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[1] We investigate decadal variations in the three-
dimensional structure of the California Current System
(CCS) upwelling cells as a potential mechanism for
explaining observed ecosystem changes after the mid-
1970s. To this end, we track the origin of upwelled water
masses using adjoint passive tracers during time periods
corresponding to the positive and negative phase of the
Pacific Decadal Oscillation (PDO) in a 55 year regional
ocean model simulation of the CCS. Results show that in
the PDO ‘‘cool’’ phase (pre mid-1970s), the upwelling
cell is deeper while during the ‘‘warm’’ phase (post mid-
1970s), the upwelling cell is shallower with more
horizontal entrainment of surface waters from the north.
These changes in the coastal upwelling cell exhibit a
latitudinal non-uniformity and may result in significant
changes of the nutrient flux, which would have important
impacts on the biological productivity of the coastal
ocean. Citation: Chhak, K., and E. Di Lorenzo (2007),

Decadal variations in the California Current upwelling cells,

Geophys. Res. Lett., 34, L14604, doi:10.1029/2007GL030203.

1. Introduction

[2] A sharp decline in zooplankton biomass was
observed off the coast of California after the mid-1970s
[Roemmich and McGowan, 1995] and may have been related
to the decline in the populations of many othermarine animals
[Hare and Mantua, 2000; Chavez et al., 2003; McGowan et
al., 2003]. These ecosystem changes have been linked to
large-scale climate variations in the North Pacific such as the
Pacific Decadal Oscillation (PDO) [Mantua et al., 1997;
Chavez et al., 2003], El Niño [Bograd and Lynn, 2001,
2003] and greenhouse warming [Roemmich and McGowan,
1995; McGowan et al., 2003]. The decline in zooplankton
biomass and other marine populations after the mid-1970s
may be the result of changes in coastal upwelling caused by
these large-scale climate variations since coastal upwelling
impacts vertical nutrient fluxes along coastlines and is the
most prominent mechanism thought to influence the pop-
ulations of coastal ecosystems. In fact, the dramatic changes
in the coastal ecosystems are coincident with warmer sea
surface temperatures (SSTs) in the California Current System
(CCS) associated with the 1976–1977 large-scale climate
shift over the Pacific [Miller et al., 1994] which may have
affected ocean stratification such that coastal upwelling
dynamics were influenced [Di Lorenzo et al., 2005].
[3] Though the decline in zooplankton biomass and other

marine populations after the mid-1970s may also be attrib-

uted to anomalous changes in the nutrient content of waters
brought to the euphotic zone caused by a deeper thermo-
cline [Roemmich and McGowan, 1995], this study focuses
purely on changes in coastal upwelling (i.e., vertical veloc-
ities) as a potential mechanism for the aforementioned
ecosystem changes. The goal of this study is to understand
how climate variations in the North Pacific, specifically the
PDO, influence the upwelling cell and the vertical fluxes of
important tracers along the coast in the northeastern Pacific
and to explore the potential impacts on coastal ecosystems.
In this study, we use model adjoint passive tracers to
elucidate how different phases of the PDO alter the three-
dimensional upwelling cells in the CCS.

2. Model and Data

[4] The ocean model experiments are conducted with the
Regional Ocean Modeling System (ROMS), a free-surface,
hydrostatic, primitive equation ocean model with terrain-
following coordinates [Haidvogel et al., 2000; Shchepetkin
and McWilliams, 2004]. ROMS has been widely used for
regional and basin wide studies of the North Pacific Ocean
[Marchesiello et al., 2003; Di Lorenzo, 2003; Capet et al.,
2004; Curchitser et al., 2005; Di Lorenzo et al., 2005;
Moore et al., 2006; Seo et al., 2007]. The adjoint ROMS
(ADROMS) [Moore et al., 2004] was also used to conduct
an ensemble of passive tracer simulations.
[5] The ROMS computational domain covers (145�W–

113�W, 27�N–51�N) (Figure 1) with an average resolution of
20 km in the horizontal and 30 levels in the vertical. To ensure
that this resolution is adequate to capture the changes in the
upwelling dynamics, selected portions of the simulations
were repeated at 9 km resolution. These higher resolution
simulations confirm themain features and results of the 20 km
integrations, which are described in the next section.
[6] Open boundary and initial conditions are obtained from

a basin-scale Northeast Pacific solution [Combes and Di
Lorenzo, 2007]. Monthly mean (1950–2004) wind stress
from the National Centers for Environmental Prediction are
used as surface forcing. Monthly climatologies for heat and
freshwater fluxes are computed from an 80-year spin-up
integration that uses nudging to climatological sea surface
temperature and salinity. For heat fluxes we add a nudging
factor that relaxes the model SST towards time dependent
(1950–2000) monthly mean SSTs from the National Oceanic
andAtmospheric Administration [Smith and Reynolds, 2004].

3. Results

[7] In the 55-year ROMS simulation (1950–2004) of the
CCS we select time periods corresponding to the negative
(cold) and positive (warm) phase of the PDO (Figure 1e).
Within these time periods, high SST anomalies events are
used to generate the negative and positive phase ensembles.
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