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Thirteen years (1998–2010) of satellite-measured chlorophyll a are used to establish spatial patterns in
climatological phytoplankton biomass seasonality across the California Current System (CCS) and its
interannual variability. Multivariate clustering based on the shape of the local climatological seasonal
cycle divides the study area into four groups: two with spring-summer maxima representing the
northern and southern coastal upwelling zones, one with a summer minimum offshore in mid-latitudes
and a fourth with very weak seasonality in between. Multivariate clustering on the seasonal cycles from
all 13 years produces the same four seasonal cycle types and provides a view of the interannual
variability in seasonal biogeography. Over the study period these seasonal cycles generally appear in
similar locations as the climatological clusters. However, considerable interannual variability in the
geography of the seasonal cycles is evident across the CCS, the most spatially extensive of which are
associated with the 1997–1999 El Niño-Southern Oscillation (ENSO) signal and the 2005 delayed spring
transition off the Oregon and northern and central California coasts. We quantify linear trends over the
study period in the seasonal timing of the two seasonal cycles that represent the biologically productive
coastal upwelling zones using four different metrics of phenology. In the northern upwelling region, the
date of the spring maximum is delaying (1.34 days yr  1) and the central tendency of the summer
elevated chlorophyll period is advancing (0.63 days yr  1). In the southern coastal upwelling region, both
the initiation and cessation of the spring maximum are delaying (1.78 days yr  1 and 2.44 days yr  1,
respectively) and the peak is increasing in duration over the study period. Connections between
observed interannual shifts in phytoplankton seasonality and physical forcing, expressed as either basinscale climate signals or local forcing, show phytoplankton seasonality in the CCS to be inﬂuenced by
changes in the seasonality of the wind mixing power offshore, coastal upwelling in the near-shore
regions and basin-scale signals such as ENSO across the study area.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The California Current System (CCS) forms the relatively cold
and biologically productive eastern boundary of the North Paciﬁc
Gyre. Seasonal shifts in atmospheric pressure systems over the CCS
are characterized by the Aleutian Low driving winter storms into
the CCS with accompanying mean poleward alongshore wind
stress. In summer, the North Paciﬁc High blocks storms from the
region and, coupled with the summer North American continental
low, drives equatorward, alongshore winds (Bakun and Nelson,
1991; Checkley and Barth, 2009). These seasonal equatorward
winds drive the surface Ekman layer of the ocean offshore,
upwelling cold, nutrient-rich, subsurface water near the coast
n
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(Hill et al., 1998), and spurring elevated phytoplankton productivity that supports the highly productive marine ecosystem (Mann
and Lazier, 2006). Latitudinal gradients in solar heating, light, and
wind create a meridionally varying seasonal structure in both
upwelling and phytoplankton concentrations (Hill et al., 1998;
Thomas et al., 2001). Monthly mean winds are upwellingfavorable year-round south of  331N but become progressively
more strongly seasonal and of increasing winter downwelling
duration with increasing latitude (Bakun and Nelson, 1991). Superimposed on this seasonality is both strong interannual variability
imposed by basin-scale, climate-related signals such as the El
Niño-Southern Oscillation (ENSO) cycle (e.g. Kahru and Mitchell,
2000) and possible long-term trends such as increased upwelling
from global warming (Bakun, 1990). While interannual anomalies
(e.g. Thomas et al., 2003; Thomas and Brickley, 2006) and multiyear trends in phytoplankton biomass (e.g. Kahru et al., 2009;
Thomas et al., 2013) are evident, the phytoplankton seasonal cycle
itself remains less well understood in the CCS.
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Accounting for about 65% of the overall signal in the CCS
(Vantrepotte and Mélin, 2009), phytoplankton seasonality causes
higher trophic levels such as zooplankton (Richardson, 2008),
shrimps (Koeller et al., 2009), larval ﬁsh (Brander et al., 2001)
and birds (Sydeman et al., 2006) to time aspects of their own
seasonality to favorable periods of food abundance. Temporal
changes within the seasonality (phenology) of phytoplankton
biomass can therefore have large impacts on the ecosystem by
disrupting trophic connections (Barth et al., 2007; Ji et al., 2010).
Moreover, phytoplankton may be sensitive indicators of climate
change (Taylor et al., 2002) and may be responsible for nonlinearities in connections between physical forcing and ecosystem
productivity (Kirby and Beaugrand, 2009; Di Lorenzo and Ohman,
2012).
Satellite ocean color data provide the only viable way to
consistently and synoptically quantify the dynamic structure of
phytoplankton biomass over large spatial areas. Satellites provide
systematic coverage of seasonality across highly dynamic areas
(Vantrepotte and Mélin, 2009). Although measurement of potentially subtle phytoplankton temporal changes is ideally made from
platforms with high temporal resolution (e.g. moorings or gliders),
previous work has demonstrated the feasibility of measuring
phytoplankton phenology with satellite data both regionally and
globally (e.g. Henson and Thomas, 2007; Racault et al., 2012).
Here we use 13 years of satellite-measured ocean color data to
view phytoplankton seasonal biogeography over the entire CCS,
quantify its interannual variability and document changes in
phenology. We proceed in three steps: (1) identify the most
dominant seasonal cycle shapes in the climatology and map their
spatial pattern (climatological biogeography), (2) identify the same
seasonal cycles shapes within each year and present interannual
variability in their biogeography (interannual biogeography), and
(3) analyze shifts in the timing of speciﬁc aspects of the annual
cycle within the regions characterized by the dominant seasonal
cycle shapes (phenology). Lastly, we brieﬂy compare speciﬁc
features of observed interannual changes in biogeography and
phenology to both local and basin-scale physical forcing.

2. Background
2.1. Biogeography
Biogeography attempts to simplify biological patterns by deﬁning regions of similar characteristics. For biological ocean data,
chronic under-sampling of the ocean provides another incentive to
deﬁning regions: a mechanism to extrapolate relatively few
measurements to a larger area (Longhurst, 2007). The advent of
satellite-measured ocean color data products provided the means
to quantify aspects of surface phytoplankton biogeography with
high spatial resolution over global scales. Platt et al. (1991) divided
the North Atlantic into 12 regions to estimate primary production.
Longhurst (1995) divided the global ocean into over 50 biogeographic provinces based in part on phytoplankton seasonal cycles.
A difﬁculty with oceanic biogeography is the contrast between
the dynamic environment and the static nature of boundaries.
Phytoplankton biomass is known to be patchy at a wide range of
spatial and temporal scales (Haury et al., 1978), indicating that
very few individual organisms experience ‘average’ conditions
(Mackas et al., 1985), and constraining the effectiveness of oceanic
biogeography. Appropriate spatial scales for averaging are also
both time and space dependent in the ocean (Denman and Abbott,
1988), and might vary with the goals of the biogeographical
analysis (Denman and Powell, 1984). Biogeographic boundaries
of the ocean are typically based on climatological conditions
(e.g. Longhurst, 1995; Oliver and Irwin, 2008; D’Ortenzio and

Ribera d’Alcalà, 2009; Vantrepotte and Mélin, 2009; Thomalla
et al., 2011; D’Ortenzio et al., 2012) and thus do not necessarily
reﬂect the environment at any single point in time. Fluid boundaries (e.g. Devred et al., 2007; Irwin and Oliver, 2009) alleviate this
issue, though the timescales at which the maps should be redrawn raises other questions.
In the CCS (Fig. 1), biogeography has been widely used to
simplify the highly dynamic environment. A survey of previous
work suggests that the most common way of partitioning the CCS
is latitudinally deﬁned boundaries based on broad climatological
hydrographic characteristics and obvious geographic features (e.g.
Hickey, 1989). Studies deﬁning three regions use borders at either
Cape Blanco or Cape Mendocino and Point Conception (e.g.
GLOBEC, 1991; Checkley and Barth, 2009; Kahru et al., 2009;
Chenillat et al., 2012). Others use four regions, with divisions at
the Oregon–California border or Oregon–Washington border, Cape
Mendocino, Point Conception, and the U.S.–Mexico border or
Punta Eugenia, (Longhurst, 1995; Kahru and Mitchell, 2001;
Henson and Thomas, 2007). Ware and Thomson (2005) delineate
ﬁve separate regions from Vancouver Island to Point Conception: Vancouver (47.51N–50.51N), Columbia (431N–47.51N), Eureka
(40.51N–431N), Monterey (361N–40.51N) and Conception (32.51N–
361N). Thomas and Strub (2001) use six regions, with boundaries
at Juan de Fuca Strait, Cape Blanco, Cape Mendocino, Point Arenas,
Point Conception, the U.S.–Mexico border, Punta Eugenia and Cabo
San Lucas, leaving out the SCB and northern Baja California regions
from their analysis. Henson and Thomas (2007) use multivariate
clustering on satellite-measured phytoplankton pigment concentrations in the CCS to deﬁne alongshore-oriented biogeographical
regions due to elevated levels in the coastal zone. Legaard and
Thomas (2006) map the seasonal timing of the annual maxima
and minima in satellite-measured phytoplankton pigment concentrations, showing similar alongshore oriented regions with a
major discontinuity at Point Conception.
2.2. Phenology
Phenology is the study of the timing of periodic events in an
organism’s or population’s seasonal cycle with respect to its
environment. Phenology can reveal sensitive biological responses
to climate change because temperature often cues the initiation
and duration of life stages (Edwards and Richardson, 2004;
Richardson, 2009). Warming temperatures cause many organisms
to increase their metabolic rate, begin life history stages earlier,
and progress through ontogeny more quickly (Walther et al., 2002;
Parmesan, 2006; Yang and Rudolf, 2010). Some organisms respond
more quickly than others to environmental cues (Ji et al., 2010),
potentially creating temporal mismatches between trophic levels
and severely impacting the ecosystem (Hjort, 1914; Cushing, 1990).
As the base of the marine food web, phytoplankton biomass and
the timing of events in its seasonal cycle are a critical control on
the efﬁciency of carbon transfer to higher trophic levels, including
economically important ﬁsheries (Ware and Thomson, 2005; Platt
and Sathyendranath, 2008).
Speciﬁc events that induced strong interannual variability in
the CCS demonstrate how increased climate variability, a predicted
outcome of global warming (IPCC, 2007), may inﬂuence this highly
productive marine ecosystem (Schwing et al., 2006). There is
evidence that many interannual events are linked to basin-scale
climate signals. The El Niño event of 1997–1999 resulted in
delayed and weak upwelling winds (Bograd et al., 2009) and an
increased thickness of upper warm layers, reducing vertical
nutrient ﬂux and resulting in strong negative biomass anomalies
(Kahru and Mitchell, 2000). The strong El Niño in 1983 brought
similar hydrographic conditions (Thomas and Strub, 2001) as well
as a decoupling of the spring arrival of upwelling winds and its
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Fig. 1. Chlorophyll concentrations within the California Current study area in an example eight day composite of August 2010 from SeaWiFS satellite data. Relevant
geographic locations and political boundaries are shown.

associated increase in phytoplankton biomass (Thomas and Strub,
1989). The latitude-dependent spring transition in the CCS from
winter downwelling conditions to summer upwelling is the most
prominent feature in the phytoplankton seasonal cycle (Strub
et al., 1987; Kosro et al., 2006) and is controlled by seasonal
changes in the large atmospheric pressure systems over the Paciﬁc
and western North America (Bane et al., 2007; Checkley and Barth,
2009; Black et al., 2011). A dramatically delayed arrival of spring
upwelling winds in 2005 resulted in anomalously warm surface
waters (Pierce et al., 2006), delayed phytoplankton blooms
(Thomas and Brickley, 2006), population crashes of krill (Dorman
et al., 2011) and reproductive failure of marine birds (Sydeman
et al., 2006). This event provided clear evidence of the importance
of upwelling timing to the structure of the ecosystem (Barth et al.,
2007). There is evidence that the 2005 event had connections to
the North Paciﬁc Gyre Oscillation (Chenillat et al., 2012) and a
southerly position of the jet stream (Bane et al., 2007).
In upwelling ecosystems, the anticipated trend in phytoplankton phenology due to global warming is unclear. Though climateinduced warming of sea-surface temperatures (SST) would imply
weaker winters, earlier springs and later falls, phytoplankton
respond most directly to light availability and nutrient ﬂux, both
of which are more closely linked to upwelling and wind mixing

than temperature in an upwelling environment. Over the past four
decades (1967–2007), the upwelling season, deﬁned by alongshore wind forcing, shifted later and became shorter in the
northern CCS while the upwelling season in the southern CCS
became longer (Bograd et al., 2009). Thus the paradigm that
warming SSTs on the global scale will result in poleward shifts
and/or advances (delays) in the spring (fall) (Doney et al., 2012;
Thomas et al., 2012a) may not apply in upwelling regimes.
Phytoplankton seasonality imposes a major control on the
overall productivity of the CCS and provides a critical connection
between physical changes in the environment, driven by local,
basin-scale and/or global changes, and biological productivity.
Quantifying phytoplankton seasonality spatially (biogeography)
and temporally (phenology) provides insight into CCS ecosystem
function, stability and susceptibility.

3. Data and methods
3.1. Study area
Our CCS study area extends from the northern edge of Vancouver Island (511N) to the southern tip of Baja California (231N),
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and almost 700 km offshore (Fig. 1). This region encompasses the
highly productive coastal upwelling regions of the CCS, the
seasonally varying region seaward of this (Mackas, 2006;
Thomas et al., 2012b) inﬂuenced by meanders in the coastal jet
and eddies that are advected offshore from the coastal zones (Hill
et al., 1998), and a portion of the offshore, more oligotrophic, subtropical/sub-arctic Paciﬁc region (Yoder and Kennelly, 2003;
Thomas et al., 2012b).
3.2. Chlorophyll data
Daily, 4 km, level 2 NASA SeaWiFS chlorophyll a (CHL) data
with the standard band ratio algorithm (O’Reilly et al., 1998) and
the most recent reprocessing (R2010) were obtained from the
Ocean Biology Group at Goddard Space Flight Center (http://www.
oceancolor.gsfc.nasa.gov). The standard NASA CHL algorithm performs well in the CCS (Kahru and Mitchell, 1999). We remapped all
13 years of data from 1998 through 2010 to a consistent projection
over the CCS, though difﬁculties with the satellite in 2008, 2009
and 2010 produce discontinuities in the time series of up to four
months. To ﬁll gaps due to clouds, reduce variability, and produce
a regularly sampled time series, we formed 8 day composites. Gaps
in the 13 years of data longer than three composites (24 days) are
ﬁlled with the climatology and shorter gaps are ﬁlled with
temporal linear interpolation. The data are then smoothed temporally with a three period (24 day) running mean and spatially
with a three-by-three pixel (12 km  12 km) median ﬁlter to
reduce high time and space frequency noise. Climatologies for
each 8 day period are then formed from the median of the 13
years. Chlorophyll values in both the climatology and the 13 year
time series are then log-transformed (Campbell, 1995) to further
reduce the effect of episodic, isolated, high values, especially in
coastal areas, and to better treat variability in both the high coastal
values and lower offshore values together.
3.3. Multivariate clustering analysis
Multivariate clustering is used to identify the dominant seasonal cycle shapes in the CCS. We then map the spatial distribution
of these seasonal cycles within our study area. Two separate
clustering operations are performed with data from each location:
(1) with the climatological seasonal cycle to identify the dominant
seasonal cycle shapes, test the optimal number of clusters, and
map the climatological spatial patterns, and (2) with the individual
seasonal cycles from all 13 years to view the interannual variability
of the seasonal cycle shapes identiﬁed in the climatology. In the
latter clustering analysis, one single clustering operation divides
all 13 years of data by treating the seasonal cycle of each year as an
independent vector. Though the number of seasonal cycles passed
into each of the two clustering operations is vastly different
(13  more in the interannual clustering), the pre-processing is
identical. Prior to clustering, the seasonal cycle at each location
and for every year is normalized to the annual mean to focus
within-cluster similarity on the shape of the seasonal cycle, rather
than differences in overall annual CHL magnitude. To retain
differentiation of seasonal cycles of similar shape but differing
amplitude, the seasonal cycles are not normalized to the seasonal
maximum, as was done in a similar study (D’Ortenzio et al., 2012).
We then use the k-means multivariate clustering algorithm to
group the locations according to the seasonal cycle shape, with the
squared Euclidean distance as the metric of similarity and randomly selected cluster centroids as starting points. The k-means
algorithm is an iterative process that maximizes the within cluster
similarity without requiring prior knowledge of where the clusters
are (spatially) or the shape of the cluster centroids (the characteristic phytoplankton seasonal cycle). The k-means algorithm

requires speciﬁcation of k, the number of clusters to produce,
which we identify in the climatology. The appropriate number of
clusters is inherently subjective (Pielou, 1977, 1984; Manly, 2004),
though there are statistical tests that can guide the user. One
commonly used tool in k-means is silhouette analysis (Rousseeuw,
1987), which calculates for each pixel the normalized difference
between the distance to the centroid of its assigned cluster and the
distance to the next closest cluster centroid to which it was not
assigned. Thus the average silhouette value can provide an
indication of the optimal number of clusters within a data set.
However, silhouette maps from our climatological data set with k
varying from two through ten show the average silhouette width
across the study area to be highly sensitive to the length of the
boundary where two or more seasonal cycles border; regardless of
the suitability of the clustering, results with large border regions
have low (poor) average silhouette widths, whereas results with
small border regions have high (good) average silhouette widths.
Thus we chose other selection criteria to decide on an ideal k.
With the primary goal of determining the dominant phytoplankton seasonal cycle shapes across the CCS, we note that
increasing k (starting from two) in the climatology produces
unique seasonal cycle shapes until k equals four. Thereafter,
further increases in k yield seasonal cycles that closely resemble
one or more previously deﬁned shapes. Results using two clusters
separate the coastal upwelling zone from the offshore region, but
provide little biogeographical insight and no description of the
latitudinally-varying seasonality shown in previous studies (e.g.
Legaard and Thomas, 2006). With k equal to three, tests on the
reproducibility of the clusters from multiple runs on the climatology are unstable, indicating sensitivity to the initial, randomly
assigned, centroid values. The results switch between two possible
cluster combinations: one with a single offshore region and two
coastal upwelling zones; and another with a single coastal
upwelling region, a transition region and an offshore zone. Results
from multiple runs of k equal to four produce stable, relatively
unique and distinguishable clusters (consisting of the two possible
combinations of three clusters). As an additional test, a hierarchical clustering algorithm is used on a spatially sub-sampled (factor
of 10) version of the climatology. Although impractical to apply to
large data sets, these algorithms do not require speciﬁcation of the
number of clusters (k), and show branch points as a function of
distance. The dendrogram produced by this test (not shown)
indicates that the branch points for three and four clusters are
very close in distance; thus increasing k from three to four
provides additional information while maintaining similar distances between the cluster centroids. Although the potential for
bias due to the sub-sampling cannot be discounted, these results
provide an additional test of the suitability of using four clusters in
the k-means algorithm. We also examine sensitivity of the four
climatological cluster seasonal cycle shapes to changes in our
offshore boundary. Tests demonstrate that shapes were robust to
removal of the offshore 100 km and 200 km of the study area. The
combination of these results suggests that four clusters reasonably
summarize the dominant seasonal cycle shapes across the CCS.
We then examine the interannual variability in the geography
of these four seasonal cycle shapes by applying k-means clustering
to the 13 year data set, where each year enters the clustering as a
separate vector. The goal of this clustering operation was to ﬁnd
and track the same four seasonal cycle shapes identiﬁed in the
climatology over the study period. Varying k in this larger data set
showed similar characteristic seasonal cycles to the corresponding
runs with the climatology. With k equal to four, the cluster means
from the 13 year data set were almost identical to those identiﬁed
in the climatology. Tests on the reproducibility of this interannual
clustering showed that the four clusters were stable over multiple
runs. We also tested the suitability of the grouping with a
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hierarchical clustering algorithm on a spatially sub-sampled (factor of 100) version of the 13 year data set, with very similar results
(not shown) to those of the climatology. Branch points in this
dendrogram between three and four clusters were very close, and
these were distinct from the many lower branches. Again, the
possibility of biases created by subsampling cannot be ruled out,
but these results provide an indication of the suitability of the four
clusters in the interannual clustering.
3.4. Surface wind data
Wind data are daily, 1/4 degree, 10 m wind vectors over the
study area from the NOAA Blended Sea Winds product (http://
www.ncdc.noaa.gov). Data from 1998 to 2010, concurrent with the
CHL time series, are products of no fewer than four satellite
scatterometers (Zhang et al., 2006). Wind stresses in the x and y
directions as well as wind mixing power (characterized as Un3) are
then calculated from the individual daily vectors using the drag
coefﬁcients of Yelland and Taylor (1996). Coastal upwelling, or
cross shelf mass transport (m3 s  1) per 100 m of coastline, is
quantiﬁed at every 11 latitude interval along the coast using the
local (70.51 latitude) orientation of the coastline and the local
Coriolis parameter. The wind stresses, Un3, and coastal upwelling
transport are then averaged into 8 day periods to match the
CHL data.
3.5. Phenology

et al., 2013), the inﬂection point on a curve-ﬁtted time series
(Koeller et al., 2009), and the number of weeks after February 1 that
CHL ﬁrst exceeds 20% of the annual maximum (Fuentes-Yaco et al.,
2007). Holt and Mantua (2009) examine many different metrics of
the physical spring transition in the CCS and ﬁnd that due to
different hydrographic properties, different latitudes warrant different metrics. Bograd et al. (2009) develop a series of upwelling
phenology metrics based on the cumulative sum of upwelling
intensity in the CCS that provide insight into shifts of upwelling
seasonality. Our results from the clustering analysis on the
climatology suggest that the same CHL phenology metrics would
not be equally effective in each region of the CCS. Here we use four
metrics of phytoplankton phenology. The date of the spring
maximum isolates a single date when CHL is at its maximum
level between January 1 and May 30. The summer central
tendency characterizes the date of the center of mass over the
time period June 1–December 31, summarizing biomass shifts over
a larger time domain. The bloom begin and end dates are the ﬁrst
and last dates of the longest consecutive time period above the
annual mean in each year and thus capture the timing and
duration of the longest bloom of the year. We then view the
interannual variability in these metrics and calculate their slope
(trend) over the 13-year study period.
Estimation of the signiﬁcance levels to the least squares ﬁt
slopes of the phenology metrics requires estimation of n, the
number of independent realizations in each year. Spatial autocorrelation within the CHL data and reﬂected in the phenology
values in each year means that each location cannot be considered
independent. We estimate n by calculating example spatial decorrelation scales in each of the alongshore and cross-shelf directions within each biogeographic region for which we calculate a
phenology metric. Alongshore decorrelation scales range from
11 to 17 pixels (44–68 km) and cross-shelf decorrelation scale
range from 7 to 10 pixels (28–40 km) among the phenology
metrics. For each metric, we then divide the total number of
locations (pixels) in each region by the product of the two to
provide an estimate of n. An analysis of variance that results in an
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Fig. 2. The four seasonal cycle shapes from the climatological clustering. (a) Mean phytoplankton seasonal cycles and standard errors within the four climatological cluster
groups (top right) and their spatial geography in the study area. (b) Silhouette values across the study area indicate similarity to their respective cluster centroid. Low
silhouette values occur near the boundaries, indicative of gradual transitions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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F value with 1 and n  2 degrees of freedom applied to the linear
model tests the null hypothesis that the regression slope is zero for
the case of multiple observations at each time step (Sokal and
Rohlf, 1995). Phenology metrics in different years are assumed to
be independent.

4. Results
4.1. Climatological biogeography
Cluster analysis of the climatological seasonality in satellitemeasured CHL suggests that the CCS can be partitioned into four
dominant phytoplankton seasonal cycles (Fig. 2a). These map to an
offshore region, two coastal regions (northern and southern) and a
transition region between them. A distinct summer CHL minimum
(July–October) and elevated levels in winter, spring and late fall
deﬁne the offshore region (blue,  30% of study area). Hereafter,
we refer to this seasonal cycle as ‘Summer Min’. Geographically,
this seasonal cycle occurs in the offshore regions of the study area
between 301N and 451N, as well as smaller regions offshore of
Punta Eugenia and in the Southern California Bight (SCB).
The seasonal cycle characterized by a spring peak in April and
May, then a longer, late summer elevated period from July through
October maps to the northerly coastal region (green,  20% of study
area). We refer to it as the ‘Late Peak’ seasonal cycle. Geographically,
it encompasses most of the coastal zone off Vancouver Island,
Washington, Oregon and northern and central California, extending
as far as 600 km west of the coast in the north, and decreasing in
width until just south of Point Conception where it disappears.
An early season peak, with CHL increasing from November
through May and decreasing from its peak in early June to a
minimum in late October, deﬁnes the southerly coastal region
(orange,  10% of study area). We label this seasonal cycle ‘Early
Peak’. Its primary location is off Baja California and in the SCB,
although small regions also appear off San Francisco Bay, Cape
Mendocino and outside Juan de Fuca Strait.
Weak seasonality characterizes the last region (red), thus we
name it the ‘Flat’ seasonal cycle. It is the largest (  40% of study

area), is present over the entire range of latitudes examined here,
and is broadest at latitudes south of  331N. It maps to a transition
region between  301N and 451N, but extends from the coastal
region to the western edge of our study area at latitudes greater
than and less than this range.
The most heterogeneous region is the SCB where all four
climatological seasonal cycles are present. The Summer Min
seasonal cycle appears in the near-shore region of the SCB, the
Late Peak seasonal cycle extends southward beyond Point Conception, the Early Peak seasonal cycle appears in the northern
coastal and southern offshore sections of the SCB, and the Flat
seasonal cycle appears in the middle. The presence of all four
seasonal cycles in this relatively small region points to the smallscale spatial diversity of conditions in the SCB, unique in comparison to other regions of our study area.
The silhouette values across the study area (Fig. 2b) show that
much of the study area clusters closely to their respective centroids
(red regions). However, there is strong spatial autocorrelation in the
original data and pixels in boundary regions often group weakly to
their centroid. Our biogeographic boundaries are not meant to imply
step-like shifts from one cluster to another but rather a transition in
similarity that is objectively quantiﬁed by the distance metric and the
k-means algorithm. Areas that cluster less strongly to their centroid
include the borders between the transition and offshore regions, the
offshore region north of 451N and directly west of Point Conception,
the SCB, and an area southwest of Punta Eugenia. Negative (blue)
silhouette values indicate assignment errors remaining when the
iterative k-means algorithm stabilizes and stops. This occurs primarily at the boundary between the strongly differing seasonality of the
coastal upwelling region and the offshore region.
4.2. Interannual biogeography
Multivariate clustering of the 13-year data set provides a view
of the extent to which the climatological patterns in space are
stable (Fig. 3). Specifying four clusters results in similar seasonal
cycle shapes to those from the climatological clustering (Fig. 2a).
Minor differences between the means of the climatology and those
in Fig. 3 include a ﬂatter elevated period in the Late Peak (green)
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seasonality, a ﬂatter autumn period in the Early Peak (orange)
seasonality and a higher late autumn period in the Flat (red)
seasonality. Variances within each of the seasonal cycle clusters
are also larger in the interannual clustering than in the climatological seasonal cycles due to the larger number of entries into the
clustering that are averaged over in the climatology.
The overall spatial geography of the seasonal cycles is relatively
consistent from year to year. The Summer Min seasonal cycle is
usually offshore, the Late Peak seasonal cycle is generally associated
with northern coastal areas (Vancouver Island, Washington, Oregon
and northern California), the Early Peak seasonal cycle is typically off
Baja California, and the Flat seasonal cycle separates the coastal areas
from the Summer Min seasonal cycle. Superimposed on this broadscale consistency, however, is strong interannual variability in the
spatial structure; in any given year, shifts in the biogeography occur.
On average, 46% of the study area is assigned a different cluster than
the previous year, with a maximum of 57% shifting between 1998
and 1999, and a minimum of 39% shifting between 1999 and 2000.
In particular, some years in the CCS appear to experience an
expansion of the Summer Min seasonal cycle (1998, 2001, 2007
and 2009), and in other years an expansion of the Early and Late Peak
seasonal cycles and an offshore extension of the Flat seasonal cycle
(1999, 2000 and 2008). Comparison of years 2008, 2009 and 2010 to
others requires caution as data gaps required portions of the seasonal
cycle to be ﬁlled with the local climatology (explained in Section 3.2).
Other features evident in the interannual variability of biogeography include a reduced area occupied by the Late Peak seasonal
group in 1998 and a strong southward expansion of this group in
2005. The only year that the SCB is characterized as Late Peak is
2003. The Early Peak group is reduced in 1998 and 2010 even off
Baja California, but occupies relatively large regions along the
California coast in 1999, 2000, 2007 and 2008. In 1998, 2002, and
2007, large areas at the southern-most latitudes are dominated by
the Summer Min seasonal cycle but this seasonal cycle occupies
small areas over the whole study area in 2000 and 2008.
One way to summarize Fig. 3 is to show the interannual
variability in the geographic area covered by each seasonal cycle
(Fig. 4). The decline in the geographic area of the Summer Min
(blue) seasonal cycle in our study area from 1998 to 2000 is
evident. Most of this area is replaced by the Flat seasonal cycle
(red), but a rebound of the coastal seasonal cycles, Early Peak and
Late Peak in 1999 is also evident. The increase in size of the Late
Peak (green) seasonal cycle in 2005 associated with the delayed
upwelling season of that year is also noticeable.
Another way to summarize the interannual variability in Fig. 3
is to quantify those locations consistently in the same seasonal
cluster, and those that often shift from one cluster to another. The
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Simpson Diversity Index (Simpson, 1949) provides a metric of both
the number of changes and how diverse the changes are, valuing
how many different seasonal cycle shapes a given location
experiences over the 13 years (Fig. 5). Not surprisingly, areas near
the geographic centers of the climatological regions are relatively
stable over the study period. These regions include the coastal
zones off Vancouver Island, Washington, and Oregon, the farthest
offshore regions off northern and central California, and the Baja
California coastal zone. Strong interannual seasonal diversity is
present over most of the coastal region from Cape Blanco south to
 301N, including the SCB, and regions west.
4.3. Phenology
We focus on the two coastal seasonal cycles that represent the
biologically productive upwelling region, Late Peak and Early Peak,
to examine aspects of phenology. The Flat seasonal cycle is not
conducive to examination of phenology and the Summer Min
seasonal cycle represents a small portion of the much larger North
Paciﬁc basin, changes over which are most appropriately investigated using data encompassing the entire North Paciﬁc.
The interannual seasonal clusters (Fig. 3) are used to examine
phenology, thus tracking changes within seasonal cycle types in the
CCS rather than the phenology of any speciﬁc ﬁxed geographic
location. We quantiﬁed the phenology within the seasonal cycles
by applying metrics of phenology suitable to the seasonal cycle shape
to be examined; interannual variability (Fig. 3) suggests that in many
locations, a single metric of phenology may not be applicable in all
years. However, observed shifts in the phenology need to be
interpreted in the context of possible changes in the spatial extent
and/or the location of the cluster. Here we seek systematic shifts in
phenology over the study period. Visual inspection of Fig. 3 suggests
that no discernible systematic trends in the spatial structure of
the biogeographic provinces are evident over the study period.
In addition, examination of the annual means of both the seasonal
cycle latitudes and their cross-shelf distances showed no systematic
trends over the study period. This suggests that any observed study
period trends in the phenology of the seasonal cycles within the two
coastal seasonal cycles are not unduly biased by spatial shifts.
However, episodic shifts in the phenology from one year to another
do need to be compared to the biogeographic maps because the
changes in timing may be linked to shifts in space.
Spatially-averaged seasonal cycles in each year of the two coastal
regions from Fig. 3 are shown in Fig. 6 as heat-maps and compared to
the climatological seasonal cycle. Shifts in phenology are evident.
In the Late Peak group (Fig. 6a), the spring bloom occurs in late
March and early April from 1998 to 2000 but then breaks into two
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Fig. 4. Interannual variability in the geographic area of each seasonal cycle as a percent of the study area. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Fig. 6. Heat-maps of interannual variability in seasonal CHL concentration within the spatially-averaged Late Peak (a) and Early Peak (b) seasonal clusters from Fig. 3. The
climatological seasonal cycle for each cluster type is displayed on the top row. Data are normalized to the annual mean to compare the relative timing rather than the
absolute magnitudes of the seasonal cycles. Black indicates periods of missing data.

(most obvious in 2005 and 2006), or sometimes three (e.g. 2007)
distinct peaks. From 2004 through 2007, there appears to be a
bifurcation, with a smaller early spring bloom occurring progressively earlier and a larger, later, spring bloom occurring later in each
year. The timing of the elevated summer period also exhibits
interannual variability: early in 1998 and 2004 and late in 1999
and 2007. In the Early Peak group (Fig. 6b), interannual variability in
the timing of the annual peak shows early years in 1999 and 2004,

and late years in 1998 and 2003. Overall, however, the seasonal cycle
of the Early Peak group appears more consistent interannually than
that of the Late Peak group. In addition, the end of the seasonal peak
appears to be more interannually stable than the initiation.
The dates of two phenology metrics for each of these coastal
groups are presented in Figs. 7 and 8. Each suggests progressive
but relatively small shifts in timing over the study period. In the
Late Peak group (Fig. 7), the seasonal cycle was divided into two
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periods with each period quantiﬁed by its own metric of phenology. The central tendency metric is effective at isolating timing
shifts in longer periods of elevated CHL; this metric uses data from
all time steps in its domain. The spring peak metric isolates one
particular day when CHL is highest and performs well in identifying speciﬁc peaks such as the spring bloom.
The central tendency of the Late Peak summer elevated period
(Fig. 7a) is becoming earlier, advancing by 0.63 days yr  1 from
1998 to 2007 (F¼ 23.98, df ¼ (1, 978), p o0.01). We also examine
the inﬂuence of the 1998 El Niño on this short time series. Without
1998, the slope is 0.70 days yr  1 (F¼ 24.05, df ¼(1, 912), p o0.01).
The variance about this linear slope is small, with 2004 and 2007
as the earliest years, and no speciﬁc years anomalously late. These
results from the phenology are consistent with the heat-map from
the Late Peak seasonal cycle (Fig. 6a). The date of the spring CHL
maximum (Fig. 7b) is becoming later, delaying by 1.34 days yr  1
from 1998 to 2010 (F¼44.20, df ¼(1, 2434), p o0.01). Without the
El Niño year of 1998, the slope is 1.43 days yr  1 (F¼42.77, df ¼(1,
2308), po 0.01). The interannual variability about the linear trend
of this metric shows late years in 2006 and 2007, and early years in
1998 and 2004. The low p-values for all of these slopes suggest
the slopes are signiﬁcantly different than zero. The use of a single
date for the spring CHL maximum is less strongly inﬂuenced by
satellite data outages than the other phenology metrics, so long

as the event is unlikely during the period of missing data. Missing
data in 2009 occurred during the anticipated date of the spring
maximum so this result is excluded. The central tendency requires a more complete time series, thus the missing data from
2008, 2009 and 2010 are problematic and these dates are not
included.
Within the Early Peak seasonal group (Fig. 8), the begin and end
dates of the annual peak effectively capture the phenology of an
important part of the seasonal cycle. Both metrics require a complete
time series so the results from 2008, 2009 and 2010 are not shown
due to the missing data. The linear trend shows the bloom begin and
end dates from 1998 to 2007 are delayed by 1.78 days yr  1 (F¼14.08,
df¼(1, 1328), po0.01) and 2.44 days yr  1 (F¼ 27.86, df¼(1, 1328),
po0.01), respectively, indicating a trend to later seasonality. The
difference in slopes also implies that the duration of the bloom is
increasing by 0.66 days yr  1. Without the El Niño year of 1998, the
bloom begin date is delaying at 2.24 days yr  1 (F¼ 19.40, df¼(1, 1273),
po0.01) and the bloom end date is delaying at 2.87 days yr  1
(F¼ 32.97, df¼(1, 1273), po0.01), implying an increase in bloom
duration of 0.63 days yr  1. In both metrics, 1998, 2003 and 2006
appear as late years, and 1999 and 2004 as early years, largely
consistent with the results from the heat-maps. We could see no
consistent connection between the timing of the bloom (Fig. 8) and
the spatial extent of this seasonal cycle in the interannual
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biogeographic map (Fig. 3), suggesting the phenology shifts are not
simply a reﬂection of changing area.

5. Discussion
5.1. Biogeographic boundaries and seasonal cycles
The biogeographic boundaries deﬁned by climatological seasonal CHL characteristics (Fig. 2) do not show simple latitudinal
breaks as is common in previous work (see Section 2.1 for a
review) but have some similarities: (1) a discontinuity at Point
Conception, between our Late Peak and Early Peak coastal seasonal
cycles, (2) the SCB, which contains all four of our seasonal cycles,
and is different than the other coastal areas (consistent with
ﬁndings off the Scripps Pier from Kim et al. (2009)), (3) Cape
Mendocino, south of which the Late Peak seasonal cycle becomes
very narrow, and (4) Punta Eugenia, south of which the Early Peak
seasonal cycle region extends progressively further offshore.
Multivariate clustering of chlorophyll time series by Henson
and Thomas (2007) divided the CCS into three regions, with
alongshore-oriented boundaries. However, their single coastal
region extending over the entire latitudinal range of the CCS
resulted from elevated coastal CHL concentrations. Here, normalization by the annual mean removes magnitude from the clustering criteria and shows all four season types are present within
100 km of the coast somewhere over the latitudinal range of the
study area.
D’Ortenzio et al. (2012) use multivariate clustering to divide the
global ocean into climatological seasonal biogeographic provinces
for both the SeaWiFS and CZCS time series separately. Our results
provide signiﬁcantly more detail in the CCS due to our smaller
study area, but aspects of our seasonal cycles correspond well in
the CCS to their SeaWiFS time series. Speciﬁcally, D’Ortenzio et al.
(2012) report large areas of a Flat (named Tropical, Cluster #2) and
a Summer Min (named Subtropical North, Cluster #3) seasonal
cycle in the offshore regions of the CCS. Their coarser spatial
resolution, however, means that the Early Peak (named Bloom,
Cluster #1), and Late Peak (named Subtropical South, Cluster #4)
coastal seasonal cycles are represented by only a few isolated
pixels in the CCS, although these do appear in similar locations to
where we map them.
To accompany his map of the biogeographic provinces of the
global ocean, Longhurst (1995) provides 8 ‘models’ of phytoplankton seasonal cycle types. His third model, titled “Subtropical
Nutrient-Limited, Winter-Spring Production Period”, corresponds
well with the Summer Min seasonal cycle. Similarly, the fourth
model from Longhurst (1995), “Tropics” resembles our Flat seasonal cycle. The Late Peak and Early Peak seasonal cycles also
correspond well with the eighth model, “Intermittent Production
Peaks in Coastal Upwelling Regimes.” Geographically, Longhurst
(1995) includes the majority of our CCS study area in one
biogeographic province characterized as “Intermittent Production
Peaks in Coastal Upwelling Regimes” (Model 8). Longhurst (1995)
does stress the importance for further work to sub-divide the
highly dynamic coastal provinces and in particular the eastern
boundary currents for more detailed analysis.
5.2. Physical forcing of climatological biogeography
Each of the four climatological phytoplankton seasonal cycles
corresponds well with physical variables that can be mechanistically connected to phytoplankton biomass seasonality. As is typical
in sub-tropical and southern temperate regions, climatological
wind mixing (not shown) in the area characterized by the Summer
Min seasonal cycle is elevated in the winter and fall, and lower

during the summer, when heating-induced stratiﬁcation peaks.
In these regions, winter mixing breaks the summer stratiﬁcation and
mixes nutrients into the euphotic zone supporting phytoplankton
growth (Strub et al., 1990). Solar heating and reduced wind mixing in
the summer inhibit vertical mixing and nutrient ﬂux (Palacios et al.,
2004), reducing surface CHL. An alternate hypothesis, but still consistent with seasonal wind forcing, is that fall and winter storms
redistribute a summer subsurface CHL maximum into the surface layer
where satellites can detect them (Perry et al., 2008). Climatological
seasonal cycles of upper mixed layer NO3 and Si(OH)4 from the eastern
station of Line P (west of Vancouver Island) from 1969 to 1981 display
a pronounced summer minimum period (Pena and Varela, 2007),
which may be due to stratiﬁcation or possibly a summer subsurface
CHL maximum which is depleting the bioavailable nutrients from the
euphotic zone.
Geographically, our climatological Summer Min region represents the eastern extent of the much larger oligotrophic gyre in the
North Paciﬁc (Yoder and Kennelly, 2003; Thomas et al., 2012b),
and suggests that our study area includes the offshore edge of the
upwelling inﬂuenced CCS. Small areas characterized by the Summer Min seasonal cycle are also present near Punta Eugenia and in
the coastal areas along the southern part of the SCB. In this region,
the zonal orientation of the coastline, unique bathymetry and
shadow of Point Conception from the southward ﬂowing California Current induce weak wind-induced cross shelf transport,
strong summer stratiﬁcation and a recirculation of offshore water
close to shore. These hydrographic conditions are likely responsible for a typically offshore seasonal cycle to appear near the
coast. Legaard and Thomas (2006) also note differences in the
seasonality of both CHL and SST in the SCB compared to regions
immediately north and south.
In the northerly coastal region of the CCS (Cape Blanco to
Vancouver Island), the climatological upwelling seasonal cycle in
alongshore wind forcing drives summer upwelling and fall and
winter downwelling (Bakun and Nelson, 1991), matching the CHL
seasonality of the Late Peak seasonal cycle (Figs. 2 and 3), and
consistent with views from earlier analyses of satellite ocean color
data (Hill et al., 1998; Thomas et al., 2001). Along the Washington
coast, the transition from the wet winter to the dry summer
season (as measured by turbidity) appears associated with the
spring peak, whereas coastal upwelling seems to drive the later
summer elevated CHL period (Pirhella et al., 2009). Winter light
limitation in northerly parts of this region may also inﬂuence the
local phytoplankton seasonality (Henson and Thomas, 2007).
In the Baja California coastal region, the balance between yearround persistent upwelling-favorable winds and stratiﬁcation
driven by strong solar heating are the primary drivers of phytoplankton seasonality (Espinosa-Carreon et al., 2004). The Early
Peak seasonal cycle in CHL increases from November through May,
when the upwelling favorable winds (annual maximum in March)
work to overcome thermal stratiﬁcation. Later in the season,
stratiﬁcation limits the supply of nutrients to the euphotic zone
and CHL decreases from June through October (Palacios et al.,
2004). Similar to the Summer Min seasonal cycle, the Early Peak
seasonal cycle also appears climatologically in the SCB (Fig. 2)
where the recirculation of the Southern California Eddy causes a
discontinuity in the CCS (Checkley and Barth, 2009). Our multivariate clustering analysis also locates the Early Peak seasonal
cycle in smaller locations on the British Columbia shelf, outside
Juan de Fuca Strait, near Cape Mendocino and San Francisco Bay
(Fig. 2), where freshwater discharge or changes in wind forcing
due to headlands might shift the phytoplankton seasonal cycle
away from similarity with other local areas.
The large latitudinal extent of the Flat seasonal cycle suggests
multiple possible explanations for the weak seasonality. South of
Point Conception, strong thermal stratiﬁcation from solar heating
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coupled with fewer (or weaker) winter storms keep CHL levels
consistently low year-round, typical of global subtropical regions
(Longhurst, 1995). From 331N to 451N, the Flat seasonal cycle is
located just inshore of the region characterized by the Summer
Min seasonal cycle (Fig. 2). Seasonal solar heating and wind
conditions are likely similar; fall and winter storms move through
the region, promoting vertical nutrient ﬂux into the euphotic zone
and increasing phytoplankton biomass. In the Flat region, however, offshore advection of coastal upwelling-induced phytoplankton in eddies, ﬁlaments and meanders, could elevate summer CHL,
keeping the overall seasonality relatively weak year-round. The
outer boundary of the region has meandering features characteristic of CCS ﬂow patterns (Hill et al., 1998). North of 451N, the Flat
seasonal cycle extends to the western edge of the study area from
the coastal zone (Fig. 2). This geographic region may be more
similar to the subarctic North Paciﬁc, where seasonal cycles of CHL
are minimal (Parsons and Lalli, 1988). The weak seasonality of the
Flat region may also be a product of the climatological averaging.
The interannual seasonal biogeography (Fig. 3) and the Simpson
Diversity Index (Fig. 5) show elevated interannual variability in the
seasonal cycles in this region. However, the persistent presence of
the Flat seasonal cycle in the interannual biogeographic analysis
(Fig. 3) shows that regions of weak seasonality are present in
much of the CCS in every year and not an artifact of multi-year
averaging.
5.3. Interannual changes in phytoplankton seasonality and links
to physical forcing
With four seasonal cycle types, there are twelve possible
changes between the climatology and the actual yearly seasonal
cycle at each location, or no change. We provide a view of the
interannual shifts between climatology and actual yearly seasonal
cycles by quantifying the percent of the study area that makes
each shift in each year (Table 1), and mapping the six most
dominant shifts in each year (Fig. 9). Table 1 also quantiﬁes the
mean percent of the study area that makes each shift over the
study period (right-hand column), and the totals for each year,
illustrating the degree to which each year differs from the
climatology (bottom row). On average, a shift from Summer Min
to Flat covers the most area at 11.3%, and the next three most
dominant shifts all start from the climatological Flat seasonal cycle
(Flat to Summer Min¼10.7%, Flat to Late Peak¼ 3.8%, and Flat to
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Early Peak ¼5.9%). Not surprisingly, the Flat seasonal cycle, representing the largest area of the study area, and positioned geographically between the productive coastal zones and the offshore
region, is involved in the largest shifts between the climatology
and the individual years. Geographically, shifts from Flat to
Summer Min are more widespread in 1998 and 2007 off Baja
California, comprising a large (25.2% and 19.1% of study area,
respectively), contiguous region in the southerly portions of the
study area (Fig. 9a, black). We investigated the extent to which
changes in wind forcing might be consistent with these interannual differences. During these two years in the southern portion
of the study area, the seasonally-averaged Un3 metric for the
winter and fall was larger than usual, indicating that stronger
wind events or storms (Fig. 10) potentially reduced the stratiﬁcation that is typical in this region (climatologically characterized by
the Flat seasonal cycle), mixing nutrients into the photic zone, and
inducing atypical winter and fall blooms.
In four study years (1999, 2000, 2002 and 2008), relatively
large regions (21.0%, 20.0%, 14.2% and 17.6% of the study area,
respectively), primarily between  331N and 481N, shifted from
Summer Min to Flat (Fig. 9a, gray). Possible mechanistic explanations include: (1) increased summer upwelling which produced
higher coastal CHL concentrations that could be transported offshore, (2) weaker fall and winter storms that reduced mixinginduced vertical nutrient ﬂux and decreased the CHL levels in the
fall and winter, and (3) stronger than usual wind stress curl in the
summer, which shoaled the thermocline offshore and delivered
nutrients to the photic zone, producing local blooms. The wind
data (not shown) support the ﬁrst hypothesis for 1999, 2002 and
2008 and the second hypothesis for 2000. Trends in the summer
wind stress curl in this region in our data are not evident in these
years due to large variability.
Over our study period, interannual variability in seasonal
geography appears most strongly associated with the 1998–1999
El Niño and subsequent La Niña conditions. The largest annual
total area of seasonality shifts (Table 1, bottom row) occurred in
1998 and 1999 (45.0% and 51.0% of the study area, respectively).
An expansion offshore of the Flat seasonal cycle into the climatological Summer Min region in 1998 (25.2% of study area) and the
opposite shift in 1999 (21.0% of study area) comprised much of
these totals. In addition, the Late Peak and Early Peak seasonal
cycles contracted in 1998, and the Flat seasonal cycle expanded
toward shore. The opposite occurred in 1999. Quantitatively, 2.6%

Table 1
Percent of the study area that shifts from the climatological seasonal cycle (Fig. 2) in each year (Fig. 3); SM ¼Summer Min, LP ¼Late Peak, EP ¼ Early Peak, FL ¼ Flat.
1998
Summer Min to
LP
EP
FL

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

Avga

0.1
0.2
10.4

0.3
0.9
21.0

0.0
0.4
20.0

0.1
2.4
5.4

0.4
2.5
14.2

1.5
0.9
7.3

0.0
0.4
7.9

0.4
2.0
10.7

0.3
0.7
11.5

0.1
2.5
6.5

0.1
1.6
17.6

0.0
0.5
7.4

0.1
1.3
6.9

0.3
1.3
11.3

Late Peak to
SM
EP
FL

0.2
0.9
2.6

0.0
1.2
0.5

0.0
0.9
0.9

0.0
1.2
1.0

0.0
1.9
0.7

0.3
2.1
1.1

0.4
2.8
1.3

0.1
0.2
2.5

0.2
1.7
1.6

0.0
1.8
1.8

0.0
1.4
0.4

0.0
0.4
2.2

0.0
0.4
0.9

0.1
1.3
1.3

Early Peak to
SM
LP
FL

2.3
0.1
0.8

1.1
0.1
0.1

0.1
0.2
0.0

1.1
0.6
0.6

0.1
0.5
0.1

0.0
1.2
0.0

0.1
0.2
0.2

0.0
0.8
0.2

1.3
0.2
0.0

0.6
0.2
0.7

0.0
0.1
0.0

0.1
0.2
0.0

0.1
1.1
1.6

0.5
0.4
0.3

25.2
0.9
1.5

12.4
5.3
8.0

2.8
2.5
7.6

9.1
4.0
6.4

12.1
3.0
7.2

7.3
4.9
9.7

11.4
1.9
5.7

2.9
8.7
3.5

9.1
4.8
5.8

19.1
2.5
4.4

6.1
4.1
11.2

13.9
1.7
3.1

8.2
5.0
2.9

10.7
3.8
5.9

51.0

35.5

31.8

42.5

36.3

32.4

31.8

37.1

40.0

42.6

29.7

28.5

Flat to
SM
LP
EP
Annual total
a

45.0
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of the study area shifted in 1998 from a climatological Late Peak
seasonal cycle to the Flat seasonal cycle (Fig. 9b, black), the
maximum for the 13 year study period (Table 1). In 1999, the
same shift occurred in 0.5% of the study area, the minimum over
the study period. In contrast, in 1998, only 0.9% of the study area
shifted from the Flat to the Late Peak seasonal cycles (Fig. 9b, gray),
representing the minimum, compared to 5.3% in 1999, the study
period's maximum. Similarly, in 1998, 1.5% of the study area made
the switch from Flat to Early Peak (Fig. 9c, gray), the minimum for
the 13 years and in 1999, the La Niña year, 8.0% switched, one of
the top three years. The opposite shift, from Early Peak to Flat
(Fig. 9c, black), occurred in only 0.8% of the study area in 1998, but
was still larger than the 0.1% that shifted in 1999. These shifts are
consistent with the canonical view of ENSO impacts on the CCS: a
deeper, nutrient-poor upper layer, stronger stratiﬁcation, weaker
upwelling and an expansion of more oligotrophic conditions
(e.g. Kahru and Mitchell, 2000; Mackas, 2006).
In 2005, the delayed upwelling season caused a later than usual
phytoplankton bloom off the Oregon and northern and central
California coasts (Thomas and Brickley, 2006). Our analysis shows

the Late Peak seasonal cycle area had a net expansion of 7.2% in
2005 (Fig. 9b, gray) to encompass a wide area off these coastlines,
the largest such change in the data set.
The overall trend over the study period in regions characterized
by the Late Peak seasonal cycle is a delaying spring CHL maximum
and an advancing summer central tendency (Fig. 7). Together,
these results imply that the season of elevated phytoplankton
biomass is delaying and shortening over northern coastal upwelling regions of our study area. This trend is consistent with results
from Bograd et al. (2009) that demonstrate a shift of upwellingfavorable winds in the northern CCS to later and shorter seasons
from 1967 to 2007.
Study period trends for the Early Peak CHL seasonal cycle
(southern coastal CCS) show it delaying and becoming longer
(Fig. 8). Bograd et al. (2009) reports a lengthening of the upwelling
season in the southern CCS but not a delay in the onset of the
upwelling winds. One possible explanation for the delaying of the
bloom in the Early Peak seasonal cycle is increased winter
stratiﬁcation due to warmer winters, which would require more
cumulative upwelling to shoal isopycnals, and thus a later biomass
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increase. Consistent with this hypothesis, Palacios et al. (2004)
report a strengthening of stratiﬁcation and heat content from 1950
to 1993 at a coastal site at 321N, 1181W, located in the northern tip
of the area characterized by the climatological Early Peak seasonal
cycle. However, trends toward enhanced winter stratiﬁcation
cannot explain the trend toward a delay in the end of the seasonal
CHL bloom, a result that requires more detailed analysis of
possible mechanistic controls.

6. Summary and conclusions
Classiﬁcation of seasonal cycles evident in 13 years of SeaWiFS
satellite CHL over the California Current ﬁnds four dominant temporal
patterns: two with spring-summer maxima, one with a summer
minimum and a fourth with very weak seasonality. In the climatology,
these map to four distinct regions: two coastal (northern and southern) representing coastal upwelling regions, one offshore, and one
between these that extends the entire latitudinal range of the CCS.
Strong interannual variability in the spatial structure of these regions
validates the argument that static boundaries in the ocean may be
misleading and do not necessarily reﬂect the conditions at any given
period in time. Quantiﬁcation of the frequency with which locations
shift seasonal cycles shows that areas along Vancouver Island,
Washington and Oregon coasts, farthest offshore of the California
coast, and near the southern Baja California coast are most stable on
an interannual basis. Regions of most frequent changes in seasonal
cycle shapes are the SCB, the northern and central California coastal
upwelling areas and the seaward margin of the upwelling region along
the Baja California coast.
Clustering analysis provides an effective technique to dividing
the temporally varying structure of phytoplankton seasonality
across the CCS. A novel approach to assessing interannual variability in the biogeography treats each individual seasonal cycle as
an independent vector and clusters all 13 years of data with a
single clustering operation. Different clusters might arise if single
years were treated individually. The four clusters deﬁned in the
climatology are not necessarily optimal in any one year but
provide a consistent framework with which to compare all

13 years. Multivariate clustering has subjective aspects, and other
clustering procedures might ﬁnd more, fewer, or different groupings of seasonal cycles, depending on the goals and objectives of
the study. Here, our goal is to provide a view of interannual
variability in the spatial geography of the primary seasonal cycle
shapes present across the CCS.
The phenology results indicate that although coherent delays in
the spring are evident in the two seasonal cycle shapes that
characterize the CCS coastal upwelling zones, trends in the latter
part of the seasonality are not similar between these seasonal
cycle types. The phenology of the Late Peak seasonal cycle is
delaying and becoming shorter, consistent with shifts in the
seasonal cycle of upwelling observed by other authors. The spring
maximum in the Early Peak seasonal cycle is delaying and
increasing in duration, the latter of which is also consistent with
trends in upwelling. The impacts of these changes on the ecosystem are not known, but provide clear scenarios to examine with
either coupled biophysical or trophic models.
Though shifts in the timing of individual phytoplankton seasonal cycles in the CCS are evident, trends in the biogeographic
ranges of the seasonal cycles are not evident in our results in
contrast to reports for open ocean oligotrophic regions (Irwin and
Oliver, 2009), zooplankton species’ ranges (Beaugrand et al., 2002)
and the mean temperature of catch in ﬁsheries (Cheung et al.,
2013). However, it is not clear whether latitudinal shifts in
response to a changing climate should be expected in an upwelling zone. The view presented here is of regions partitioned by
the seasonal cycle shape, which might be less susceptible to
temperature trends than regions deﬁned by characteristics such
as individual species’ ranges. Furthermore, 13 years of data (and
ten for some of the phenology metrics), is short for quantifying
any trend attributable to global warming, with some results
showing that 40 years of data is required (Henson et al., 2010).
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