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[1] Changes in the amplitude and phasing of seasonal
events (phenology) can affect the functioning of marine
ecosystems. Phenology plays a particularly critical role in
eastern boundary ecosystems, which are driven largely by
the seasonal cycle of coastal upwelling. Here we develop
and describe a set of indicators that quantify the timing,
evolution, intensity, and duration of coastal upwelling in
the California Current large marine ecosystem (CCLME).
There is significant interannual variability in upwelling
characteristics during 1967–2007, with extended periods of
high (1970s, 1998–2004) and low (1980–1995) seasonally-
integrated upwelling and a trend towards a later and shorter
upwelling season in the northern CCLME. El Niño years
were characterized by delayed and weak upwelling in the
central CCLME. Understanding the causes and ecosystem
consequences of phenological changes in coastal upwelling
is critical, as climate models project significant variability in
the amplitude and phase of coastal upwelling under varying
climate change scenarios. Citation: Bograd, S. J., I. Schroeder,
N. Sarkar, X. Qiu, W. J. Sydeman, and F. B. Schwing (2009),
Phenology of coastal upwelling in the California Current,Geophys.
Res. Lett., 36, L01602, doi:10.1029/2008GL035933.

1. Introduction

[2] Many marine organisms have life histories adapted to
seasonal events in the environment. Changes in the ampli-
tude and phasing (i.e., phenology) of seasonally varying
processes can therefore significantly affect the functioning
of marine ecosystems, from primary producers to fish stocks
to apex predators [Cushing, 1990; Beare and McKenzie,
1999; Bograd et al., 2002; Logerwell et al., 2003; Abraham
and Sydeman, 2004]. Such phenological effects are poten-
tially disruptive to trophic interactions, perhaps more so
than those associated with interannual climate events and
decadal climate shifts [Stenseth et al., 2002; Sydeman et al.,
2006; Barth et al., 2007]. Assessments of marine ecosystem
response to climate change should consider potential
changes in the seasonal cycle of the dominant physical
processes that drive ecosystem structure and productivity
[Durant et al., 2007].
[3] The phenology of coastal upwelling plays a critical

role in the California Current Large Marine Ecosystem
(CCLME). The impact of anomalous seasonal cycles was

particularly evident in 2005, when coastal upwelling was
delayed in the northern CCLME [Schwing et al., 2006],
resulting in unusual coastal conditions [Kosro et al., 2006;
Pierce et al., 2006] and ecosystem changes at multiple
trophic levels from primary production [Thomas and
Brickley, 2006] to zooplankton [Mackas et al., 2006], to
fish, birds, and mammals (Brodeur et al. [2006], Sydeman et
al. [2006], and Weise et al. [2006], respectively). Long-term
changes in the upwelling process may have been responsi-
ble for previous ecosystem shifts in the CCLME [Schwing
and Mendelssohn, 1997].
[4] Here we develop simple indices to quantify variation

in the timing of the onset of coastal upwelling in the
California Current (i.e., the date of the ‘‘spring transition’’
to seasonal upwelling conditions), the temporal evolution
and overall intensity of upwelling, and the duration of the
upwelling season, as well as the spatial variations of these
properties along the West Coast between Baja California
and Vancouver Island. We also investigate interannual
variability in the characteristics of coastal upwelling in the
California Current over the period 1967–2007. Operational
indicators of upwelling phenology could provide an early
warning signal to resource managers of the probability of a
disruption to the CCLME.

2. Data Sets and Index Definitions

[5] The coastal upwelling index (UI) [Bakun, 1973;
Schwing et al., 1996] has been a workhorse of fisheries
oceanography for more than three decades, greatly contrib-
uting to our understanding of physical-biological coupling
in eastern boundary current systems. The UI represents the
magnitude of the offshore component of Ekman transport,
which approximates the amount of water upwelled from the
base of the Ekman layer. Positive values are the result of
equatorward wind stress, whereas negative values imply
downwelling, the onshore advection of surface waters
accompanied by a downward displacement of water.
Upwelling indices are computed from the 6-hourly, 1!-
resolution sea level pressure fields obtained from the U.S.
Navy Fleet Numerical Meteorology and Oceanography
Center (FNMOC). Herein, we use the 41-year time series
(1967–2007) of daily-averaged UI at six locations along the
U.S. West Coast, from 33!N to 48!N, separated by 3!
latitude, to develop within-season indicators of upwelling
conditions.
[6] Since upwelling has a cumulative effect on ecosystem

productivity and structure, we focus on the cumulative
upwelling index (CUI); this index represents summation
of the daily mean upwelling indices at each location starting
on January 1st, and continuing to the end of the year
[Schwing et al., 2006; Pierce et al., 2006]. Based on the
CUI, we define within-season indices of the date of the
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