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[1] Six years of daily satellite data are used to quantify and map intraseasonal variability
of chlorophyll and sea surface temperature (SST) in the California Current. We define
intraseasonal variability as temporal variation remaining after removal of interannual
variability and stationary seasonal cycles. Semivariograms are used to quantify the
temporal structure of residual time series. Empirical orthogonal function (EOF) analyses
of semivariograms calculated across the region isolate dominant scales and corresponding
spatial patterns of intraseasonal variability. The mode 1 EOFs for both chlorophyll and
SST semivariograms indicate a dominant timescale of �60 days. Spatial amplitudes and
patterns of intraseasonal variance derived from mode 1 suggest dominant forcing of
intraseasonal variability through distortion of large scale chlorophyll and SST gradients by
mesoscale circulation. Intraseasonal SST variance is greatest off southern Baja and
along southern Oregon and northern California. Chlorophyll variance is greatest over the
shelf and slope, with elevated values closely confined to the Baja shelf and extending
farthest from shore off California and the Pacific Northwest. Intraseasonal contributions to
total SST variability are strongest near upwelling centers off southern Oregon and northern
California, where seasonal contributions are weak. Intraseasonal variability accounts for
the majority of total chlorophyll variance in most inshore areas save for southern Baja,
where seasonal cycles dominate. Contributions of higher EOF modes to semivariogram
structure indicate the degree to which intraseasonal variability is shifted to shorter
timescales in certain areas. Comparisons of satellite-derived SST semivariograms to those
calculated from co-located and concurrent buoy SST time series show similar features.
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1. Introduction

[2] The California Current System (CCS) extends along
the west coast of North America from Vancouver Island to
the tip of Baja, California. Typical of major eastern bound-
ary current systems, coastal upwelling driven by persistent
equatorward wind fuels high productivity of plankton and
pelagic fish. Physical and biological processes are closely
coupled and vary over a wide range of time and space scales
[see Hutchings et al., 1995; Smith, 1995; Hickey, 1998;
Mackas et al., 2006]. Basin-scale oceanic and atmospheric
processes alter patterns of physical forcing and biological
response over interannual and decadal scales. Large-scale
wind systems force latitudinally dependent seasonal cycles,
including the seasonally recurrent formation of an energetic
system of mesoscale jets and eddies. At smaller scales,
wind-forcing and biological response fluctuate over periods
of days to weeks, even at locations of seasonally sustained
upwelling. Satellite remote sensing offers the sole means by
which concurrent patterns of physical and biological

variability can be synoptically viewed and systematically
quantified across the entire region. Legaard and Thomas
[2006] describe spatial patterns of seasonal and interannual
variability across the CCS (Figure 1) using nearly six
years (1997–2003) of daily sea surface temperature (SST)
and chlorophyll imagery. Here we quantify dominant
patterns of intraseasonal variability derived from the same
data, defining intraseasonal variability as temporal varia-
tion remaining after removal of the mean seasonal cycle
and interannual variability.
[3] Winds in the CCS are generally downwelling-favor-

able at higher latitudes (>36�N) in winter but are equator-
ward and upwelling-favorable along the entire coastline
through late-spring and summer [Halliwell and Allen,
1987; Dorman and Winant, 1995]. The spring transition
to strong and persistent equatorward winds induces a drop
in coastal sea level as relatively cool, saline water is
upwelled over the shelf and upper slope [Strub et al.,
1987; Strub and James, 1988]. A coastal upwelling front
and surface-intensified geostrophic jet develop, reversing
inshore poleward flow along the U.S. coast and reversing
poleward flow or reinforcing equatorward flow along the
Baja coast [Lynn and Simpson, 1987; Strub et al., 1987;
Strub and James, 2000]. The upwelling jet remains over the
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shelf and slope of the Pacific Northwest but is quickly
displaced seaward south of Cape Blanco, Oregon (42.8�N)
(Figure 1) as the high-velocity core of the California
Current [Barth et al., 2000; Strub and James, 2000].
Instability processes produce meanders that develop into
cyclonic and anticyclonic eddies to either side of the current
core [Marchesiello et al., 2003]. By late summer, equator-
ward winds weaken, coastal sea levels rise, and an inshore
poleward countercurrent develops along south-central Cal-
ifornia and parts of Baja [Lynn and Simpson, 1987; Strub
and James, 2000]. Poleward coastal currents strengthen and
extend northward, displacing the upwelling jet from the
shelves of the Pacific Northwest. The entire jet and eddy
system migrates westward and gradually decays through the
fall and winter [Strub and James, 2000].
[4] Multiyear time series of satellite-derived SST and

chlorophyll have contributed greatly to our understanding
of spatial and temporal patterns of near-surface physical and
biological variability across the CCS [e.g., Strub et al.,
1990; Abbott and Barksdale, 1991; Thomas and Strub,
2001; Thomas et al., 2001; Legaard and Thomas, 2006].
A typically diffuse bloom follows the spring transition to
strong and sustained equatorward winds. Shortly thereafter,

cool and chlorophyll-rich filaments extend from local up-
welling centers from southern Oregon to the Baja Peninsula.
Offshore waters become increasingly stratified and nutrient
depleted. The outer boundary of productive waters develops
a scalloped appearance by early to midsummer as the
upwelling front and jet meander offshore of the continental
margin. Chlorophyll concentrations off the coasts of Cal-
ifornia and Oregon peak at about this time, in phase with
maximum equatorward winds and upwelling. Vigorous jet
and eddy activity promotes the exchange of shelf and open
ocean waters, and provides a local source of enrichment to
offshore waters through geostrophic adjustment [Chavez et
al., 1991; Strub et al., 1991]. Coastal surface concentrations
drop in mid to late summer as winds weaken and temper-
atures climb toward their seasonal maxima. Following the
offshore displacement of the summer circulation structure,
concentrations subside to low winter levels across most of
the region.
[5] Synoptic quantitative analyses of intraseasonal or

mesoscale SST and chlorophyll variability have generally
been limited to narrow space/time windows defined by
relatively cloud-free imagery, typically of summer condi-
tions. Off northern California, Kelly [1985] identifies co-
herent patterns of SST variability associated with local
variations in wind-forcing, superimposed over a large-scale
seasonal warming trend. SST imagery off central California
and the Baja Peninsula demonstrate seasonally recurrent
mesoscale patterns in close association with coastal topog-
raphy and/or spatial variations in wind-forcing [Lagerloef,
1992; Gallaudet and Simpson, 1994; Armstrong, 2000].
Coastal Zone Color Scanner (CZCS) imagery off central
California show rapid changes (on the order of days) of
phytoplankton pigment patterns following changes in wind-
forcing, superimposed over persistent and seasonally recur-
rent structure associated with upwelling filaments and
eddies [Abbott and Barksdale, 1991]. Isotropic spatial
power spectra calculated from CZCS images indicate that
a larger proportion of total pigment variance acts over
longer (shorter) wavelengths offshore (inshore), consistent
with a transition from the dominance of geostrophic circu-
lation offshore to wind-driven processes inshore [Denman
and Abbott, 1988; Smith et al., 1988]. Temporal decorrela-
tion scales vary with spatial scale and are substantially
reduced within areas just offshore of active upwelling
centers [Denman and Abbott, 1994]. Spectral statistics of
pigment and SST imagery suggest that over timescales of
days to several weeks, phytoplankton behave largely as
passive tracers of mesoscale circulation, with growth, death,
and sinking affecting near-surface pigment distributions
only minimally [Smith et al., 1988; Denman and Abbott,
1994].
[6] Our goal is to quantify and compare physical and

biological variability across the CCS (Figure 1) using
concurrent time series of satellite-derived SST and chloro-
phyll, mapping the spatial dependence of dominant patterns
of temporal variability. In a companion paper [Legaard and
Thomas, 2006] we quantify and describe mean seasonal
cycles and interannual variability. Off north-central Califor-
nia, seasonality is determined largely by coastal upwelling,
and mean seasonal cycles of SST and chlorophyll constitute
a small fraction of total variance inshore. Seasonal cycles
differ at higher latitudes and in the midlatitude Southern

Figure 1. Map of the California Current study region,
showing the area of interest (shaded) and the locations of
time series data discussed within the text (a-g). Time series
locations and their approximate water depths are as follows:
(a) Heceta Bank, 200 m; (b) northern California offshore,
>3000 m; (c) Pt. Arena, 600 m; (d) central California
offshore, >3000 m; (e) Pt. Conception, 300 m; (f) eastern
Southern California Bight, 600 m; (g) southern Baja
offshore, >3000 m; (h) southern Baja inshore, <100 m.
Locations C and E coincide with NOAA NDBC stations
46014 and 46023, respectively. Also included are 100 and
500 m isobaths.
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California Bight (SCB) (Figure 1), where upwelling winds
are less vigorous and/or persistent. Strong seasonal cycles
along south-central Baja appear to be driven by processes
other than coastal upwelling, despite year-round upwelling-
favorable winds. Patterns of interannual SST and chloro-
phyll variability are consistent with dominant forcing by El
Niño and La Niña. Interannual SST variability is greatest
along south-central Baja, but constitutes a greater fraction of
total variance inshore along southern Oregon and much of
California. Interannual chlorophyll variability is greatest
inshore over the shelf and slope, but constitutes a greater
fraction of total variance offshore. Spatial patterns of
seasonal and interannual variability show considerable
mesoscale structure, demonstrating seasonal recurrence of
mesoscale features and suggesting that basin-scale forcing
acting over interannual timescales imposes itself in many
areas through changes in mesoscale pattern [Legaard and
Thomas, 2006].
[7] Here we quantify, map, and compare dominant patterns

of intraseasonal SST and chlorophyll variability. We extract
intraseasonal signals from multiyear time series of daily
SST and chlorophyll imagery and employ the semivario-
gram (or structure function) as a measure of temporal
variation. Semivariograms are traditionally used to derive
formal statistical models of spatial or temporal dependence
suitable for optimal interpolation [e.g., Denman and
Freeland, 1985]. Semivariograms have also been used
to describe patterns of spatial and temporal variability of
oceanographic data including satellite-derived SST and
chlorophyll [e.g., Denman and Freeland, 1985; Yoder et
al., 1987, 2001; Thomas and Emery, 1988; Fuentes et al.,
2001; Doney et al., 2003]. The semivariogram is subject to
less restrictive assumptions than the covariance function or
power spectrum and may provide a more stable measure of
spatial or temporal dependence for many data sets. The
semivariogram does not require interpolation at times or
locations of missing observations and is capable of detect-
ing and quantifying both periodic and aperiodic variation.
[8] A brief overview of the semivariogram and a detailed

description of its use in this study follow in section 2. In
section 3, we present dominant scales and corresponding
spatial patterns of intraseasonal variation of SST and chlo-
rophyll. In section 4, we discuss the possible origins of
identified patterns, compare our results to past research, and
discuss apparent limitations of our approach and of semi-
variogram analysis more generally. Conclusions follow in
section 5.

2. Data and Methods

[9] Daily SeaWiFS Level 3 Standard Mapped Images of
chlorophyll concentration from the fourth SeaWiFS
reprocessing [O’Reilly et al., 2000] were obtained for
4 September 1997 through 5 July 2003 from the NASA
Goddard Space Flight Center Distributed Active Archive
Center and subset to the CCS study area (Figure 1). These
data have a nominal resolution of 9 km. Following Campbell
[1995], we assume chlorophyll data to be approximately
lognormal. To reduce the size of the data set used in
subsequent calculations, chlorophyll fields were spatially
averaged to geometric means within non-overlapping
18 km � 18 km boxes. Time series were assembled at each

grid location from log-transformed chlorophyll concentra-
tions. Immediately adjacent to the coastline, particularly at
certain locations (e.g., the mouth of the Columbia River and
the Gulf of the Farallones (Figure 1)), chlorophyll retrievals
may be suspect owing to the effects of colored dissolved
organic matter and light-scattering inorganic particulates.
Such biases are reduced by our use of 18 km averages and
are assumed to have minimal effect on our interpretation of
broad-scale patterns in the CCS.
[10] Daily time series of sea surface temperature concur-

rent with SeaWiFS data were assembled from the NOAA/
NASA AVHRR Oceans Pathfinder equal-angle, 9 km best-
SST data product [Vazquez et al., 1998; Kilpatrick et al.,
2001] provided by the NASA Physical Oceanography
Distributed Active Archive Center at the Jet Propulsion
Laboratory. SST estimates were derived from the Pathfinder
Version 4.1 (4 September 1997 to 31 December 1999) and
Interim Version 4.1 (1 January 2000 to 5 July 2003)
algorithms using data from ascending passes. SST data
were spatially averaged to the arithmetic mean of pixels
lying within non-overlapping 18 km � 18 km boxes, and
time series were assembled at each grid location.
[11] Depending on location, cloud cover and satellite

orbital geometry limited the number of SST and chlorophyll
observations available to �15–55% of the 2131 days within
our study period. Overall patterns of data availability
[Legaard and Thomas, 2006] reflect predominant patterns
of cloud cover [Nelson and Husby, 1983]. Cloud cover
increases and data density decreases offshore and across the
northern CCS. Observations are most frequent within the
SCB and along the southern Baja coast.
[12] We define intraseasonal variability as temporal var-

iation remaining after removal of large-scale trend from
each time series. Large-scale trend, or first order variation,
was calculated as the sum of a regular seasonal cycle and an
irregular component of interannual variation. Seasonal
cycles were modeled as the sum of annual and semiannual
harmonics plus a constant offset (the climatological mean).
Interannual variation was estimated by smoothing non-
seasonal residual time series with a 365-day Gaussian
kernel. Details of these methods and descriptions of sea-
sonal and interannual variability are presented in a compan-
ion paper [Legaard and Thomas, 2006]. Following the
removal of mean seasonality and interannual variation,
residual time series include variability acting over intra-
seasonal timescales, observation error, and any seasonal-
scale variation not captured by stationary annual and
semiannual harmonics.
[13] Figure 2 illustrates the application of our approach to

time series of SST and log-transformed chlorophyll from
one sample location off central Oregon (Figure 1). Trend
lines (Figures 2a and 2b) represent the combined contribu-
tions of seasonal and interannual variation, accounting for
81% and 36% of the total temporal variance of SST and
chlorophyll, respectively. Residual time series of SST and
chlorophyll (Figures 2c and 2d) display considerable year-
to-year variation. Note for example that large-scale trend
overestimates temperatures during the transition from El
Niño to La Niña conditions in early 1999. Such indications
of nonstationarity over long timescales motivate our use of
the semivariogram as a quantitative descriptor of intra-
seasonal variation.
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