greenhouse gasses. These mechanisms are therefore not
examined or discussed further here.

The effects of stochastic heat flux forcing on the
midlatitude oceans was described by Hasselmann (1976)
and Frankignoul and Hasselmann (1977), who noted
that white-noise forcing of a damped oceanic mixed
layer is integrated by the ocean to give a red spectrum
for ocean temperatures (a review of this kind of work
was presented in Frankignoul 1985). This was extended
by Barsugli and Battisti (1998) to a more intrinsically
coupled ocean/atmosphere system; they showed that
coupling a stochastic atmospheric model to an oceanic
mixed layer increases the low-frequency variance seen in
both, as well as tending to reduce the heat exchanged
between them. In the context of the present work,
climate wvariability arising from this mechanism is
of limited use for prediction, as it is intrinsically random
in nature. The best that can be done is to quantify
any implications of an observed anomalous state of
the ocean mixed layer over the time that such an
anomaly is expected to persist (for an example of this,
see Gershunov and Barnett 1998).

Various dynamical ocean responses to stochastic
atmospheric forcing have been examined by Frankig-
noul et al. (1997), Jin (1997), Saravanan and McWil-
liams (1998), Weng and Neelin (1998), and Munnich
et al. (1998). Saravanan and McWilliams (1998)
demonstrated that oceanic advection (for instance by
a midlatitude gyre) underneath fluctuating atmospheric
forcing that has a fixed spatial pattern can give rise to
selective enhancement of the ocean variability at certain
frequencies. Weng and Neelin (1998) pointed out that
an atmospheric pattern of forcing with a preferred
length scale (as is seen in the North Pacific) will give rise
to a midlatitude oceanic Rossby wave response with the
same preferred length scale, and hence to a preferred
time scale via the Rossby wave dispersion relationship.
Mathematically, these two mechanisms are similar; a
water parcel’s temperature or depth anomaly increases
if it constantly experiences the same sign of forcing
(either surface heat flux or wind stress curl) during its
movement across a basin. In the Saravanan and
McWilliams (1998) mechanism, the movement is ac-
complished by gyre transport, leading to an advective
time scale; in the Weng and Neelin (1998) mechanism,
the velocity and time scale are set by midlatitude
Rossby wave dynamics. Frankignoul et al. (1997) gives
a theoretical context for interpreting this work; with a
monopole of forcing, no spectral peak is expected, but a
peak (and hence preferred time scale) can develop if the
atmosphere imposes a more complicated spatial pattern.
These mechanisms do not need a feedback from the
ocean to the atmosphere to select a time scale. How-
ever, if the atmosphere did respond to such oceanic
changes (perhaps locally, or by a teleconnected effect
that is not coincident with the ocean’s original forcing

region), these mechanisms might produce potential
predictability in the affected area if the state of the
ocean could be well enough observed.

A fully coupled interaction between the ocean and
atmosphere that requires ocean dynamics to operate was
suggested by Latif and Barnett (1994, 1996). The
hypothesized mechanism is that a spun-up Pacific
subtropical gyre gives rise to warmer sea surface tem-
peratures (SSTs) in the Kuroshio extension region,
which may then feed back to the atmosphere in such a
way as to spin down the gyre, decreasing the SSTs in the
Kuroshio extension. Robertson (1996), using a different
coupled GCM, identified an 18-year oscillation in the
North Pacific that also appeared to be due to a coupled
ocean/atmosphere processes, although that conclusion
could not be made with absolute certainty.

In this work we analyze model results to identify
which aspects of the midlatitude Pacific variability arise
from each of these processes. The particular focus here is
variability that arises from fully coupled ocean/atmo-
sphere interactions and requires dynamical ocean pro-
cesses, as these fluctuations are potentially predictable
by numerical models. In the course of this analysis we
will compare the results from fully coupled ocean/
atmosphere models to results from full atmosphere
models coupled to oceanic mixed layer models in order
to determine the role of ocean dynamics. A similar
analysis was done by Manabe and Stouffer (1996); in
contrast to that work, which generally took a global and
wideband view of the problem, we focus specifically on
North Pacific interdecadal variability.

A preliminary overview of some of the results shown
here was sketched out in Barnett et al. (1999b). Evidence
was presented there showing that the North Pacific
mode is stochastically driven by the atmosphere, while
the preferential enhancement of variability at a time
scale of 20 years/cycle seen in the Kuroshio extension
region is due to internal ocean dynamics, and consistent
with the mechanism suggested by Latif and Barnett
(1994, 1996). The present work goes into more depth
and detail than was possible there, and includes a fuller
analysis of the forcing terms of the North Pacific mode,
the relation of the North Pacific mode to cloudiness, a
more complete investigation of the ““time permuted” test
runs used to examine the hypothesis that stochastic
processes are the origin of the 20 year/cycle time scale, a
different but complementary analysis of the OGCM runs
examining the atmospheric response to imposed midl-
atitude SST anomalies, and a more thorough examina-
tion of the origin of the 20 year time scale.

This work is laid out as follows. In Sect. 2 we describe
the models used in this study. The results are presented
in Sect. 3, including the effect of ENSO on the North
Pacific mode, influence of Ekman transport on the
variability, the effect of ocean dynamics in the Kuroshio
extension region, and a test of various mechanisms that
have been hypothesized to give rise to interdecadal
midlatitude variability. The results are discussed in
Sect. 4, and conclusions are given in Sect. 5.
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2 Model descriptions

A number of different numerical models are used in this work. The
models used are summarized in Table 1 and described briefly. The
specific intent of using these different models is not to perform a
model intercomparison study, but rather to abstract out from the
various model runs features that are common between them. An
additional goal is to make use of ocean models of differing physical
complexity coupled to a consistent set of atmospheric GCMs. Be-
cause of the various models used and differences in the variables
saved in each model run, it is not always possible to achieve these
goals. We emphasize the CCM3-based models when examining
issues dealing with the mixed layer run, because there is data for
exactly the same version of the atmospheric model coupled to both
the mixed layer and full physics ocean models. Also, the depth of
the mixed layer in the CCM3-based run is specified every month
from observations, which will help give an accurate simulation; for
the ECHAM-based models, ECHAM3 is used in the mixed-layer
run but ECHAM4 in the full physics ocean run, and the depth of
the mixed layer is fixed at 50 m; this is a less realistic setup than the
CCM3-based mixed layer runs used. For the analysis of the full
coupled ocean/atmosphere model, we analyze primarily the
ECHO2 (ECHAM4 atmosphere/HOPE ocean) results, because we
have a complete set of surface layer heat budget terms for this run;
these terms are not available for the CSM (CCM3 atmosphere/
NCOM ocean) run.

All models are global domain and have realistic topography. A
complete description of the models’ physics and base climatology
can be found in the referenced works.

2.1 ECHAM atmospheric models

We use two European Center/Hamburg (ECHAM) atmospheric
models, ECHAM3 (DKRZ 1992; Roeckner et al. 1992) and
ECHAM4 (Roeckner et al. 1996). Both models are spectral and use
a hybrid vertical coordinate scheme, with sigma levels near the
surface that flatten to surfaces of constant pressure in the strato-
sphere. The highest level in both models is at a pressure of 10 mb;
there are 19 layers. A time step of 24 min is used. The earlier
version, ECHAM3, is used at a resolution of T21 in a configuration
coupled to a mixed layer ocean model with a fixed depth of 50 m.

ECHAM4 added a semi-Lagrangian scheme for transporting
water vapor, cloud water, and trace substances, and a closure for
deep convection based on convective instability rather than the
moisture convergence criterion used in ECHAM3. It is used here at
T42 resolution, both stand alone and coupled to a full oceanic
model, HOPE version 2.4 (described later). The coupled run with
ECHAM4/HOPEv2.4 is known as ECHO2, and described in Frey
et al. (1997), Pierce et al. (2000), and Venzke et al. (2000a). (Note
that Latif and Barnett 1994, 1996 used ECHO1, which is ECHAM3
coupled to HOPEvI1). Because we have the most complete set of
data for ECHO2, including surface heat budget terms, it will be the
focus of our work.

2.2 CCM3 atmospheric model
The Community Climate Model, version 3 (CCM3; Kiehl et al.

1996) is used here in a long run coupled to the full physics NCAR
Ocean Model (NCOM) in the experiment known as “b003”’, as well

as joined to a slab ocean model. In coupled form, CCM3/NCOM is
termed the Climate System Model (CSM), and described by Boville
and Gent (1998; see also the CSM special issue of J. Climate, vol
11, 6). CCM3 is a spectral model that uses a terrain-following
vertical coordinate system with 19 vertical levels, and is used here at
a resolution of T42. A shape-preserving semi-Lagrangian scheme is
used for horizontal transport of water vapor, cloud water variables,
and chemical constituents. The slab ocean model incorporates
mixed layer ocean physics, with the mixed layer depth set from
observations (Levitus 1994).

2.3 NCOM ocean model

The NCAR ocean model (NCOM; NCAR 1997) is a primitive
equation level ocean model that is derived from the Modular Ocean
Model, version 1.1 (Pacanowski et al. 1993). It uses 45 vertical
levels, with four levels in the top 50 m. The horizontal resolution is
2.4° in longitude and variable resolution in latitude, with a mini-
mum spacing of 1.2° at the equator and a maximum of 2.3° in
midlatitudes. The Gent and McWilliams (1990) eddy mixing
parametrization is used, as well as a nonlocal K profile boundary
layer parametrization (Large et al. 1994) to improve the simulation
of the oceanic mixed layer. A third order upstream differencing
scheme is used for temperature and salinity (Holland et al. 1998).

2.4 HOPE ocean model

The Hamburg Ocean Primitive Equation (HOPE) model is a
primitive equation ocean model formulated on levels (Wolff et al.
1997). It is implemented on an Arakawa E-grid (Arakawa and
Lamb 1977) with finer latitudinal resolution in the tropics, 0.5°
between 10°S and 10°N, to give better fidelity to the simulation of
ENSO processes. The overall number of horizontal gridpoints is
130 by 121, with 20 vertical levels (top level thickness is 20 m).
Horizontal mixing has both Laplacian and biharmonic compo-
nents. Vertical mixing is based on a Richardson-number dependent
scheme. At the top of the water column, layers within 0.5 K of the
surface temperature are subjected to increased vertical mixing to
represent the effects of stirring by the wind (Latif et al. 1994).

3 Results
3.1 The North Pacific mode and ENSO

As has been pointed out by many researchers (e.g.,
Horel and Wallace 1981; Blackmon et al. 1983; Graham
et al. 1994) the ENSO cycle has a teleconnected
expression in the North Pacific. For our purposes, the
relevant question is to what degree decadal time scale
variability in the North Pacific is associated with ENSO,
as opposed to being a local midlatitude phenomenon.
This has important implications for how a prediction
scheme for the North Pacific should work; if the
response arises exclusively from a teleconnected ENSO
response, a prediction scheme for the North Pacific

Table 1 Coupled models used

in this study. All are global Model Atmosphere  Ocean Resolution Number

domain of years
ECHO2 ECHAM4 HOPE 2.4 T42 137
CSM CCM3 NCOM T42 270
ECHAM3/ML ECHAMS3 Mixed layer, 50 m T21 170
CCM3/ML CCM3 Mixed layer, depth from Levitus T42 100
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should be essentially a prediction scheme for ENSO
(perhaps coupled to a extratropical oceanic mixed layer
model). If part of the low-frequency North Pacific
variability proceeds independently of ENSO, then the
local midlatitude dynamics that generate this variability
must be correctly modeled as well.

This question has previously been addressed in a
linear framework by statistical analysis of observations.
Deser and Blackmon (1995) found that the two leading
empirical orthogonal functions (EOFs) of SSTAs in the
wintertime Pacific correspond to an ENSO mode (which
explains 43% of the variance), and a North Pacific mode
with little expression in the tropics, generally being
confined between 20°N and 60°N (11% of the variance).
They noted that the two modes are linearly independent,
and tend to have a different temporal character. Zhang
et al. (1996) performed a similar analysis, using an
ENSO index to remove (by linear regression) the tele-
connected ENSO signal from the North Pacific, and
demonstrating that the residual corresponds to Deser
and Blackmon’s (1995) North Pacific mode. Thus both
these studies support the idea that there is an mode of
variability in the North Pacific that is independent of the
teleconnected ENSO response.

One contribution of the present work is to address
this question in a non-linear dynamical framework, by
using specific numerical experiments that lack ENSO.
To remove ENSO, defined here as a coupled ocean/
atmosphere phenomenon that requires both ocean and
atmosphere dynamics, we make use of model runs EC-
HAM3/ML and CCM3/ML, which have full-physics
atmospheric models coupled to simplified, mixed-layer
ocean models that lack dynamics. The result is model
runs that still have tropical ocean SST variability (nat-
urally enough, since SSTs are not fixed in the region),
but whose tropical SST variability does not arise from
ENSO processes per se. The question of what remains in
the North Pacific without ENSO can thus be addressed
using the full, non-linear dynamics of an atmospheric
GCM.

Figure 1 shows the results, given in terms of EOFs of
SSTA taken over the winter months (November to
March). For comparison, the top panel shows the sec-
ond EOF of observed SSTAs, taken from da Silva et al.
(1995) over the period 1945 to 1982 and blended with
NCEP SSTs over the period 1983 to 1999. The result is
similar to that obtained by Deser and Blackmon (1995):
a central lobe of one sign extending out along 40°N,
surrounded by loadings of the opposite sign in a
horseshoe shaped pattern along the west coast of North
America. The middle panel shows the leading EOF from
the ECHAM3/ML run; the bottom panel shows the
leading EOF from the CCM3/ML run. The percent of
explained variance in the models is 16% and 25.5% for
ECHAM3/ML and CCM3/ML, respectively, compared
to the 11% Deser and Blackmon (1995) found for the
observed mode.

The models that have only ocean thermodynamics,
and no ocean dynamics, evolve leading EOFs (lower two
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Fig. 1 EOFs of SSTA over the cold season (November to March).
Top: second EOF from observations, 1945 to 1999. Middle: leading
EOF from ECHAM3 AGCM coupled to a mixed layer ocean model.
Bottom: leading EOF from CCM3 AGCM coupled to a mixed layer
ocean model. Contour level is 0.1 K per standard deviation of the
associated principal component

panels) that are similar to the observed pattern (top
panel). The central lobe extending out from Japan is well
defined in the model runs (although a few degrees too far
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south in ECHAM3/ML), and the surrounding horse-
shoe shaped region of opposite loading is present in both
the mixed layer runs. For unknown reasons both mixed
layer runs have more loading in the region around 22°N,
142°W than is observed. Nonetheless, the similarity of
the mixed layer ocean models to the observations dem-
onstrates that the major features seen in the observed
EOF are obtainable without either teleconnected ENSO
forcing or ocean dynamics.

The latter point deserves further comment. This
pattern is found in the observations and in atmospheric
models coupled to fully dynamic ocean models. How-
ever, since this characteristic pattern of SSTAs is
obtained even in the absence of ocean dynamics, in the
mixed layer runs it must arise exclusively from the
ocean’s thermodynamic response to atmospheric forc-
ing. It might be conjectured that the geographical dis-
tribution of the pattern is set by atmospheric forcing,
but that dynamical feedbacks between the ocean and
atmosphere could amplify the strength of the pattern
(such as happens with ENSO, see Barnett et al. 1993).
However, the contour values shown in Fig. 1 are nor-
malized to show the amplitude of the pattern, in K, for a
one standard deviation excursion of the associated
principal component (PC). It can be seen that the
amplitude of the pattern in the mixed layer runs is
remarkably similar to that observed, about 0.4 to 0.5 K.
This is not consistent with the idea that a dynamical
feedback is required to amplify the strength of the pat-
tern; rather, both the strength and geographical distri-
bution of the pattern are reasonably well captured even
in the absence of ocean dynamics.

The spectra of the PCs associated with the EOFs of
Fig. 1 are shown in Fig. 2, along with the 95% confi-
dence intervals based on a best-fit AR(1) spectrum.
(Note that the confidence intervals are different for the
different data sets, as they depend on the number of
years analyzed: 52, 169, and 99, respectively, from top to
bottom). Although all spectra show power at the inter-
decadal time scales, none show significantly more than
would be expected were the processes strictly AR(1) with
noise forcing, as would be expected for this purely
thermodynamic case from the arguments of Hasselmann
(1976). The CCM3/ML spectrum (bottom panel) ap-
proaches the 95% confidence limit at a frequency of
=~(0.24 cycles/year, but examination of the spectra of
SSTAs in the tropical region verified that no similar
spectral density enhancement is found in tropical SSTAs
at this frequency; hence, all indications are that this is a
chance fluctuation.

The conclusion to be drawn from this is that the
pattern shown in the top panel of Fig. 1, and identified
by Deser and Blackmon (1995) as the “North Pacific
mode”’, can indeed be created independently of ENSO
effects. Furthermore, it can appear even in the absence
of ocean dynamics. In the observations as well as the
atmosphere/ocean mixed layer models, the North Pacific
mode has a red spectrum with no significant peaks. This
evidence therefore supports the idea that the North
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Fig. 2 Spectra of the principal components for the EOFs shown in
Fig. 1, from observations, ECHAM3/mixed layer ocean, and CCM3/
mixed layer ocean (fop to bottom). Also shown are the best fit AR(1)
spectra and associated 95% confidence limits (dashed)

Pacific mode is stochastically driven by the atmosphere,
with heat fluxes thermodynamically integrated by the
ocean’s mixed layer.

The definition of ENSO used here, one that requires
ocean dynamics and therefore can be properly removed
using a non-dynamical ocean model, leaves intact other
aspects of tropical variability that might be conjectured
to play a part in forcing the North Pacific mode. The
role of this non-ENSO tropical variability is addressed
in Sect. 4.

3.2 The North Pacific mode and Ekman transport

As described in Sect. 3.1, evidence from the CCM3/ML
and ECHAM3/ML runs support the idea that the main
geographical characteristics of the North Pacific mode
are set by stochastic atmospheric forcing of the ocean’s
mixed layer, and do not require dynamical ocean pro-
cesses. Nonetheless, Ekman currents driven by the at-
mospheric variability associated with the North Pacific
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mode would be expected to modify this pattern. This
issue will now be addressed by comparing the surface
heat budget in the ECHAM3/ML run, which lacks
ocean dynamics, to the ECHO?2 run, which includes such
dynamics. The analogous analysis cannot be made for
the CSM run because of the lack of surface heat budget
terms from that run.

The analysis will be done here in terms of a canonical
correlation analysis (CCA), using the components of the
ocean’s surface heat budget as the predictor and De-
cember-to-December temperature tendency as the pre-
dictand. CCA is a linear regression technique used here
to find the most strongly correlated coexisting patterns
of temperature tendency and surface heat budget terms
(see Barnett and Preisendorfer 1988, for further details
on the technique). Figure 3 shows the results of the CCA
analysis on the ECHAMS3/ML run. Note that this model
has no transport terms or anomalous vertical mixing in
the surface heat budget. The predictors are the top four
panels of the figure; the predictand, temperature ten-
dency, is the bottom panel. The similarity between the
leading mode of temperature tendency (bottom panel)
and the North Pacific mode of SSTA (Fig. 1, middle
panel) confirms that the CCA is picking out the North
Pacific mode for the analysis. The latent heat flux is the
dominant surface heat balance component determining

Fig. 3 The leading mode from a
CCA analysis of the ECHAM3
AGCM coupled to a mixed
layer ocean model. The top four
panels are the predictors, com-
ponents of the surface heat
budget, with a contour level of
5 W/m?; the bottom panel is the
predictand, temperature ten-

the geographical signature of the North Pacific mode,
contributing about 30-40 W/m? for one standard devi-
ation of the predictor time series, with its tongue of one
sign extending out from Japan surrounded by loading
of the opposite sign. The influence of the solar compo-
nent can also be seen to contribute about 10-20 W/m?,
while the sensible and longwave components have little
effect. The overall result is in accordance with the results
of Sect 3.1, the distinctive pattern of the North Pacific is
set by stochastic atmospheric forcing primarily effected
via the latent heat flux, with some contribution from
changes in insolation. By regressing for the observed
wind speed field associated with the North Pacific mode,
Deser and Blackmon (1995) suggested that the latent
heat flux might be the dominant driving term. Here,
having the budget terms available from a numerical run
allows us to confirm the role of the latent heat flux, as
well as pointing out the modifications due to the solar
heat flux component.

When ocean dynamics are added to the picture, the
effects of Ekman transport can be discerned. This is
shown in Fig. 4, which presents a similar CCA analysis
using the ECHO2 run. Again, the upper panels show the
various components of the surface heat balance as pre-
dictors; the lower panel shows the temperature tendency
as a predictand. The latent, sensible, solar, and longwave
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Fig. 4 As in Fig. 3 but for the
ECHAM4 AGCM coupled to
the full physics HOPE ocean
model. The top six panels are
the predictors; the bottom panel
is the predictand
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components show only minor differences from the case
with no ocean dynamics. The new surface terms, appli-
cable to the surface gridbox only (20 m thick), are the
horizontal, which incorporates both horizontal advec-
tion and mixing; and the vertical, which includes vertical
advection and convective mixing. The primary heat
balance in the surface gridbox is atmospheric forcing by
the latent heat flux balanced by vertical convective
mixing out of the surface gridbox (note that the sign of
the latent heat flux matches the sign of the temperature
tendency, while the vertical component is of the opposite
sign). In a sense this is a less interesting balance than it
could be, because the heat budget components are only
available in the top model gridbox, rather than inte-
grated over the mixed layer. The main function of the
vertical component here is to distribute the atmospheric
signal into the rest of the oceanic mixed layer (see Miller
et al. 1994, for a more thorough investigation of the role

of wvertical mixing in low-frequency North Pacific
variability).

The horizontal component is dominated by the heat
flux associated with the Ekman transport. The atmo-
spheric state associated with the North Pacific mode is
that of an anomalous high pressure over warm temper-
atures in the central North Pacific (as has been pointed
out by, e.g., Latif and Barnett 1994). This is associated
with anomalous anti-cyclonic circulation, which tends to
move cold, subpolar water southwards in the northern
part of the Pacific, and move warm, subtropical water
northwards in the southern part of the Pacific. The result
is the bipolar pattern seen in the horizontal component
of Fig. 4, with net cooling north of net warming. A
linear regression between the predictor time series of
Fig. 4 and the wind stress field (not shown) indicates
that the surface wind stress anomalies associated with
this Ekman transport are about 0.007-0.01 Pa for one
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standard deviation of the predictor time series. This is
0(10%) of yearly averaged climatological wind stress
values in the region.

3.3 The North Pacific mode and cloudiness

The results from the model runs ECHAM3/ML (Fig. 3)
and ECHO2 (Fig. 4) indicate that the North Pacific
mode is associated with changes in solar forcing as well
as in latent heat flux. Can this model result be verified
from the observations? In an attempt to address this,
Fig. 5 shows the correlation map between observed
yearly averaged SSTA, over the period 1965-1993, in a
box centered on 160°W, 39.5°N (in the region of high
loading for the SSTA EOF; see the top panel of Fig. 1)
and observed yearly averaged solar heat flux anomaly
during the same period from observations (da Silva et al.
1995). The idea here is to use the SSTA index as proxy
for a North Pacific mode index, so the correlation map
will show what solar heat flux is associated with the
North Pacific mode. An autocorrelation of solar heat
flux in the central Pacific shows no relationship at lags
greater than one year, suggesting that the proper num-
ber of degrees of freedom for this correlation is 29, by
which values are significant at the 95% level if their
magnitude exceeds 0.32. Regions where this is true are
shaded in the figure. The central features produced by
the models, a band of anomalous negative forcing south
of about 25°N, then a band of positive forcing north to
about 40°N, with both bands sloping poleward towards
the east, are present in the observations as well, lending
credence to the model results. Note that this association
does not imply that SST anomalies are forcing cloud
cover anomalies; it is reasonable to suppose that the
stochastic atmospheric variability has expression in
cloudiness and also forces changes in the surface latent
heat flux, both of which then affect SSTs.

The changes in ECHO2 cloudiness associated with
this change in solar forcing can be found by compositing
total cloudiness upon extremes of the predictor time
series from Fig. 4. As expected, the results (not shown)
have a pattern similar to that in the “Solar” panel of
Fig. 4, but with opposite sign (more clouds over regions
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Fig. 5 Correlation map, from observed data, between SSTA centered
on 160°W, 39.5°N and yearly-averaged solar flux anomaly at every
point. Shaded regions are significant at the 95% level

with less surface solar heating). Taking the difference
between the top and bottom 20th percentiles of the
predictor time series shows differences in yearly aver-
aged fractional cloudiness of 3-5% over the affected
region (170°E to 120°W, 15°N to 35°N).

3.4 Effects of ocean dynamics in the Kuroshio
extension

The previous results show the importance of stochastic
atmospheric forcing and Ekman transport to the North
Pacific mode. Where, then, do oceanic dynamics exclu-
sive of Ekman transports play a role? A straightforward
way of determining this is to divide, at each point, the
variability in a model run with an AGCM coupled to a
full physics ocean model to the same AGCM coupled to
a mixed layer ocean model. The results of doing this are
shown in Fig. 6, where the variability is illustrated by
means of the ratio of spectral density of SSTAs. The
models used are CSM and CCM3/ML,; these particular
two runs were chosen to form the ratio because they
have the same atmospheric model at the same resolu-
tion, and the mixed layer ocean depth (in the mixed layer
run) is specified from observations. Forming this ratio
from runs that use different atmospheric models (i.e., the
ECHAM3/ML and ECHO?2 runs) is not as uniform a
comparison, although this is attempted in Fig. 9 for
completeness. The ratio is shown at various frequencies
from 20 to 5 years per cycle. The statistical significance
of the result can be assessed by noting where the 90%
confidence intervals of the two spectra used to form the
ratio do not overlap; such regions are shaded on the
figure.

There are two bands where ocean dynamics signifi-
cantly increases SST variability in the model: an inter-
decadal band of about 20 years/cycle and the ENSO
band centered at about 3.6 years/cycle (not shown).
Furthermore, each frequency band is associated with a
specific spatial distribution of enhanced variability. The
increase in variability associated with the ENSO band is
concentrated in the tropics, as is well known. The in-
crease in the interdecadal band is primarily in the ex-
tratropical North Pacific, with centers in the sub arctic
frontal zone (SAFZ)/Kuroshio extension region off Ja-
pan as well as off the Aleutian islands. The CSM model
develops anomalous and unrealistic sea ice in the Aleu-
tian island center of variability; we assume that the
variability in this region is associated with this model
error (or, at least, not practicably separable from it), and
so is not examined further.

Figure 7 shows the ratio for all frequencies, at the
point 155°W, 43°N (in the model’s SAFZ). Shaded re-
gions show where the 90% confidence intervals for the
two spectra used to make the ratio do not overlap. The
ratio is strongly peaked at a frequency of about 20
cycles/year, with a minor subsidiary peak at about 6
cycles/year but little else besides. The implication is
clear: ocean dynamics preferentially enhances variability
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Fig. 6 Ratio of spectral density, at various frequencies, in the CSM
full physics O/A GCM run to a run with the CCM3 AGCM coupled

to a mixed layer ocean model. Contour interval is 2. Shaded areas
show where the ratio is statistically significant (see text for details)
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Fig. 7 Ratio of spectral density in CSM to that in CCM3/ML, at the
point 155°W, 43°N. Shaded areas show where the ratio is statistically
significant (see text for details)
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Fig. 8 Spectral density of SSTA at a frequency of 20 years/cycle for
observations over the period 1945-1993 (top) and the ECHO2 model
(bottom)

in the SAFZ/Kuroshio extension region and at the in-
terdecadal frequencies, rather than forcing a broadband
response. An intimation of this can be seen in Manabe
and Stouffer (1996), their Fig. 9, which shows SST
standard deviation in this region is enhanced by about a
factor of 2 in the presence of ocean dynamics. However,
it is really only when the variability as a function of
frequency is examined (Fig. 7) that the full extent of this
enhancement becomes clear.

Since the real oceans incorporate the effects of ocean
dynamics, an exact analogue to Fig. 6 cannot be made
from observed data. However, a less direct (but still
useful) comparison can be done by simply plotting the
geographical distribution of SSTA spectral density at the
frequency of interest, 20 years/cycle here. This is shown
in Fig. 8 for the observed data from 1945 to 1993 (da
Silva et al. 1999), along with the same quantity from the
ECHO2 model for comparison. The same plot for CSM
looks similar to the upper left panel of Fig. 6, and so is
not repeated here. In the observations, there is a region
in the central Pacific of enhanced interdecadal variabil-
ity, as seen in the models, but both models consistently
trap the variability more towards the coast of Japan
than is observed. The observations also show a strong
signal off the west coast of North America that the
models lack. An important caveat to keep in mind is that
the 49 years of observed data can yield at most 2.5 cycles
at a frequency of 20 years/cycle; the sampling issues
associated with the observed data can hardly be over-
stated. Nonetheless, proceeding with what we have, we
tentatively conclude that the observed data is roughly
consistent with the model indications that preferential
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enhancement of low-frequency variability occurs in the
SAFZ/Kuroshio extension region. This effect is seen
farther west in the models than in the observations,
which suggests consistent model errors in the ability to
advect signals along the axis of the Kuroshio current
(which is represented only approximately in these me-
dium resolution models). The reason for the discrepancy
off the west coast of North America, and the implication
this has for model errors, is not currently known. One
possibility is that it is related to small-scale eastern
boundary dynamics, such as coastal upwelling, which is
known to occur in the region but cannot be properly
resolved with the models used here.

The variability ratio shown in Fig. 7 made use of
CSM and CCM3/ML, as they are the two most similar
runs for the purposes of this comparison. However, we
would like to look at the interdecadal response in
ECHO?2, as this is the run for which we have the most
complete surface heat budget diagnostics. To that end,
Fig. 9 shows a similar plot of spectral density ratios of
SSTA in the Kuroshio extension, but using ECHO2
divided by ECHAM3/ML. Shading, indicating statisti-
cal significance, is as in Fig. 7. Note that in this case the
ratio is taken at a latitude of 40°N; the ECHAM models
have the peak response one gridpoint south of the
CCM3 models. The geographical distribution of en-
hanced variability is similar to that seen in CSM, with
the exception that no regional maximum is seen in the
Aleutian Island region. This is consistent with the idea
that CSM’s maximum in the region is related to the
anomalous ice there.

The tail of the ratio at high frequencies tends to a
value of about one-third, rather than about one, as
found in Fig. 7. Manabe and Stouffer (1996) (their
Fig. 4) find that ocean dynamics over the bulk of the
North Pacific decreases variability by 10-20%, in rough
agreement with Fig. 7 but nowhere near enough to ex-
plain the factor of three found in Fig. 9. From this we
can conclude that either ECHAM3 has about three
times as much intrinsic low frequency variability as
ECHAMA4, or that the fixed mixed layer depth of 50 m
used in the ECHAMS3/ML run is acting to exaggerate
the low frequency variability by a factor of three.
The latter conjecture is supported by the observation
that the mixed layer depth in ECHO2 is about 150 m in
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Fig. 9 Ratio of spectral density in ECHO2 to that in ECHAM3/ML,
at the point 156°W, 40.5°N. Shaded area shows where the ratio is
statistically significant (see text for details)

the SAFZ, and hence (all other things being equal) we
expect to see the ECHAM3/ML run overstating the SST
variability by a factor of three. Since this is what we
observe in the models’ behavior, we take this as the
proper explanation for the discrepancy. Scaling the peak
in Fig. 9 by a factor of three because of the mixed layer
depth difference, we estimate that in ECHO2, ocean
dynamics enhances low frequency variability in the
Kuroshio extension region by a factor of 9. This
enhancement happens preferentially at a frequency of
about 22 years/cycle. This is roughly consistent in fre-
quency with the results of the CCM3 model, although
less than the enhancement seen in CCM3. Thus, based
on both the ECHAM and CCM3 series of models, we
conclude that ocean dynamics acts to increase inter-
decadal (~20 years/cycle) variability of SST in the Ku-
roshio extension region off Japan by about an order of
magnitude.

A further dynamical consistency check of this con-
clusion can be made. If the enhancement in SST vari-
ability off Japan is due to dynamical processes, one
would expect various oceanic quantities that are inter-
related through the dynamics (for example, stream
function and heat content) to all show the same spectral
enhancement at the same frequency. This can be checked
in the case of ECHO2; Fig. 10 shows the spectral density
of five oceanic quantities in the SAFZ region of ECHO2.
The intent of using five different quantities is to avoid
identifying as significant peaks that exceed 95% signifi-
cance merely by chance, due to sampling fluctuations.
The spectra have all been pre-whitened by a best fit
AR(1) process, then normalized so that they can be
directly compared. All the quantities show a spectral
peak that exceed the 95% confidence level at a frequency
~20 years/cycle. There are various other frequencies at
which one or the other of the spectra exceeds the 95%
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Fig. 10 Normalized and pre-whitened power spectra of various ocean
quantities in ECHO?2 in the Kuroshio extension region. Solid line:
SST. Dash-dot: heat content, integrated to 1000 m. Short dashes:
surface latent heat flux. Long dashes: barotropic streamfunction.
Dash-dot-dot-dot. advection of zonal temperature gradient by the
zonal velocity



Pierce et al.: The role of ocean dynamics in producing decadal climate variability in the North Pacific 61

threshold, but such would be expected to happen 5% of
the time just by chance. The fact that only at ~20 years/
cycle do all the spectra have a common peak lends
strong support to the idea that this peak is not a sta-
tistical fluke, but rather is a real, dynamically consistent
feature of the system. It is likely that the effects of
dynamics are most easily seen in this region because of
the strong meridional temperature gradients coupled
with the nature of western boundary regions to reflect
the integrated effects of all forcing to the east.

The importance of removing the best-fit AR(1)
spectrum before computing Fig. 10 deserves to be em-
phasized. The majority (56% in ECHO?2) of the inter-
decadal spectral power enhancement in the Kuroshio
extension region due to ocean dynamics can be ac-
counted for by the removed AR(1) process (see Frank-
ignoul et al. 1997). This part is not our primary interest
here, as we are more concerned with detecting the
spectral signatures of a coupled mode that rise above an
AR(1) background. Nonetheless, it should be kept in
mind that this is the smaller portion of the entire en-
hancement of variability that arises from ocean dy-
namics.

3.5 Physical mechanisms for an interdecadal
spectral peak

For the purpose of making predictions, it is important to
know the cause of the interdecadal peak seen in ECHO?2.
Several previous workers have described mechanisms
that might produce a low-frequency spectral peak in a
midlatitude ocean of the kind seen here. These mecha-
nisms will now be described, and then tested to see if
they are the cause of the spectral peak in the Kuroshio
extension region found in the ECHO2 model.

3.5.1 Advective resonance

Saravanan and McWilliams (1998) suggested that
preferential enhancement of variability at a certain
frequency could occur if oceanic advection proceeds
underneath a region with a characteristic spatial pattern
of atmospheric forcing, a process that will be referred to
here as “‘advective resonance”. Such conditions are
found in the North Pacific, where the subtropical and
subpolar gyres circulate beneath the surface pattern of
forcing associated with the stochastically driven North
Pacific mode (see Sect. 3.1). The advective resonance
mechanism has SSTAs being amplified by virtue of
experiencing the same sign of atmospheric forcing as
they are advected around the gyre. As a result, there
should be a tendency for a positive correlation between
net surface heat flux and SSTAs (using the sign con-
vention that positive heat flux anomalies increase SST).
A direct test of this found that the correlation between
these two quantities over the North Pacific subtropical
gyre was weakly negative, and not statistically signifi-

cant. This is not consistent with the advective resonance
mechanism.

It might be hypothesized that the relationship be-
tween SSTA and net surface heat flux suggested by the
advective resonance mechanism would have a regional
character, with most of the forcing happening in the
central gyre and most of the opposite-signed damping
occurring in the western boundary region. Separating
the gyre domain into two regions, the central gyre and
the western boundary/Kuroshio extension region, and
performing the same correlation analysis shows this to
be partially true; most of the atmospheric damping of
SSTAs occurs in the Kuroshio extension region, as de-
termined by the strong negative correlations between
SSTA and net surface heat flux in that region (not
shown). However, using only data from the central gyre
to perform the correlation again shows no statistically
significant values. We therefore conclude that advective
resonance is not causing the interdecadal-frequency
spectral peak seen in the ocean variables of ECHO2 off
Japan. A further test of this possibility, using a different
technique than simple correlation analysis, is performed
in the next section.

3.5.2 Stochastic excitation of Rossby waves

Weng and Neelin (1998) suggested that a preferred
spatial scale for atmospheric forcing would result in the
same preferred spatial scale being imposed on the oce-
anic Rossby wave response, and therefore, lead to a
preferred oceanic time scale via the Rossby wave dis-
persion relationship. For the cases they studied (similar
to the midlatitude North Pacific) the expected time scale
for spectral enhancement should be in the interdecadal
frequency band. A key element of this mechanism is that
it requires no feedback from the ocean to the atmo-
sphere to effect an increase in variability in the inter-
decadal time scales. The interdecadal enhancement is
also produced even if the atmospheric forcing is spec-
trally white, i.e., contains equal power at all frequencies.
We take advantage of these two characteristics to test
whether the stochastic excitation of Rossby waves is
setting the time scale seen in ECHO2.

To test for the presence of the Weng and Neelin
(1998) mechanism in ECHO2, we make use of the saved
surface flux forcing fields, as follows. We first ran just
the ocean component of ECHO?2 by itself in stand-alone
mode, forced by the monthly climatological cycles of
heat, momentum, and precipitation minus evaporation
(P-E) flux saved from the ECHO2 run. Surface relax-
ation to ECHOZ2’s climatological SST was imposed in
the beginning of this spin-up run, but gradually reduced
in strength during the course of the run so that the last
200 years of spin-up were performed with only flux
coupling. The entire spin-up was done for 1030 years, at
which point the maximum SST drift in the North Pacific
was 0.14 K/century, which was deemed sufficiently small
for our purposes. Over most of the gyre, the drift was an
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order of magnitude less. The final results were detrended
at each point to remove the effect of this residual drift.

After the spin-up process, two experiments were
performed to determine the applicability of the Weng
and Neelin (1998) mechanism to the ECHO2 results. In
both experiments, climatological monthly surface fluxes
of heat, momentum, and P—FE from the ECHO2 run
were applied to the ocean model. The experiments were
as follows:

I. A control run, imposing the saved ECHO2
monthly surface flux anomalies of heat, momentum, and
P—E in the same temporal order as they actually evolved
in the ECHO?2 run. The point of this run was to see if the
technique would yield the same time evolution and in-
terdecadal peak in the power spectra of oceanic variables
off Japan as was actually seen in ECHO2. The ability for
the stand-alone ocean model to reproduce the ECHO2
results when driven by the saved surface fluxes was
considered a requirement for the technique to be useful.

2. A “time permuted” run, where the monthly flux
anomalies from the ECHO2 run were applied to the
ocean model in random order with replacement, but
keeping the proper month number (i.e., a random Jan-
uary field was applied in January, etc.). The applied
heat, momentum, and P—F fields were all taken from the
same randomly selected source month so they would be
self-consistent. The point of this run was to see whether
the interdecadal spectral peak would still be present. The
mechanism invoking the stochastic excitation of Rossby
waves requires only that the applied atmospheric forcing
have a large-scale spatial pattern of variability, and have
a power spectrum that is statistically white; the time-
permutation of the monthly flux anomalies did not
change either of those attributes. Therefore, the spectral
peak in, for example, SSTA off the coast of Japan
should be reproduced in this run if the stochastic exci-
tation mechanism was responsible for the peak. (Note
that this also provides an additional check of the Sar-
avanan and McWilliams (1998) mechanism described in
the previous section). The time permuted experiment
was run for 600 years, almost five times as long as either
ECHO?2 or the control experiment (137 years). This was
done so that the sampling statistics of the time permuted
run would be improved.

A comment on the use of monthly flux anomalies to
force the ocean model in the time permuted run is
warranted. When considering the proper time interval
over which to average the surface fluxes before applying
them to the ocean model, there is both a minimum and a
maximum time interval that could be considered ap-
propriate. At short time intervals, it would be nonsen-
sical to permute the surface fluxes on intervals shorter
than the time scale of synoptic midlatitude weather
systems (~5 days), as doing so would subject the ocean
to abrupt changes on time scales generally shorter than
are realized in nature. Therefore, the local autocorrela-
tion time scale for weather yields a practical lower limit
for the averaging time. At long time scales, averaging
over times that are an appreciable fraction of the inter-

decadal time scale of interest here (20 years) would make
the results converge to the control run, where the fluxes
are not permuted at all. As a compromise, we chose to
force the ocean with monthly averaged flux anomalies;
this is substantially longer than the time scales associ-
ated with midlatitude weather systems, but still far more
often than the 20 years/cycle interdecadal time scale we
are trying to explain. Note that the ocean model uses a
12-hour time step, which means that a randomly chosen
surface forcing is selected once every 360 model time
steps. Linear interpolation is used to avoid discontinu-
ities between the selected months’ forcing fields. The
separate question of whether the ocean model, when
driven by monthly averaged fluxes, can realistically
reproduce the behavior it evolves in the fully coupled
model is addressed later by analyzing the control run.

This process of taking the surface flux forcing
anomalies randomly by month will spectrally whiten the
forcing fields at lower frequencies. This is the intended
consequence, as we are testing the hypothesis that the
interdecadal spectral peak seen in ECHO?2 is produced
by a mechanism whose forcing has no preferred time
scale, but does have a preferred spatial structure. But
what if the wind stress curl or net surface heat flux
forcing in ECHO?2 itself had a pronounced interdecadal
spectral peak? In such a case any conclusions drawn
from the time permuted run, where such a peak would
be eliminated by construction, would be meaningless.

To check for this possibility, we did a spectral anal-
ysis of yearly averaged wind stress curl and net surface
heat flux anomalies from the ECHO2 run at each point
over the entire Pacific north of 10°N. We found that the
spectra of wind stress curl anomalies are almost uni-
formly white in ECHO2 over the entire North Pacific
basin. The only exceptions are three model gridpoints
just south of the Sea of Okhotsk (at locations
49°N,149°E, 46°N,152°E and 46°N,155°E), which have
spectra that are almost flat from 2 to 20 cycles/year, then
sharply increase in spectral density to the lowest resolved
frequency. It seems implausible that the wind stress curl
variability at these few points can cause the 20 year/cycle
spectral peak seen in the SAFZ/Kuroshio extension, as
the source region is so small and the frequency of
spectral enhancement in the source region is lower than
20 years/cycle.

The spectra of the net surface heat flux anomalies are
more interesting. In much of the region between the
dateline and 120°W the spectra have a distinctly blue
character, which, while curious, seems unable to explain
an interdecadal spectral peak off Japan. Over most of
the rest of the North Pacific the spectra are white. The
exception is the SAFZ/Kuroshio extension region itself,
where net surface heat flux anomalies do have an inter-
decadal spectral peak (this can be seen in Fig. 10).
However, as found in Sect. 3.5.1 when considering the
Saravanan and McWilliams (1998) ‘‘advective reso-
nance” mechanism, surface heat fluxes in this region act
to damp SST anomalies, not generate them. This means
that the peak is generated because the driving mecha-
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nism for surface heat flux in this region, SST anomalies,
itself has a spectral peak, and so the forced response has
the same spectral peak. Therefore eliminating this
spectral peak might cause low-frequency SST anomalies
in the region to be less damped, but will have no effect
on the original source of the SST anomalies. Because the
applicability of the time-permuted runs to the interpre-
tation of ECHO2 depends on the fact that low-fre-
quency SSTA are atmospherically damped rather than
forced in this region, an additional cross-spectral anal-
ysis was carried out between SSTA and net surface heat
flux there to confirm this relationship (note that only a
simple correlation done earlier). It was again found that
the low-frequency evolution of SSTA and net surface
heat flux is coherent, and at interdecadal frequencies the
phase is such that net surface heat flux anomalies damp
SST anomalies. We therefore proceed with the inter-
pretation that the time-permuted runs can shed light on
the behavior of the ECHO2 model, and in particular on
whether the source of the interdecadal spectral peak seen
in ECHO?2 is a result of the kind of stochastic mecha-
nism described by Weng and Neelin (1998).

The primary result from the control and time per-
muted runs is shown in Fig. 11. Illustrated are the
spectra of SSTA averaged over the Kuroshio extension
region off Japan for ECHO2, the control run, and the
time-permuted run. Processing is as in Fig. 10, in par-
ticular, the spectra are pre-whitened to remove the
AR(1) component, which is not of primary interest here.
The spectra for the fully coupled run (ECHO?2) and for
the control run both show the spectral peak at the pre-
viously-identified period of ~20 years/cycle. A cross-
spectral analysis (not shown) between the raw SST time
series for these two runs in the SAFZ region shows a
squared coherence between 0.5 and 0.6 for frequencies
between 5 and 25 years/cycle (the 95% significance level
is 0.2). The phase is not discernibly different from zero at

1 0 N T T T T :I
20 Years/cycle

Full Coupled Model
Control Run
Time-Permuted Expt.

N W b
I
I
I

7 ',\ """""" _\ R S SRUTTTT 950/0

Spectral density (normalized)

0.10 0.20 0.30
Frequency (cycles/year)

0

5 1 "
0.00 0.40 0.50

Fig. 11 Spectra of SSTA in the Kuroshio region off Japan (150°E,
40°N) for the ECHO2 run (thin solid), control run forced by ECHO2
fluxes taken sequentially (thin dash-dot), and test run with monthly
ECHO?2 fluxes taken in random time order (thick dash-dash). The
95% significance level is indicated by the dotted line

any frequency where the coherence is significant. Thus,
the control run effectively reproduces the low-frequency
time evolution of SSTA found in the ECHO?2 run, and
we conclude from this that the technique is practicable.
The time permuted run (thick dashed line of Fig. 11)
lacks the interdecadal spectral peak seen in the other two
runs. This suggests that the Weng and Neelin (1998)
effect is not the source of the interdecadal spectral peak
seen in the ECHO2 run. Another way of interpreting
this result is that the spectrum seen in the time permuted
run is an estimate of the size of the Weng and Neelin
effect in this particular model, and that the actual in-
terdecadal peak seen in ECHO2 significantly exceeds
this size, and so must be due to additional causes.

The conclusion to be drawn from the control and
time permuted runs shown here is that the ~20 year/
cycle spectral peak seen in ECHO?2 is not due to the
stochastic excitation of Rossby waves by atmospheric
forcing of a preferred spatial pattern. This does not
constitute evidence that such a process does not occur in
the model, but rather that most of the variance in the
specific spectral peak seen in oceanic variables off the
coast of Japan in ECHO?2 is generated by other effects.
Furthermore, the fact that the control run reproduces
the spectral peak while the time permuted run does not is
evidence that a coupled ocean/atmosphere phenomenon
must be responsible for the spectral peak. When either
the fully coupled run (ECHO?2) or the control experi-
ment evolve forward in time, oceanic and atmospheric
processes conspire to produce a significant spectral peak
in SSTA off Japan. However, when the time order of the
forcing is changed, destroying any synchronicity be-
tween the atmosphere and ocean on time scales longer
than one month, the same ocean model does not pro-
duce any such peak. The low-frequency evolution of the
atmosphere and ocean must be synchronized to explain
these results. Even more, it is not sufficient for the ocean
merely to respond to the low-frequency evolution of the
atmosphere to produce the spectral peak; this happens in
the time permuted case, yet no peak is seen. It must be
that the atmosphere is also responding to the ocean on
low frequencies, and that both these effects are needed to
properly reproduce the low-frequency evolution of the
North Pacific.

3.5.3 Dynamical coupling via the wind stress curl

Latif and Barnett (1994, 1996) suggested that a dy-
namical feedback between the midlatitude ocean and
atmosphere might produce North Pacific climate vari-
ability as follows. A strengthened subtropical gyre cir-
culation in the Pacific brings more warm water
northwards into the Kuroshio extension region, de-
creasing the meridional temperature gradient across the
subtropical gyre. The normally negative wind stress curl
(V x 1) over the subtropical gyre decreases in strength in
response to the decrease in meridional temperature
gradient, i.e., increases numerically (a positive anomaly).
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The positive V x 7 anomaly tends to spin down the gyre,
resulting in less warm water advected northwards into
the Kuroshio extension region, completing a half cycle.

The evidence from the control and “permuted time”
runs presented in the previous section supports the idea
that a coupled ocean/atmosphere feedback produces the
interdecadal spectral peak seen in SSTA off Japan in
ECHO2. Therefore, we test here the idea that the Latif
and Barnett (1994) mechanism is giving rise to this
variability. To do this we will examine whether several
critical pieces of this chain of events are present in the
ECHO2 run: (1) a positive anomaly in the central Pacific
V x 1 leading to cold SSTAs off Japan, with a time lag
of several years; (2) cold SSTAs off Japan spreading into
the central Pacific enough to be able to influence the
overlying atmosphere; (3) changes in SSTA (or gradients
thereof) effecting changes in central Pacific V x 7 of the
required sign. Of the three, the third is the most uncer-
tain; there is every reason to think that changesin V x 1
are reflected in changes in transport of the western
boundary current (although the time lag and effect on
temperature needs to be established), and that advective
transport of temperature anomalies by the Kuroshio
should exist, but various studies have found conflicting
results on what effect midlatitude SSTAs have on the
overlying atmosphere (e.g., Palmer and Sun 1985;
Kushnir and Lau 1992; Graham et al. 1994; Kushnir
and Held 1996). An attempt to understand the source of
these differences will be made later.

When considering the possibility that a change in
wind stress curl over the central Pacific can have delayed
temperature repercussions along the western boundary,
Venzke et al. (2000b) showed that Rossby wave propa-
gation in HOPE (the oceanic component of the ECHO?2
coupled model examined here) does indeed carry infor-
mation about wind stress curl changes in the central gyre
westwards to the boundary, as required by the Latif—
Barnett mechanism. Rather than repeating that analysis
here, we will show a straightforward lagged correlation
between changes in SSTA over the region 35-45°N, 140-
160°E (in the SAFZ/Kuroshio extension region) and
preceding changes in V x 7 over the rest of the Pacific.
The results are in Fig. 12, which shows the spatial cor-
relation field at leads of three, four, and five years (top,
middle, and bottom panels, respectively) with changes in
V x 1 leading changes in SSTA. The data have been
bandpass filtered to retain only periods between 10 and
40 years/cycle, in keeping with our interest in inter-
decadal time scales.

At a lead of three years, a negative correlation is seen
over almost the entire Pacific between 30°N and 50°N;
the negative sign arises because positive wind stress curl
anomalies are associated with (delayed) decreases in
SST. The location of the maximum negative correlations
is close to the latitude of boundary between the subpolar
and subtropical gyres. This suggests that a response
could potentially participate equally in both gyres, or
simply be reflected in a latitudinal shift of the boundary
between them. At longer leads, the region of maximum

Lead = 3 years

40°N 40°N

20°N
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160°E

120°E
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120'W

Fig. 12 Lagged correlation between changes in wind stress curl over
the Pacific basin and changes in SSTA off Japan. Top: wind stress curl
leading SSTA by three years. Middle: by four years. Bottom: by five
years

negative correlation moves south and east. The peak
value drops from —0.59 at a lead of three years to —0.45
at a lead of five years, and fades to —0.35 at a lead of
eight years. These values are not particularly large; the
yearly wind stress curl anomalies in ECHO2 generally
have a white spectrum in the North Pacific, so a rea-
sonable estimate of the degrees of freedom for the 10-
year filtered wind stress curl data is 14 (given the run
length of 137 years). This indicates that the 95% sig-
nificance level for the correlation is about 0.45, which is
exceeded only in limited areas between 35°N and 45°N.
Note that the quality of the correlation may be degraded
somewhat because the plotted fields are numerically
calculated derivatives in time (and the wind stress curl is
a numerically calculated derivative in space as well),
which tends to add noise.

A lagged correlation between observed (da Silva et al.
1995) SSTA off Japan and wind stress curl over the
Pacific basin over the period 1965 to 1993, using 10-year
low-pass filtered data, shows a noisy but similar pattern,
with negative values north of 33°N (not shown). The
time scale is shorter than is found in the model, with
peak correlations <—0.8 between 175°E and 165°W at a
lead of two years, and fading after that. Deser et al.
(1999), in an analysis of North Pacific observations
covering the 1970s and 1980s, found that decadal-time
scale changes in basin-wide wind stress curl lead changes
in western boundary thermocline depth (between 30°N
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and 40°N) by 4-5 years. Although we are concerned here
with changes in western boundary SST rather than
thermocline depth, the agreement in time scale never-
theless supports the idea that the time scale obtained
from the model is reasonable.

This analysis shows that changes in wind stress curl
lead changes in SSTA off Japan in the sense required by
the Latif-Barnett mechanism, but it also indicates that
the delay is no more than three to five years for a half
cycle, too short to explain a 20 year/cycle oscillation. A
similar analysis using the lagged correlation between
SSTA and V x 1 (rather than the changes in SSTA and
V x t used above) finds the same time delay. Can this
mechanism, then, be responsible for a twenty year time
scale? Another important part of the path not consid-
ered yet, and that would be expected to introduce an
additional delay, is that from SSTAs just off Japan to
SSTAs spread over enough of the North Pacific to have
an influence on the overlying atmosphere. (Note that the
necessity of this step is unproven; it has also been argued
that the region immediately off Japan is the only relevant
location for influencing the atmosphere, since surface
heat loss to the atmosphere is concentrated there,
(Arthur Miller, personal communication). Such a
mechanism would require processes different from those
considered here to explain the 20 year time scale.

Figure 13 shows, via a lagged correlation, the prop-
agation of signals off Japan into the central North
Pacific. Rather than straight SSTA, V2SSTA is shown
because of the importance of SST gradients in exerting
torque on the atmosphere, thereby effecting changes in

Lag (years)

160 E
Longitude

180

Fig. 13 Lagged correlation between V> SSTA at 40°N, 155°E and in a
line along 40°N from the ECHO2 coupled model. The sense of the lag
is such that signals at 155°E lead those in near the dateline by about
five years. Shaded regions are significant at the 95% level

the wind stress curl (Barnett and White 1972). V>SSTA
tends to have a white spectrum in the region between
160°E and 160°W, so taking 14 degrees of freedom for
the filtered data indicates that a correlation of about
0.45 would be significant at the 95% level. Areas with
this correlation or greater are shaded in the figure. In
addition to the oscillating signal with a time scale of
about 20 years/cycle previously identified from the
spectral analysis, Fig. 13 demonstrates that there is a
delay of ~5 years for a signal to propagate from the
region immediately off Japan to the dateline. Added to
the three to five year delay between changes in wind
stress curl to changes in SSTA off Japan, this leads to a
time scale of eight to ten years for a half cycle, in rea-
sonable agreement with the frequency of ~20 years/cycle
identified from the spectral analysis. (It is assumed that
any atmospheric response to changes in central Pacific
V2SSTA do not require an appreciable time lag to get
set up.)

Figure 14 shows a similar plot made from observed
SSTA along 41°N over the years 1945-1993 (da Silva
et al. 1995). The results are noisy, but do show a multi-
year propagation of V>SSTA from the region off Japan
into to the central Pacific. The propagation time is slower
than that seen in the model, closer to 10 years to go from
the extreme west to the dateline, rather than the five
years seen in the model, which suggests that a real-world
analog of this oscillation might be shifted to somewhat
lower frequencies than found in the models. With the few
degrees of freedom, none of the values is statistically
significant, which leaves the applicability of this propa-
gation in the real world open to question. (Note, though,
that this plot is constructed by numerically calculating

Lag (years)
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180 160 W

Fig. 14 Asin Fig. 13, but for observations over the period 1945-1993
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the second derivative of the observed SST field in latitude
and longitude, a process that generates noise.)

The last piece of the Latif-Barnett mechanism to
examine is the response of the atmosphere to an im-
posed midlatitude SSTA. To test whether this can have
the effect on wind stress curl predicted by the Latif—
Barnett mechanism, we ran an experiment with SSTAs
imposed as lower boundary conditions to ECHAM4,
the atmospheric model used in ECHO2. The SST
anomalies are imposed in two phases: by adding the
anomaly pattern to climatological SSTs at all months
(the positive phase) and by subtracting it from clima-
tological SSTs at all months (the negative phase). Note
in particular that these are not “‘perpetual January’-type
simulations such as used in Latif and Barnett (1994,
1996), but rather full-year runs. The motivation for
doing the experiments this way is that Peng et al. (1997)
found that the atmosphere’s response to midlatitude
SST anomalies can vary substantially by month; since
we find an interdecadal spectral peak, the mechanism
causing it can be presumed to be active over time scales
of many months. Therefore, whole-year experiments are
used to average the effects of the SST anomaly on the
atmosphere over the entire seasonal cycle. This avoids
any errors arising from an unusually strong model
response coincidentally occurring in January. The pos-
itive and negative phases were each run for 12 years, for
a total of 288 months.

The SSTA pattern used to force the model is shown
in Fig. 15. Values were linearly ramped to zero starting
at 22°N and ending at 15°N, so that there are no SSTAs
south of 15°N. This was done so that the teleconnected
effect of SSTAs in the tropical wave guide would be
excluded from the results. The pattern itself is taken
from the leading EOF of 1040 year bandpassed SSTA
of ECHO2. This is an important point, because this
means that we are testing the model response to a pat-
tern that is self-consistent with the model’s own vari-
ability. Previous work has shown that latitudinal shifts
in the location of a midlatitude SST anomaly can have a
strong effect on the atmosphere’s response (Peng et al.
1997). Thus, it is important to draw conclusions about
the atmosphere’s response to a midlatitude SSTA only
from experiments where the anomaly is imposed in a
location consistent with the model’s own variability,

120°E 150°E 180" 150'W 1200W

T T T T
120°E 150°E 180 150'W 120°W

Fig. 15 Pattern of SST anomaly imposed as a lower boundary
condition on the atmospheric test runs. Contour level is 0.2 K

rather than some arbitrary placement. The strength of
the pattern, with a maximum of 1 K, is overstated rel-
ative to the size of observed SSTA fluctuations in the
North Pacific, which have a standard deviation of about
0.4 K.

The results from the SSTA-forced experiment are
shown for 500 mb geopotential height anomaly in
Fig. 16. Plotted is the difference between the average of
the 144 positive phase months and the 144 negative
phase months. Shaded areas show where a response is
found at greater than 95% significance level using a
t-test, taking the number of degrees of freedom to be 12
(i.e., each year is treated as an independent sample).
There is a downstream high pressure anomaly of 15 gpm
over the central North Pacific, and a low of 30 gpm over
northwest North America.

Barnett et al. (1999b) previously showed that the
V x t field does, indeed, respond to midlatitude SST
anomalies in the sense required by the Latif-Barnett
mechanism. This was shown by making use of a par-
ticular V x t pattern they termed 7, which was found by
linear regression to be associated with the model’s in-
terdecadal variability. The purpose of introducing 7 was
to emphasize that the atmosphere’s response has pro-
jection onto the wind stress pattern associated with the
interdecadal variability. Rather than repeating that
analysis here, we will simply show the difference in V x 1
between the positive and negative phases of imposed
SST anomaly. This is a complementary presentation of
the results in the sense that it is a more direct illustration
of the atmosphere’s response, but less specifically tar-
geted towards the interdecadal variability, and so might
be distorted by effects unrelated to the oscillation we are
interested in.

The effect of the imposed SSTA on the V x 7 field is
shown in Fig. 17 as simply the difference between the
time-averaged positive and negative phase runs. Shaded
areas show where a response is found at greater than
95% significance level using a ¢-test, taking the number
of degrees of freedom to be 12 (i.e., each year treated as
an independent sample). In the central/west Pacific,
there is a broad area of positive V x 1 response between
30°N and 50°N, extending to 60°N in the central Pacific.

Fig. 16 Difference in 500 mb geopotential height between the
experiment with imposed positive and negative SSTA as a lower
boundary condition. Shaded areas are significant at the 95% level
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1ATE T50°E T8 e 1250

Fig. 17 Difference in wind stress curl response between the experi-
ments with the positive and negative phase of SST anomalies imposed
beneath the ECHAM4 atmospheric model. Results are averaged over
the entire run (288 months total). Contour level is 1.0 x 10~° Pa/m.
Shaded areas show where the difference is significant at the 95% level

Values of the wind stress curl response are 2—
4 x 1078 Pa/m; by comparison, climatological values of
monthly-averaged wind stress curl in the region are in
the range of 7-10 x 10~® Pa/m. Thus, the response is
easily strong enough to have an important influence on
the ocean’s circulation, even taking into account the fact
that the imposed SSTA was larger than observed.
Compared to the results in Latif and Barnett (1994,
1996), who used ECHAM3 and found a positive wind
stress curl response over approximately 20—40°N, the
response found here with ECHAMA4 is shifted about 10°
to the north (30-50°N). The positive response is ap-
proximately centered on the latitude of the boundary
between the subpolar and subtropical gyres, suggesting
that the response could be felt in either of the gyres or
simply reflected as a latitudinal shift in the boundary
between the two. Such a shift would be expected to ac-
company large SST anomalies, since this is where the
largest meridional temperature gradients exist. The lo-
cation of V X t response is consistent with the rela-
tionship between lagged changes in wind stress curl and
SST off Japan shown in Fig. 12; note that the positive
region shown in Fig. 17 is largely coincident with the
region of negative lagged correlation shown in Fig. 12.
It is also near the latitude of the propagating V>SST
anomaly, which is seen around 40°N. It is possible that
the region of negative wind stress curl response reaching
down to 10°N, a feature not seen in Latif and Barnett
(1994, 1996), might have implications for circulation in
the tropical regions, but this will not be explored further
here.

In sum, the results from the ECHO2 model show that
the necessary pieces are present to explain the inter-
decadal spectral peak by a dynamical ocean/atmosphere
feedback. This can be accomplished via the demon-
strated sensitivity of the atmosphere’s wind stress curl
field to sea surface temperature anomalies. The 20-year
time scale is understandable given the proviso that large-
scale changes in the atmosphere’s wind stress curl pat-
tern require spreading of V?SST anomalies from the
immediate vicinity of the western boundary region into
an appreciable fraction of the central North Pacific.
Note that the results shown here are a consistency check,

not a proof of the dynamical origins of the ~20 year/
cycle spectral peak. The correlations found are statisti-
cally significant but not strongly so. The overall picture
is that the extra enhancement of variance at the ~20
year/cycle time scale that reaches above the background
AR(1) spectrum is consistent with a dynamical ocean/
atmosphere feedback mechanism. In ECHO2’s Kuro-
shio extension region, about 56% of the overall en-
hancement in interdecadal spectral power due to ocean
dynamics was accounted for by a strengthening of the
AR(1) spectrum, and 44% by departures from this that
could be due to a coupled mode.

4 Discussion

The results of the previous section show that variability
in the North Pacific has two components, a North
Pacific mode and a dynamic western Pacific mode. These
are distinguished by their spatial distribution and spec-
tral structure.

The signature of the North Pacific mode is found over
the entire central Pacific north of 20°N, and has a
spectrum that is not significantly different from an
AR(1) process. This mode has previously been identified
from observations by Deser and Blackmon (1995) and
Zhang et al. (1996), and, by their linear statistical ana-
lyses, suggested to be independent of ENSO. The fact
that numerical models that lack ENSO still have the
North Pacific mode (as can be seen in Fig. 1) provides
strong confirmation of this in a framework where the
influence of (possibly nonlinear) atmospheric dynamics
are taken into account.

The models used to reach this conclusion lack ENSO,
but still have some degree of tropical SST variability,
albeit with reduced variance and no spectral peaks in the
2-7 year ENSO band. Can the North Pacific mode, then,
be a teleconnected response to non-ENSO tropical
variability? The results shown in Sect. 3.1 argue against
this. To see this, assume for the moment that the North
Pacific mode is a teleconnected response to tropical SST
variability not related to ENSO. There are three possi-
bilities: (a) the spectrum of hypothesized tropical forcing
might have power only in the ENSO frequency band; (b)
it might have power only outside the ENSO band; (¢) it
might have power both in and outside the ENSO band.
The results show that the amplitude of the North Pacific
mode in the models without ENSO is realistic, with
values of 0.3-0.6 K versus the observed value of 0.4 K;
in the ECHO2 coupled model, which includes ocean
dynamics and has a realistically strong ENSO, the am-
plitude of the North Pacific mode is 0.5 K, again close to
the observed value. Since the strength of the ENSO-
frequency forcing changes greatly between these runs
with little change in the North Pacific mode, possibilities
(a) and (c) are implausible. Yet the spectra of the North
Pacific mode shown in Fig. 1 do not have power only
outside the ENSO band, but rather are indistinguishable
from an ordinary AR(1) processes; the spectrum from
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ECHO?2 (not shown) shows the same. Thus possibility
(b) seems unlikely. Hence we conclude that the North
Pacific mode is not a teleconnected response to tropical
SST anomalies, be they of ENSO origin or otherwise.
We might loosely sum this up by saying that if a re-
sponse stays the same while a conjectured forcing varies
strongly, the conjectured forcing cannot be the source of
the response after all. Note that it is a separate question,
not addressed here, whether the phase of the North
Pacific mode and ENSO are somehow related by phys-
ical interactions.

Another question is whether the North Pacific mode
itself has remote repercussions in the tropics. It was
suggested that this might be the case on the basis of
statistical analysis of models and observations by Pierce
et al. (2000) and Barnett et al. (1999a), where it was
shown that the North Pacific mode is associated with
changes in surface wind stress anomaly that reach into
the tropics, thereby having an effect on ENSO. The
work here completes that picture by demonstrating in a
dynamically self-consistent way that, indeed, the North
Pacific mode is not a teleconnected response to tropical
SST variability. Thus, the direction of causality for wind
stress associated with the North Pacific mode must be
from the North Pacific to the tropics, rather than the
other way around. The details of a mechanism that
could accomplish this remain to be explored, but we
note that the link between the North Pacific mode and
cloudiness demonstrated in Sect. 3.3 suggests that evo-
lution of the North Pacific mode is associated with
modest but consistent changes in the large-scale circu-
lation of the atmosphere over at least the region north of
10°N. These changes in cloudiness associated with the
North Pacific mode can be seen in the mixed layer runs
that lack ENSO, the full coupled ocean/atmosphere
model ECHO2, and in the observations.

The dynamic western Pacific mode of variability has a
statistically significant spectral peak at about 20 years/
cycle, and in the models is preferentially found in the
SAFZ/Kuroshio extension region of the western Pacific.
The analysis of Sect. 3.5 suggests that the source of this
peak is a coupled ocean/atmosphere interaction, rather
than a one-way response of the ocean to stochastic at-
mospheric forcing. We have shown in Sect 3.5.3 the re-
sults of checking that the source of this peak is the
dynamical mechanism proposed by Latif and Barnett
(1994, 1996). The critical pieces of this mechanism are
present in the model, and have the proper overall delay
to account for the 20year/cycle spectral peak. An im-
portant note to the determination of the time scale is
that the mechanism requires that the delay for anomalies
to propagate from the extreme western Pacific into the
central Pacific be added into the overall delay if the 20
year time scale is to be accounted for. Such a propaga-
tion can be seen in both the model (Fig. 13) and ob-
servations (Fig. 14).

One point not addressed here, but which should be
kept in mind as an open question and future area of
research, is what connection there might be between the

North Pacific mode and the dynamic western Pacific
mode. The observations suggest that the enhancement of
low-frequency variability in nature is not as confined to
the western boundary as found in the models. It is rea-
sonable to suppose that the models, with their relatively
coarse resolution in the midlatitudes (typically ~2.8°)
do not represent the advective processes associated with
the Kuroshio current with a high degree of fidelity. This
might serve to keep artificially separated modes that, in
nature, have a stronger interaction. Detailed, Pacific-
wide observations of such variables as SST, surface wind
stress, cloudiness, and surface heat flux would be re-
quired over a century or two to address this conclusively
from observations. In lieu of such a data set, a reason-
able way to proceed would be with coupled numerical
models that have fine enough grid spacing to resolve the
western boundary currents in the North Pacific and the
dynamical processes in Kuroshio extension region.

5 Conclusions

Our goal in this work was to attribute various aspects of
North Pacific climate variability to one of three mech-
anisms: (1) the ocean’s thermodynamic response to the
atmosphere’s stochastic heat flux forcing; (2) the ocean’s
dynamic response to the atmosphere’s stochastic heat
flux and wind stress forcing, with no feedback to the
atmosphere; (3) fully coupled, dynamical ocean/atmo-
sphere interactions. Our particular emphasis is on the
third mechanism, as this would be potentially predict-
able by coupled ocean/atmosphere general circulation
models.

We have examined this question by using the output
of a variety of coupled and stand-alone ocean and at-
mosphere models, as well as from observations as
available. The intent of using multiple models is to draw
conclusions from features they have in common; nev-
ertheless, numerical models have their own set of limi-
tations and ways in which they systematically
misrepresent reality, which must be kept in mind. On the
other hand, a difficulty with using the observations is
that we are primarily interested in variability on inter-
decadal time scales, which is problematic given the rel-
atively short observed record over the Pacific. We have
tried to appropriately combine the two approaches in
reaching the following conclusions.

1. The characteristic spatial pattern of the “North
Pacific mode” (Deser and Blackmon 1995) is primarily
set by stochastic atmospheric heat flux forcing thermo-
dynamically integrated in situ by the ocean’s mixed
layer. Latent heat flux is the main forcing term deter-
mining this pattern, with typical values of 20-30 W/m?
for one standard deviation of the North Pacific mode
time series. Also important is the divergence of the Ek-
man transport by the anomalous wind stress associated
with the mode, which contributes 10-20 W/m? of
surface forcing, and changes in solar forcing that ac-
company changes in fractional cloudiness on the order
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of 3-5% over the central Pacific between 10 °N and
40 °N, which also contribute 10-20 W/m?. Such changes
in cloudiness are seen in the observations as well as the
models. Sensible and longwave forcing of the North
Pacific mode are negligible. The model setup does not
allow an evaluation of the role of vertical mixing across
the base of the mixed layer.

2. The North Pacific mode is not just a teleconnected
response to ENSO processes. Even in models that lack
ENSO, it appears with its characteristic shape and an
amplitude of 0.3-0.6 K, compared to 0.4 K from the
observations. The spectrum of the North Pacific mode
cannot be distinguished from that of an AR(1) process
in either the models or observations over the period
1945-1999.

3. Ocean dynamics act to increase SST variability in
the subarctic frontal zone (SAFZ)/Kuroshio extension
region of the North Pacific by an order of magnitude.
The observations suggest that there is also a region of
enhanced interdecadal variability along the west coast of
North America, but for unknown reasons the models do
not reproduce this.

4. The majority of the low-frequency enhancement in
SST variability in the SAFZ/Kuroshio extension region
arises from a process with an AR(1) spectrum. Super-
imposed on this red-noise background is a spectral peak
at a time scale of about 20 years/cycle. Numerical
experiments show that this additional interdecadal
enhancement in SST variability arises from coupled
ocean/atmosphere interactions. Analysis of the model
results shows that this coupled interaction is consistent
with the suggestion of Latif and Barnett (1994, 1996)
that it is accomplished via a sensitivity of the wind stress
curl field over the North Pacific to midlatitude SST
anomalies. The time scale of the oscillation is set by the
3-5 year delay (per half cycle) imposed by the lagged
response of western boundary SSTs to changes in central
Pacific wind stress curl changes, plus another five year
delay for the signal to spread from the extreme western
Pacific off Japan out into the central Pacific (and sub-
sequently influence the atmosphere). Similar time lags
are found in the observations as well, with somewhat
shorter (2—4 year) lags from changes in wind stress curl
to western boundary SSTs, but somewhat longer (6-8
year) lags for signals to propagate from the extreme
western to central Pacific.

Work that remains to be done in this area is: (a) a
more direct check of the Latif-Barnett mechanism, for
example by disabling the physics necessary for the
feedback and redoing the long coupled model run to
ensure that the spectral peak is eliminated; (b) deter-
mining what interaction, if any, there is between the
North Pacific mode (which is primarily in the central
North Pacific, and largely stochastically forced by the
atmosphere with only ocean thermodynamics being
important) and the coupled, dynamic mode (mostly in
the western Pacific, and largely dependent on a coupled
ocean/atmosphere interaction for setting its character-
istic time scale). The observations suggest that the

interdecadal variability is trapped too far west in the
models, which may have the effect of keeping the modes
unrealistically separated. It is reasonable to suppose that
models with finer resolution in the critical western
boundary and Kuroshio extension regions are necessary
to make progress on this question.
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