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ABSTRACT

The output from an ocean general circulation model (OGCM) driven by observed surface forcing is used
in conjunction with simpler dynamical models to examine the physical mechanisms responsible for inter-
annual to interdecadal pycnocline variability in the northeast Pacific Ocean during 1958–97, a period that
includes the 1976–77 climate shift. After 1977 the pycnocline deepened in a broad band along the coast and
shoaled in the central part of the Gulf of Alaska. The changes in pycnocline depth diagnosed from the
model are in agreement with the pycnocline depth changes observed at two ocean stations in different areas
of the Gulf of Alaska. A simple Ekman pumping model with linear damping explains a large fraction of
pycnocline variability in the OGCM. The fit of the simple model to the OGCM is maximized in the central
part of the Gulf of Alaska, where the pycnocline variability produced by the simple model can account for
�70%–90% of the pycnocline depth variance in the OGCM. Evidence of westward-propagating Rossby
waves is found in the OGCM, but they are not the dominant signal. On the contrary, large-scale pycnocline
depth anomalies have primarily a standing character, thus explaining the success of the local Ekman
pumping model. The agreement between the Ekman pumping model and OGCM deteriorates in a large
band along the coast, where propagating disturbances within the pycnocline, due to either mean flow
advection or boundary waves, appear to play an important role in pycnocline variability. Coastal propaga-
tion of pycnocline depth anomalies is especially relevant in the western part of the Gulf of Alaska, where
local Ekman pumping-induced changes are anticorrelated with the OGCM pycnocline depth variations. The
pycnocline depth changes associated with the 1976–77 climate regime shift do not seem to be consistent with
Sverdrup dynamics, raising questions about the nature of the adjustment of the Alaska Gyre to low-
frequency wind stress variability.

1. Introduction

The oceanic pycnocline, a subsurface layer character-
ized by large vertical density gradients, can be viewed
as the interface between the surface ocean mixed layer
and the deep ocean. Changes in pycnocline depth may

be indicative of changes in upwelling, a process that
influences the exchange of properties between the deep
and upper ocean. Large areas of the northeast Pacific
Ocean are characterized by a fresh and well-mixed sur-
face layer, separated from the deeper ocean by large
salinity gradients, or halocline. At high latitudes, where
temperatures are low, salinity has a dominant influence
on density, particularly in winter, so that pycnocline
depth is very similar to winter mixed layer depth
(Freeland et al. 1997). Thus, understanding the pro-
cesses governing pycnocline variability can also help
understand the changes in mixed layer depth, a quan-
tity that has a large influence upon biological produc-
tivity (Polovina et al. 1995; Gargett 1997).

What processes control pycnocline depth variability
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in the northeast Pacific? Using subsurface observations
over the period 1968–90, Lagerloef (1995) examined
interannual and decadal variations of the dynamic
height field, which is closely related to pycnocline to-
pography, over the Gulf of Alaska. The dominant mode
of variability of the dynamic height field, identified
through empirical orthogonal function (EOF) analysis,
captured the 1976–77 climate shift and was well corre-
lated with other climate indices. A simple model for the
evolution of the dynamic height field, in which the
forcing was supplied by the local Ekman pumping, and
dissipation was modeled with a linear damping term,
appeared to reproduce a large fraction of the low-fre-
quency dynamic topography variations. However, the
hindcast of dynamic heights underestimated the ob-
served variability in the western half of the gyre, a re-
sult that Lagerloef (1995) attributed to the presence of
westward propagating baroclinic Rossby waves.

Cummins and Lagerloef (2002, CL02 hereinafter)
used the same Ekman pumping model described by
Lagerloef (1995) to examine the structure of pycnocline
depth variability forced by the dominant patterns of
anomalous Ekman pumping over the northeast Pacific
(30°–60°N, 180°–120°W) during 1948–2000. The evolu-
tion of pycnocline depth predicted by the simple Ek-
man pumping model reproduced well the observed
variations at Ocean Weather Station Papa (OWS P:
50°N, 145°W). However, CL02 were unable to test the
performance of the simple model at other locations in
the Gulf of Alaska and to verify the accuracy of the
spatial patterns of pycnocline depth changes produced
by the model over the entire northeast Pacific. Cum-
mins and Lagerloef (2004, CL04 hereinafter) further
investigated the performance of the local Ekman
pumping model of CL02, by estimating its ability to
reproduce observed SSH variability in the northeast
Pacific during 1993–2003, and concluded that interan-
nual variability in the Gulf of Alaska is dominated by
the local response to wind forcing.

The success of the simple Ekman pumping model in
explaining pycnocline variability is somewhat surprising
given the role of Rossby waves in the adjustment of the
large-scale ocean circulation to changes in surface forc-
ing. Indeed, satellite altimetry shows westward-
propagating sea surface height (SSH) anomalies in the
northeast Pacific (Kelly et al. 1993; Fu and Qiu 2002).
Further, Qiu (2002) has shown that SSH variability
from the Ocean Topography Experiment (TOPEX)/
Poseidon (T/P) altimeter mission (1993–2001), areally
averaged over the offshore region of the Gulf of
Alaska, can be largely explained by first-mode baro-
clinic Rossby wave propagation.

The simplest dynamical paradigm to describe the

steady-state response of the large-scale ocean circula-
tion to wind forcing is the Sverdrup relation (Sverdrup
1947), which expresses the linear vorticity balance be-
tween wind stress curl and meridional advection of
planetary vorticity. Although the Sverdrup relation was
originally derived as a theory for the steady-state ocean
circulation, it has proven very useful to explain circu-
lation changes associated with large-scale variations of
the wind forcing. Deser et al. (1999) have related the
intensification of the Kuroshio Extension after the mid-
1970s to the strengthening of the westerlies in the cen-
tral Pacific using Sverdrup dynamics. In the Gulf of
Alaska, the Alaskan Stream can be viewed as the west-
ern boundary current of the Alaska gyre, and it is con-
ceivable that some of the changes in the upper-ocean
density structure and circulation associated with the
1976–77 climate shift can be explained in terms of Sver-
drup dynamics. Qiu (2002) has interpreted the annual
modulation of the Alaska gyre intensity during 1993–
2000 in terms of time-dependent Sverdrup balance.
However, the dynamical balances governing the varia-
tions of the Alaska gyre at decadal time scales are still
unclear.

In this study we examine the physical mechanisms
responsible for low-frequency (interannual to interdec-
adal) pycnocline variability in the northeast Pacific dur-
ing 1958–97. Both interannual and decadal time scales
will be examined, but our major focus will be on the
decadal–interdecadal variations and, in particular,
those associated with the 1976–77 climate shift. The
specific questions we ask are: What fraction of pycno-
cline variability can be explained by local Ekman
pumping in different areas of the Gulf of Alaska? If the
simple model of CL02 and CL04 fails in some areas,
what other processes control pycnocline changes in
those areas? What is the role of baroclinic Rossby
waves in pycnocline variability? Does Sverdrup balance
hold at decadal time scales? To answer these questions
we will use the output from an ocean general circula-
tion model (OGCM) driven by observed surface forc-
ing. After testing the model’s performance at locations
where long-term observations are available, the
OGCM output is used to test the different dynamical
hypotheses. Our study will extend the work of CL02 by
testing the local Ekman pumping model over the entire
northeast Pacific. It will also extend and complement
the work of CL04 by examining the changes that took
place across the mid-1970s.

The OGCM used for this study is described in section
2, and in section 3 the performance of the OGCM is
examined by comparing the pycnocline depth changes
in the OGCM with those observed at two oceano-
graphic stations in different areas of the Gulf of Alaska.

1404 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 35



The influence of local Ekman pumping upon pycno-
cline variability is examined in section 4, and in section
5 the role of baroclinic Rossby waves is considered. The
validity of the Sverdrup balance at decadal time scales
is examined in section 6, and the processes governing
the evolution of pycnocline depth anomalies along the
coast is analyzed in section 7. We conclude in section 8.

2. The OGCM

The OGCM used for this study is the National Cen-
ter for Atmospheric Research ocean model (NCOM)
that has been described in detail by Large et al. (1997),
Gent et al. (1998), and Large et al. (2001). The specific
numerical simulation analyzed here is described in
Doney et al. (2003). In this section we only provide a
brief summary of the basic model characteristics and
information about the surface forcing used for this
simulation.

NCOM is derived from the Geophysical Fluid Dy-
namics Laboratory (GFDL) Modular Ocean Model
with the addition of a mesoscale eddy flux parameter-
ization along isopycnal surfaces (Gent and McWilliams
1990) and a nonlocal planetary boundary layer param-
eterization (Large et al. 1994). The model is global,
with a horizontal resolution of 2.4° in longitude and
varying resolution in latitude ranging from 0.6° near the
equator to 1.2° at high latitudes. The model version
used for this study includes an anisotropic viscosity pa-
rameterization (Large et al. 2001) with enhanced vis-
cosity close to ocean boundaries and much weaker vis-
cosity in the ocean interior.

The surface forcing includes momentum, heat, and
freshwater fluxes for the period 1958–97. The wind
stress is computed from the reanalyses fields produced
at the National Centers for Environmental Prediction
(NCEP) (Kalnay et al. 1996) using bulk formulas. The
sensible and latent heat fluxes are computed from the
NCEP winds and relative humidity and the model’s
SSTs using standard air–sea transfer equations (Large
and Pond 1982; Large et al. 1997). Sensible and latent
heat fluxes depend on the difference between SST and
surface air temperature. Since SST and air temperature
closely track each other, when observed air tempera-
tures are used in the bulk formulas, as in the present
model simulation, the model’s SST is relaxed toward
observations (Haney 1971). The relaxation time scale is
relatively short (30–60 days for typical mixed layer
depths), so the SST in the model can be expected to be
strongly constrained by the surface forcing rather than
by the interior ocean dynamics.

The numerical simulation is started from an initial
condition obtained from a preliminary climatological
integration, so the initial model state is not too different

from the mean state characteristic of the 40-yr experi-
ment. Then the model was run for two 40-yr cycles, the
second cycle starting from the conditions achieved at
the end of the first 40-yr segment. The mismatch be-
tween the model state and the forcing at the beginning
of the second cycle did not seem to produce any long-
term transient behavior, but some residual drift in tem-
perature and salinity can be detected at depths larger
than approximately 500 m (Doney et al. 2003). Here we
analyze the output for the second 40-yr period using
monthly mean values.

3. How realistic is pycnocline variability in the
OGCM?

Lagerloef (1995) has shown that a significant fraction
(28%) of the subsurface variance over the period 1960–
90 is associated with the 1976–77 climate regime shift.
Thus, we start by examining the pycnocline depth varia-
tions exhibited by the OGCM in association with the
1976–77 climate shift. The depth of the 26.4 �� isopyc-
nal, which lies in the core of the main pycnocline, is
used as proxy for pycnocline depth. The mean depth of
the 26.4 �� isopycnal ranges from �100 m in the center
of the Alaska gyre to 150–180 m around the rim of the
gyre. The changes in pycnocline depth are computed as
the difference between the pycnocline depth in the pe-
riod 1977–97 (period 2) and the pycnocline depth in the
period 1960–75 (period 1). After the mid-1970s, the py-
cnocline was shallower in the central part of the Gulf of
Alaska and deeper in a broad band following the coast
(Fig. 1). The deepening was more pronounced in the
western part of the Gulf of Alaska, to the southwest of
Kodiak Island (K in Fig. 1), following approximately
the Alaska Peninsula. A similar pattern of pycnocline
changes was found by Miller et al. (1994) in a coarser-
resolution (�4°) ocean model hindcast, using surface

FIG. 1. Pycnocline depth changes associated with the 1976–77
climate regime shift from the output of the NCAR OGCM. The
depth of the 26.4 �� isopycnal is used as proxy for pycnocline
depth. The positions of OWS P (P: 50°N, 145°W) and GAK1 (G:
59°N, 149°W) and the location of Kodiak Island (K), Seward (S),
Queen Charlotte Island (Q), the Alaska Peninsula, and the Aleu-
tian Islands are indicated for reference.
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