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Abstract. Basin-scale variations in oceanic physical variables are thought to
organize patterns of biological response across the Pacific Ocean over decadal and
interannual time scales. Different physical mechanisms can be responsible for the
diverse basin-scale patterns of sea-surface temperature (SST), thermocline depth
and horizontal currents, although they are linked in various ways. In light of various
theories and observations, we interpret observed basinwide patterns of decadal-scale
variations in upper-ocean temperatures. Evidence so far indicates that large-scale
perturbations of the Aleutian Low generate temperature anomalies in the central
and eastern North Pacific owing to the combined action of net surface heat flux,
turbulent mixing and Ekman advection. The surface-forced temperature anomalies
in the central North Pacific subduct and propagate southwestwards in the ocean
thermocline to the subtropics but apparently do not reach the equator. The large-
scale Ekman pumping due to changes of the Aleutian Low force western-intensified
thermocline depth anomalies that are consistent with Sverdrup theory. These
thermocline changes are associated with SST anomalies in the Kuroshio/Oyashio
Extension that are of the same sign as those in the central North Pacific, but lagged
by several years. The physics of the possible feedback from the SST anomalies to
the Aleutian Low, which might close a coupled ocean-atmosphere mode of decadal

variability, is poorly understood and is an area of active research.

1. Introduction

Variations of oceanic physical variables are clearly
involved in many aspects of the variability of biologi-
cal populations on seasonal and interannual timescales.
But there is great uncertainty of the mechanisms by
which decadal variations of physical variables influence
biclogical populations. Among the most important of
the oceanic physical variables that influence biology are
sea-surface temperature (SST), mixed-layer depth, up-
welling velocity and upper-ocean current fields [e.g.,
Mantua et al., 1997; Polovina et al., 1995). These vari-
ables are known to change on decadal timescales but
their preferred timescales, their characteristic patterns,
and their relative temporal phasing are still being sorted
out in active research. In order to better determine the
influence of physical ocean climate variations on bio-
logical populations, it is useful to attempt to under-
stand what processes control these variations on decadal
timescales.

Many theories have recently been proposed to explain
the midlatitude North Pacific Ocean’s decadal varia-
tions. Related observational studies have sought to un-
cover the basic signatures of these decadal variations.
Qur task here is to attempt to interpret the observa-
ticns with the help of an ocean model hindcast [Miller
et al., 1994, 1998] and determine the consistency of the
resulting oceanic physics with the theoretical models.
Because of the short observational records and the lim-
ited spatial sampling of these observations, definitive
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statements about what has occurred in nature cannot
be made. But we hope to give a better perspective
of the available data with respect to the theories and
models.

2. Theoretical Arguments of North
Pacific Decadal Variations

2.1. Stochastic Atmospheric Forcing

The simplest theory suggests that stochastic varia-
tions in atmospheric forcing [e.g., James and James,
1989] drive the long-term ocean variations. This was
first proposed by Hasselmann {1976] and Frankignoul
and Hasselmann [1977] as a thermodynamic explana-
tion of low-frequency SST anomaly variations. A white
noise atmospheric forcing field drives a red noise SST
spectrum, the details of which are controlled by a feed-
back parameter that balances the random forcing at
low-frequencies to limit the variance. The idea was re-
cently extended in two directions. First, Barsugli and
Battisti [1998] incorporated air temperature as an ad-
ditional variable to better explore the feedback pro-
cesses. Their model provides an important interpre-
tative tool for understanding the influences of specified
SST anomaly experiments in atmospheric GCM hind-
casts. Second, Frankignoul et al. [1997] treated the dy-
namic problem of ocean currents driven stochastically
by wind stress curl on decadal time scales and showed
the resulting current spectral levels are comparable to
those of observations.
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The striking comparability of the spectral shapes and
levels of stochastic theories with observations give a ze-
roth order view of the way the midlatitude ocean be-
haves on the decadal time scale. On sufficiently long
time scales significant midlatitude ocean feedback to
the overlying atmosphere must occur. However, it is
not obvious whether that time scale is seasonal, inter-
annual, decadal, or longer and it is not obvious how
strong that feedback is.
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The observations are inadequate to sort out whether
midlatitude feedback is occurring in the decadally vary-
ing ocean-atmosphere system. Weak spectral peaks do
occur in the temporal spectra of various oceanic vari-
ables [e.g., Mann and Park, 1996] but it is unclear if
they are associated with random processes rather than
preferred frequencies of quasi-oscillatory modes of vari-
ability. The observed characteristic spatial patterns
(Figure 1) seen in the ocean SST [e.g., Tanimoto et al.,
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Figure 1. Difference maps of the 7-year periods 1980-1986 relative to 1970-1976 for observed
(a) and modeled (b) winter (Jan-Feb-Mar) SST and observed (c) and modeled (d) annual 400-m
temperature. Contour intervals (CI) are 0.3°C for SST and 0.2°C for 400 m with darker (lighter)
shading negative (positive). Time series of observed (solid) and modeled (dotted) SST (e) and
400-m temperature (f) averaged over the Kuroshio/Oyashio Extension region 150°E-180°W, 35-
40°N. Correlation coefficients between model and observed are 0.71 in (e) and 0.78 in (f) due
mainly to the decadal change signal. The model is a coarse resolution primitive equation model
(isopycnal coordinates with surface mixed layer) driven from 1970-88 by observed anomalies of

surface wind stresses and heat fluxes. Taken from Miller et al.

[1998).
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1992} or in the thermocline distribution [Miller et al.,
1998: Tourre et al., 1998] may be indicative of preferred
natural modes in the oceanic response or in the atmo-
spheric driving functions. Even if preferred frequencies
and spatial scales occur in the ocean, it is not necessar-
ily indicative of oceanic feedback to the atmosphere.

2.2. Atmospheric Teleconnections to the
Midlatitudes

Effects external to the midlatitudes may also con-
tribute to its decadal variability as direct forcing. If
decadal oscillations intrinsic to the tropical Pacific oc-
cur, for example, they will likely teleconnect to the mid-
latitudes [Bjerknes, 1966; Alezander, 1992; Lau, 1997
and produce decadal variations there which resemble
the interannual patterns associated with El Nino [e.g.,
Zhang et al., 1997]. Such a teleconnection process was
invoked by Trenberth [1990] and Graham [1994] to ex-
plain aspects of the 1976-77 climate shift in the North
Pacific. Their view was supported by Miller et al.,
[1994] who showed that the modeled canonical SST
pattern associated with the shift can be viewed as a
response to local surface forcing of the atmosphere (in-
cluding heat fluxes, Ekman current, and increased mix-
ing) without ocean feedback. Recent work by Deser and
Blackmon [1995] and Neakamura et al. [1997] suggest
there are two modes of decadal SST variability in the
midlatitudes, one consistent with the tropically telecon-
nected pattern (e.g., the cold central and warm eastern
North Pacific of Figure 1a) and one associated with the
Kuroshio/Oyashio Extension (Figure la in the western
North Pacific). This distinction will be elaborated be-
low.

2.3. Midlatitude Ocean-Atmosphere
Interactions

Latif and Barnett [1994] proposed a midlatitude ocean-
atmosphere feedback mechanism to explain a coupled
ocean-atmosphere model that exhibits oscillations with
roughly 20-year periods. They interpreted that oscilla-
tion as follows. An initial, say, cold SST anomaly in the
Kuroshio Extension grows via some ocean-atmosphere
feedback process [e.g., Palmer and Sun, 1985; Miller,
1992]. The resulting atmospheric pressure pattern then
drives thermocline variations via wind-stress curl forc-
ing which subsequently strengthens the subtropical gyre
at a time lag of several years. The strengthened bound-
ary currents then advect more heat into the Kuroshio
Extension, which reverses the sign of the initially cold
SST anomaly. A careful analysis of their model run is
now in progress [Schneider et al., manuscript in prepa-
ration, 1998] to determine if that is indeed the mecha-
nism for that oscillation. Robertson [1996] showed that
a different advective effect leads to decadal variations
in another coupled model, but the strength of the feed-
back was small and the effect was localized in a region
of the western subtropical gyre.
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Simpler versions of these feedback mechanisms have
been analyzed by several authors [Jin, 1997; Weng and
Neelin, 1998; Goodman and Marshall, 1998; Talley,
1998]. The simpler models rely on specifying direct re-
lations between thermocline depth and SST anomalies,
which is not generally valid in midlatitude, and between
SST anomalies and the overlying atmosphere, the mech-
anisms for which are still unclear. Cessi {1998], on the
other hand, derives a consistent approximation for the
non-linear effects of synoptic-scale variability of the at-
mosphere in her model. These theoretical models allow
a simple and quantitative estimation of possible feed-
backs loops in the midlatitude system. They suggest
the thermocline adjustment process (especially its time
lagged response) is central to the issue of whether oscil-
lations are self-sustaining or exponentially damped.

Miller et al. [1998] computed extended empirical
orthogonal functions (EEOFs) of subsurface tempera-
ture fluctuations in the North Pacific for the time pe-
riod 1970-88 (a data intensive period) and compared
them to EEOFs of temperature fields from a numer-
ical hindcast (forced by observed heat flux and wind
stress anomalies). The EEOFs allow a clean separation
of the decadal anomalies from the westward propagat-
ing ENSO-time scale thermocline anomalies [Miller et
al., 1997]. The observed subsurface temperature fluctu-
ations (Figure 1c) exhibit a westward intensified struc-
ture in the subpolar consistent with Sverdrup-like dy-
namics due to an increase in wind stress curl forcing
from the 1970s to the 1980s. The model physics indeed
show that wind stress curl drives the model vorticity
equation yielding a a similar pattern in the simulation
(Figure 1d). Deser et al. [1998] directly computed
decadal changes in the zonal geostrophic current dy-
namic height in the Kuroshio/Oyashio Extension using
the XBT dataset and show it to be consistent with wind
stress curl forcing with a 4-5 year phase lag in ocean re-
sponse. These results give a directly observed basin-
scale perspective to the previous studies of observed
changes in western boundary current transport and in-
ferences of transport changes deduced from wind stress
curl changes [Sekine, 1988; Trenberth, 1991; Tabata,
1991; Qiu and Joyce, 1992; Watanabe and Mizuno,
1994; Lagericef, 1995; Yasuda and Hanawa, 1997; it
Schwing, this volume].

An interesting aspect of these results is that the west-
ward intensified thermocline changes are nearly station-
ary. As the Aleutian Low wind stress curl changes
on the 20-year time scale, the subpolar gyre adjusts
in place with no evident phase propagation associated
with Rossby waves. The subtropical gyre behaves sim-
ilarly in response to lower-latitude wind stress varia-
tions, and lags the subpolar gyre response by several
vears [Tourre et al., 1998; Miller et al., 1998]. An addi-
tional signal that does propagate gives the appearance
of linking the western-intensified subpolar and subtrop-
ical gyre response, but that signal is associated with
anomalous subduction (to be discussed next) and has
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different physics than the adiabatically forced thermo-
cline adjustment. The combination of these results is
the appearance of a circumbasin transit of temperature
anomalies, interpreted by Zhang and Levitus [1997] as
a completely advective process (mean circulation ad-
vecting subsurface temperature anomalies). But that
advection process only appears to be occurring over a
short path [Schneider et al., 1998], and the rest of the
signal is wind-stress curl forced.

Associated with the spin-up of the subpolar gyre in
the 1980s is a decrease in SST in the Kuroshio/Oyashio
Extension region [Deser et al., 1996; Miller et al., 1998].
This drop in SST (Figure le) lags the cool SST field
associated with the 1976-77 climate shift by about five
years and occurs more smoothly (not step-like). Consid-
ering that the Kuroshio/Oyashio Extension region has
been associated with generating significant atmosphere
response to SST anomalies [Peng et al., 1997], it is in-
teresting to speculate on a possible positive feedback.
If the Aleutian Low strengthens, it drives the canonical
pattern of cold central Pacific SST and warm eastern
Pacific SST via heat fluxes, Ekman pumping, and en-
hanced mixing [e.g., Miller et al., 1994]. The subpo-
lar gyre increases its strength because of the increased
wind stress curl. By some process (still unclear) the
SST in the Kuroshio/Oyashio Extension decreases and
feeds back to the atmosphere to strengthen the Aleutian
Low still further. This type of positive feedback loop
is different from the Latif-Barnett mechanism because
in their scenario, the gyre spin-up must warm the SST
rather than cool it in the Kuroshio/Oyashio Extension
region.

The positive feedback may explain the persistence of
regimes in the midlatitudes, but it does not explain why
there should two preferred modes (warm or cold phase)
or a continuum of quasi-stable states. One could in-
voke random synoptic scale processes to kick the sys-
tem from one state to another, or perhaps determin-
istic kicks from tropical teleconnections (e.g., extreme
E!l Nino events) establish the regimes. The persistence
of the regimes may be due to the Namias-Born re-
emergence mechanism [Alezander and Deser, 1995]. We
are presently exploring these issues in the ouput from a
140 year run of the ECHO-2 model, a simulation which
should contain the Latif-Barnett mechanism but may
be better described by the above positive feedback sce-
nario.

2.4. Tropical-Extratropical Interactions

A different idea to explain midlatitude decadal vari-
ations involved tropical-extratropical interaction. Gu
and Philander [1996] proposed a mechanism whereby
atmospheric teleconnections from, say, warm tropical
SST drive cool anomalous SST in the central North Pa-
cific or South Pacific which changes the temperature of
water that is subducted along the paths of the mean
circulation. Once the anomalously cool subducted wa-
ter reaches the tropical strip many years later it is pre-
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sumed to upwell to the surface and cause the SST to
cool along the equator resulting in oppositely signed
teleconnection patterns. The subducted temperature
anomalies may be salinity compensated (and hence have
no velocity signal) or be high-mode baroclinic waves as
suggested by Liu {1998]. This type of decadal interac-
tion has not yet been found to occur in coupled ocean-
atmosphere models although the anomalous subduction
process itself does occur in models [e.g., Venzke, Ph.D.
thesis, in preparation, 1998; Pierce et al., 1998; Inui,
1996].

The Gu-Philander mechanism was motivated by the
analysis of Deser et al., [1996] who showed a vertical
section of temperature anomalies in the North Pacific
that migrate southward and downward. Schneider et
al. [1998] studied the same dataset [White, 1995 and
examined the full three dimensional structure of these
anomalies using isotherm displacements as a surrogate
for temperature. They found the temperature anoma-
lies form north of Hawaii and migrate southwestward to-
wards 140°E, 20°N and downward from the mixed layer
to 200 m. Figure 2 shows this subduction process in a
slightly different way than Schneider et al. [1998] by
showing the anomalous depths of the og = 25.5 surface
(rather than an average of the 15-18°C isotherm sur-
face) over a 25-year period. Using simple Sverdrup the-
ory and more complicated thermocline theory, Schnei-
der et al. [1998] showed the anomalies follow paths of
the mean potential vorticity contours and have speeds
associated with advection by the mean subsurface cur-
rents (Figure 3). In contrast to the Gu-Philander hy-
pothesis, the anomalies die out before moving south-
ward of 18°N, perhaps due to vertical diffusion since the
anomalies spread downward with time. Instead, forc-
ing by basinwide wind stress curl anomalies was shown
to be consistent with the thermocline variability south
of 18°N. Forcing by surface heat fluxes, Ekman advec-
tion,and anomalous vertical mixing was consistent with
the observed sign of the anomalies generated in the sub-
duction source region north of Hawaii.

Anomalous subduction paths at shallower depths in
the North Pacific and all observed depths in the South
Pacific show no other evidence for consistent migration
of temperature anomalies to the equatorial strip via the
open ocean subduction path. Subduction paths involv-
ing the western boundary currents were not resolvable
by the observational grid, and the XBT dataset itself
may be questionable due to sparse sampling in some
areas. However, hindcasts of this time interval by Ven-
zke [Ph.D. thesis, in preparation, 1998] show subsur-
face thermal variations remarkably consistent with the
Schneider et al. observations.

Lysne et al. [1997] noted that tropical teleconnec-
tions can force thermocline fluctuations in the midlati-
tudes which propagate westward to the western bound-
ary. If these Rossby waves can couple to equatorward
propagating coastally trapped Kelvin waves, the trop-
ical strip can be influenced by this process. Models






