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SeaWiFS data provide the first systematic comparison of 10 years (1997–2007) of chlorophyll interannual
variability over the California (CCS) and Humboldt (HCS) Current Systems. Dominant signals are adjacent
to the coast in the wind-driven upwelling zone. Maximum anomalies in both systems are negative signals
during the 1997–1998 El Niño that persist into 1999 at most latitudes. Thereafter, anomalies primarily
appear to be associated with shifts in phenology, with those in the CCS stronger than those of the HSC.
Prominent signals in the CCS are positive anomalies in 2001–2002 at latitudes >35�N and <30�N, and
in 2005–2006 from �30 to 45�N that persist at latitudes >40�N into 2007. In the HCS, latitudinally exten-
sive positive events occur in austral summers of 2002–2003, 2003–2004. Relationships of chlorophyll
anomalies to forcing are explored through correlations to local upwelling anomalies and three indices
of Pacific Ocean basin-scale variability, the Multivariate El Niño Index (MEI), the Pacific Decadal Oscilla-
tion (PDO) and the North Pacific Gyre Oscillation (NPGO). These show that each system has strong lati-
tudinal regionality in linkage to forcing. At higher latitudes, correlations follow expected relationships of
increased (decreased) chlorophyll with positive upwelling and NPGO (MEI and PDO). At specific latitudes,
notably the Southern California Bight and off Peru, where circulation and/or chlorophyll phenology differ
from canonical EBUS patterns, correlations weaken or oppose those expected. Correlations excluding the
El Niño period remain similar in the CCS but substantially changed in the HCS, indicating much stronger
domination of El Niño conditions on HCS anomaly relationships over this 10-year period.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Elevated chlorophyll concentrations characteristic of the coastal
regions of the two Eastern Boundary Upwelling Systems (EBUS) in
the Pacific, the California Current System (CCS) and the Humboldt
Current System (HBS) are driven by vertical nutrient flux induced
by the dominant equatorward alongshore wind stress and result-
ing offshore Ekman transport (Huyer, 1983). Over the extensive
latitudes of both EBUS regions there is varying seasonality in this
wind forcing (Bakun and Nelson, 1991; Hill et al., 1998) that, in
conjunction with seasonality in light availability, creates latitudi-
nal differences in chlorophyll seasonality (Thomas et al., 2001a;
Mackas et al., 2006). Superimposed on this relatively well docu-
mented seasonality is strong interannual variability imposed from
basin-scale atmosphere–ocean signals, the most prominent of
which is the El Niño Southern Oscillation (ENSO). Previous work
has quantified the strong changes in chlorophyll patterns associ-
ated with El Niño conditions in the CCS (e.g. Fiedler, 1984; Kahru
and Mitchell, 2000; Legaard and Thomas, 2006) and in the HCS
(e.g. Thomas et al., 2001b; Carr et al., 2002). At least in the CCS, sig-
ll rights reserved.
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nals emanating from regions poleward of the EBUS also can impose
significant interannual variability on the upwelling ecosystem
through changes in transport and water mass characteristics (Free-
land et al., 2003; Bograd and Lynn, 2003; Thomas et al., 2003). On
longer time scales, changes in the magnitude and sign of the Pacific
Decadal Oscillation (PDO), an index of basin-scale surface temper-
ature patterns, have ecological ramifications in the North Pacific
(e.g. Francis et al., 1998; Hare and Mantua, 2000; Miller et al.,
2004). Recently, Di Lorenzo et al. (2008) show that decadal scale
variability in salinity, nutrients and chlorophyll in the southern
CCS is correlated with a mode of basin-scale variability in sea sur-
face height indicative of gyre circulation they term the North Paci-
fic Gyre Oscillation (NPGO) that has a footprint on the southern
hemisphere.

Satellite data provide the ability to systematically compare
chlorophyll variability across these EBUS systems, first using
Coastal Zone Color Scanner data (Thomas et al., 1994; Hill et al.,
1998) and more recently (Thomas et al., 2001a; Mackas et al.,
2006) using the significantly improved systematic global coverage
of SeaWiFS data. These studies document and compare seasonal
variability, its latitudinal pattern, and its generally strong relation-
ship to seasonal wind forcing. Here we use 10 years of SeaWiFS
ocean color data to present the first direct, systematic comparison
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of time and space patterns of interannual variability of chlorophyll
in the CCS and HCS, first as departures from dominant patterns of
seasonality and then as latitude-specific anomalies. We then dis-
cuss these patterns by examining linkages between chlorophyll
anomalies and (1) local forcing, characterized as anomalies in local
wind-driven upwelling and (2) non-local forcing, characterized by
basin-scale climate-related signals captured by the Multivariate El
Niño Index (MEI), the Pacific Decadal Oscillation (PDO) and the
North Pacific Gyre Oscillation (NPGO).
2. Data and methods

Ten years (September 1997–August 2007) of daily 4 km SeaWiFS
chlorophyll concentration data were composited into monthly
means within each year. Climatological months were formed from
10-year averages and monthly anomalies calculated. A coastal area
indicative of the upwelling region was sub sampled from the images
as the mean concentration over the first 100 km from the coast at
every latitude. All chlorophyll calculations were done in log units
to produce geometric means (Campbell, 1995) and final results con-
verted back to chlorophyll units for display. The 100 km average pro-
duces a systematic chlorophyll metric for latitudinal comparison.
Disadvantages include a possibly biased view of total coastal chloro-
phyll when the shelf and/or upwelling area is either significantly less
than 100 km (e.g. northern Chile) or significantly wider (e.g. Peru).
Tested averages over (1) 50 km, (2) 200 km cross-shelf distances
and (3) normalized to shelf width (500 m contour), changed the
mean chlorophyll values at each latitude but did not significantly al-
ter the view of interannual variability, or the correlations to forcing,
offered by the 100 km average used here.

An upwelling index based on offshore Ekman transport is used
as a metric of local forcing. Gridded, monthly averaged wind stress
values of both the ERS and QuikSCAT satellite scatterometer data
made available by CERSAT at IFREMER, France are used. QuikSCAT
data begin in 1999 and are used for the period 1999–2007. ERS
data are used for the SeaWiFS period prior to this (September
1997–1999). Monthly alongshore wind stress was calculated using
the mean trend of local coastal angle over �2� of latitude and an
upwelling index of cross-shelf Ekman transport (m3 s�1 100 m�1

of coastline) was calculated as a function of latitude in each EBUS.
The two scatterometers offer slightly different views of surface
wind. To reduce this problem, we calculate a monthly climatology
separately for each instrument, and then present only monthly
upwelling anomalies. The ERS period used to calculate a climatol-
ogy is the 4.5 years of data 1996–2000 and the QuikSCAT period
used is 8 years, 1999–2007.

Three indices of monthly basin-scale Pacific atmosphere–ocean
variability are used as metrics of non-local forcing. The Multivariate
ENSO Index (MEI) represents variability imposed by ENSO signals
emanating from the eastern equatorial region. The Pacific Decadal
Oscillation (PDO) tracks the dominant mode of basin-scale surface
temperature variability across the North Pacific (north of 20�N).
The North Pacific Gyre Oscillation (NPGO) results from the second
mode of surface temperature and dynamic height variability in the
North Pacific with patterns that focus on the gyre circulation sepa-
rating the subarctic from the subtropics (Di Lorenzo et al., 2008).

Calculation of statistical significance of correlations between
these data requires care to avoid biases introduced by the nature
of the 10 years time series. Obvious seasonal correlation in both
wind and chlorophyll records is removed by use of the anomalies
and the basin-scale indices are non-seasonal. Each anomaly time
series was first detrended using a least squares fit linear function
to remove unresolved large scale trends. The number of indepen-
dent values used to calculate degrees of freedom was then adjusted
(reduced) to account for autocorrelation within the time series by
dividing the actual number of observations by the (detrended)
chlorophyll anomaly integral time scale at each latitude (this var-
ied 1.4–3.8 months).
3. Results

3.1. Dominant space–time patterns and their anomalies

Dominant large scale patterns of chlorophyll variability over the
two regions are effectively summarized using an empirical orthogo-
nal function (EOF) decomposition applied separately on each 10-
year monthly time series. We briefly describe the seasonality cap-
tured by the EOFs and then focus on departures (anomalies) from
this seasonality. The first two modes of variability in the CCS
(Fig. 1) explain 29% of the total variance. The dominant mode cap-
tures the regionally coherent seasonal cycle (solid line), with max-
ima during boreal summer (May–August, the main upwelling
season), and strong minima in boreal winter (November–January).
The space pattern associated with this mode has elevated concentra-
tions along the coast and very weak weighting offshore. The width
and strength of this coastal maximum is strongest north of 40�N, is
narrower and weaker off central California, even weaker and nar-
rower off Baja, and zero or reversed in the Southern California Bight.
The second mode captures additional seasonality with two regions
of opposite phase, likely reflecting the EOF’s view of latitudinal phas-
ing of the seasonal cycle along the coast (Thomas et al., 2001a).
Northern CCS regions are largely negative (Fig. 1c). Just north of Cape
Blanco, the sign changes and coastal regions equatorward of this are
positive, maximum between Capes Blanco and Mendocino, off San
Francisco, Point Conception and along Baja. The time series shows
this pattern augments the dominant seasonal cycle; southern (posi-
tive) regions have peaks in spring–early summer, northern (nega-
tive) regions have peaks in late summer–fall, and the pattern is
weakest in boreal winter. The first two modes of the HCS EOF decom-
position (Fig. 2) capture 19% of the overall variance. As in the CCS, the
first mode (12.6% of the variance) isolates the regionally coherent
seasonal cycle (solid line), maximum in the main upwelling period,
austral summer (December–February) with strong minima in aus-
tral winter (May–July). The spatial pattern is maximum all along
the coast, strongest and extending furthest from shore in the main
upwelling centers off Peru and extending south from central Chile
(�33�S). The second mode (5.9% of variance) space pattern
(Fig. 2c) divides the region into two at�25�S. The time series shows
the equatorward (positive) region augments the summer maxima
seen in Mode 1 with further maxima lasting into the winter (Janu-
ary–July). The poleward (negative) portion, dominated by variability
off southern Chile, augments austral spring–early summer (Septem-
ber–December) concentrations.

Visualization of interannual variability within these EOF modes
is simplified by removal of the mean annual signal from each of the
EOF time series to show anomalies (blue shading, Figs. 1b and d
and 2b and d). In the latitudinally coherent seasonal cycle (Mode
1) maximum anomalies in both EBUS systems over the 10-year
period are negative during the 1997–1998 El Niño period. Differ-
ences in the timing of the arrival of the ENSO signal in each system
with respect to season create negative anomalies spread over two
upwelling seasons in the CCS (1997 and 1998), but only one in the
HCS. Thereafter, the CCS is characterized by stronger anomalies
than the HCS. Major events evident in the CCS are (1) strong posi-
tive anomalies in late 2001 and throughout the summer of 2002,
(2) a sudden shift from strong negative to strong positive anoma-
lies in summer of 2005 and (3) an extended period of positive
anomalies in 2006. Larger anomalies in the HCS after the El Niño
period are positive events in the summer upwelling seasons of
1999–2000, 2001–2002 and 2005–2006. Mode 2 anomalies are



Fig. 1. The first (a and b) and second (c and d) modes of an EOF decomposition of monthly SeaWiFS chlorophyll variability in the California Current System over 10 years
(1997–2007), showing space patterns, associated time series (solid line) and the% of total variance explained by each. Interannual variability in each mode is highlighted as
blue shaded areas of the time series (b and d) showing anomalies of each time series from its 10-year mean annual cycle. Relevant geographic locations are indicated.

388 A.C. Thomas et al. / Progress in Oceanography 83 (2009) 386–392
more difficult to interpret due to the sign-change in both space and
time but they still represent deviations from the 10-year average
seasonality captured within the mode. Quantitatively, negative
(positive) anomalies in Mode 2 are weaker (stronger) than normal
positive time and space signals and stronger (weaker) than normal
negative time/space signals. In the CCS, the most obvious devia-
tions from Mode 2 seasonality are (1) the extended negative period
in late 1997 and most of 1998 during the El Niño creating weaker
concentrations off southern Oregon, California and Baja in this per-
iod, (2) a strong negative event in late summer 1999 indicative of
elevated fall concentrations off Oregon and Washington and (3) an
extended period of positive anomalies in 2005–2006 creating
stronger concentrations at lower latitudes. HCS Mode 2 anomalies
are dominated by strong negative events in the summers of 1997–
1998 and 1998–1999, indicative of weaker chlorophyll in the Peru
(positive) region and stronger chlorophyll at higher (negative) lat-
itudes, and positive anomalies in the summers of 2000–2001,
2003–2004 and 2006–2007, creating stronger chlorophyll concen-
trations off Peru. Outside the ENSO period of 1997–1999, both
modes of these EBUS systems suggest that chlorophyll interannual
variability is dominated by shifts in phenology.

3.2. Chlorophyll anomalies

Although the EOFs isolate regionally coherent dominant
patterns, chlorophyll values averaged in the cross-shelf direction
over the coastal 100 km at each latitude provide views of actual
concentrations, associated anomalies and their spatial location.
Monthly mean concentrations within this 100 km region for each
EBUS show strong seasonality varying as a function of latitudinal
position, similar to that presented by Mackas et al. (2006). The cli-
matological annual cycle at each latitude was subtracted from each
year to produce anomalies (Fig. 3a and b). These climatologies (not
shown) are qualitatively similar to those based on the first 3 years
of SeaWiFS data (Thomas et al., 2001a) and evident in data pre-
sented by Mackas et al. (2006).

As expected from the EOFs, strongest (in magnitude, latitudinal
extent and duration) anomalies are those during the El Niño period
of 1997–1998. In the CCS (Fig. 3a), these are strongest in 1997
north of �34�N and in 1998 south of 30�N off Baja. In the HCS,
strongest anomalies are over the summer of 1997–1998 from Peru
into northern Chile (�22�S) and in the upwelling center around
35�S. Strong negative anomalies reoccur off central Peru in both
the following summers, but are of shorter duration and less latitu-
dinal extent. These negative anomalies off Peru in the summers fol-
lowing the El Niño are coincident with positive anomalies at higher
latitudes (>35�S) off Chile. At the lowest latitudes off northern Peru
(<8�S), El Niño anomalies switch to positive by mid 1998.

After the El Niño period, three episodes are the most obvious
features in the CCS anomaly data, although others are regionally
important. A period of positive anomalies is evident in 2001 and
2002. These begin at mid latitudes (35–45�N) in mid 2001 and be-
come stronger towards the end of the year north of 45�N. These
weaken in winter, but are strong north of 40�N throughout 2002
and coincident with strong positive anomalies off Baja. Strong,
but relatively short-lived negative anomalies occur in 2005 at
higher latitudes and off Baja. Extensive positive anomalies are evi-
dent in the final 3 years of data. These begin earliest (2005) off
southern California (30–37�N) coincident with the higher latitude
negative anomaly. They continue off central California in late



Fig. 2. The same as Fig. 1 but for the Humboldt Current System.
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2005 and into 2006, centered at �35�N, and by 2006, positive
anomalies dominate. These persist into 2007 at latitudes north of
�42�N. In the HCS, chlorophyll anomalies after the first few years
of ENSO perturbation are strongly positive in summer 2001–2002
in a region centered at 35�S, but negative over the rest of the Chil-
ean coast. A latitudinally extensive positive event is present in the
summer of 2002–2003 from �10 to 35�S, and again in 2003–2004
from 5 to 27�S. During both of these episodes, negative anomalies
dominate higher latitudes. Summer 2005–2006 has strong positive
anomalies off Peru and in all latitudes south of �30�S. Lastly, 2007
appears to be characterized by strong positive anomalies, espe-
cially off Peru early in the year and off Chile south of 35�S at the
very end of the record.

3.3. Local and basin-scale forcing signals

We characterize local forcing as the coastal wind-driven
upwelling intensity. The actual upwelling index (not shown) has
strong seasonality that varies as a function of latitude in both EBUS
regions, with persistent year-round upwelling dominating at lower
latitudes (equatorward of �32� and 36� in the HCS and CCS, respec-
tively, Mackas et al., 2006) and increasingly strong and prolonged
winter downwelling as latitude increases poleward of this. Here
we are interested in interannual variability. Anomalies of upwell-
ing as a function of latitude and time (Fig. 3c, d) are characterized
by relatively extensive latitudinal coherence, but typically shorter
time scales than those of chlorophyll (Fig. 3a, b). In the CCS, anom-
alies are negative during the early El Niño period, but switch to po-
sitive in 1998 and remain so into 1999. Strong positive anomalies
are evident north of 35� in 2001 and over the entire CCS in early
2002, switching to negative in late 2002 and into 2003. A strong
positive event is evident north of 35�N beginning in the last half
of 2004, but this switches to negative over the entire region by
early 2005. This negative event weakens (or reverses) in summer
2005, but then becomes negative again by the last quarter to pro-
duce negative anomalies that persist into mid 2006. The latter half
of 2006 and early 2007 are dominated by strong positive anoma-
lies, especially strong off California (35–40�N). The El Niño period
in the HCS (Fig. 3d), in contrast to the CCS, is dominated by strong
positive upwelling anomalies. These switch to negative off Peru in
late 1998, remaining strongly negative through early 2001. There-
after, upwelling is strong off Peru though much of 2002 and 2007
and weak in winter–spring of 2006. A region of persistent weak
anomalies is evident from �15 to 25�S, consistent with areas of re-
duced wind forcing (Hill et al., 1998). At higher latitudes, strong
negative anomalies are evident in 2000 and 2002 and over a large
latitudinal range in winter–spring 2006. Strong positive anomalies
are evident in 1998–1999, and over smaller time–space periods in
2001 and 2003. In 2007, the positive anomalies off Peru extend
throughout the latitudinal range of the HCS.

Interannual variability in the three Pacific basin-scale indices
over the study period is shown in Fig. 4. The dominant feature in
the MEI is the strong 1997–98 El Niño, with a period of negative val-
ues during the following La Niña. Thereafter, weaker MEI maxima



Fig. 3. Monthly anomalies of chlorophyll concentration (mg m�3) averaged over the 100 km adjacent to the coast plotted as a function of time and latitude over the 10 years
study period in the a) CCS and b) HCS (anomalies 0 ± 0.125 mg m�3 are white, negative anomalies in blue and positive anomalies in orange) and of scatterometer-derived
monthly upwelling index (m3 s�1 100 m�1) in the c) CCS and d) HCS (anomalies 0 ± 10 m3 s�1 100 m�1 are white, negative anomalies in blue and positive anomalies in red,
dotted vertical line in 1999 marks the separation between ERS data and QuikSCAT data.

Fig. 4. Monthly values of three Pacific basin-scale climate indices over the 1997–
2007 study period; the Multivariate El Niño Index (MEI), the Pacific Decadal
Oscillation (PDO) and the North Pacific Gyre Oscillation (NPGO).
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are present at the ends of 2002 and 2006. The PDO is strongly posi-
tive through the El Niño period and then enters a predominantly
negative phase in mid 1998 until mid 2002 when it switches to
strongly positive. It remains positive (maxima in late 2002 and
early 2005), with episodic exceptions until mid 2006, when the sig-
nal becomes weaker and variable. The NPGO is weak during the El
Niño period, with a single peak exception in February 1998. It be-
comes strongly positive in early 1999 and remains so until the last
part of 2003 when it weakens and becomes negative in late 2004
and through 2005. It switches back to weakly positive in January
2006, remaining predominantly so for the rest of the study period.
4. Discussion

The canonical picture of EBUS regions is of increased wind-dri-
ven upwelling driving increased phytoplankton production and,
therefore, chlorophyll concentrations. Visual comparisons of the
upwelling and chlorophyll anomalies (Fig. 3) reveal times and lat-
itudes that both support and contradict this picture. The negative
chlorophyll anomalies of the El Niño period are associated with
both positive and negative upwelling anomalies in the CCS and
strong positive upwelling anomalies through much of the HSC.
The latitudinally-coherent positive wind anomalies of 2002
(2007) in the CCS (HCS) are associated with positive chlorophyll
anomalies at higher and lower latitudes, but this is not true at
mid latitudes. While the negative chlorophyll anomalies at highest
latitudes in the CCS in 2005 are coincident with negative wind
anomalies, this is not true at mid latitudes where the strong posi-
tive chlorophyll anomalies are associated with negative wind
anomalies. Off Chile, strong positive chlorophyll anomalies cen-
tered at 35�S in summer 2000–2001 are associated with weak po-
sitive wind anomalies and extensive positive chlorophyll
anomalies in summer 2002–2003 with even weaker upwelling
anomalies. Yet at higher latitudes (>35�S) sequences of negative
(positive) chlorophyll anomalies in 2001 through 2003 and in the
summers of 2005–2006 and 2006–2007 are coincident with nega-
tive (positive) upwelling anomalies. Three observations offer some
synthesis. First, the El Niño period and associated anomalous
subsurface hydrographic structure (e.g. Thomas et al., 2001b;
Dever and Winant, 2002) clearly cause relationships between
wind-driven upwelling, nutrient flux and phytoplankton response
to depart from the simple EBUS canonical picture (Chavez et al.,
2002). Second, off Peru, the reversed relationship between upwell-
ing and chlorophyll anomalies evident in Fig. 3 that opposes the
canonical picture is consistent with out of phase seasonality of
these signals (Thomas et al., 2001a; Echevin et al., 2008). Third,
previous work has shown that in EBUS regions, alongshore wind
stress and coastal upwelling are not the only relevant wind forcing.



Fig. 5. Correlations (r values at zero lag) between monthly chlorophyll anomalies at
each latitude and anomalies in upwelling index at each latitude, the Multivariate El
Niño Index (MEI), Pacific Decadal Oscillation (PDO) and North Pacific Gyre
Oscillation (NPGO), plotted as a function of latitude for a) the CCS and b) the HCS.
Bold symbols indicate latitudes where r rises above the 95% significance level.
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Both wind stress curl and wind mixing influence vertical fluxes and
hence the nutrient and light regime experienced by the phyto-
plankton, neither of which are addressed here (e.g. Abbott and
Barksdale, 1991; Halpern, 2002; Henson and Thomas, 2007; Eche-
vin et al., 2008).

The relationship of strong negative chlorophyll anomalies
(Fig. 3) in both systems to the positive MEI and PDO (Fig. 4) during
the El Niño period is the clearest signal in the time series. Follow-
ing this, the PDO and MEI (NPGO) enter a negative (positive) phase
until 2002. This period coincides with generally negative chloro-
phyll anomalies at mid latitudes. In 2002 the MEI and PDO switch
signs and the NPGO weakens, and this transition period is associ-
ated with the first latitudinally widespread positive chlorophyll
anomalies to occur in both systems after the El Niño. In the CCS,
this period was associated with anomalous equatorward transport
of cold, nutrient-rich sub arctic water into the CCS (Freeland et al.,
2003) but similar mechanisms have not been shown in the HCS.
The weaker and more variable basin-scale indices after 2003 coin-
cide with an increase in occurrence of positive chlorophyll anom-
alies compared to the beginning of the record, but strong
latitudinal variability in the chlorophyll signal makes any synthesis
statement difficult.

Systematic relationships between chlorophyll anomalies and
forcing are best summarized by statistical comparisons. Correla-
tion between anomalies of upwelling and chlorophyll (Fig. 3) and
between chlorophyll anomalies of each latitude and Pacific basin-
scale signals (Fig. 4) are plotted as a function of latitude (Fig. 5).
Correlations at time lags up to 6 months were examined but are
not larger than the zero-lag correlations presented here.

Strong regionality is evident in both the HCS and CCS with re-
gard to linkages between chlorophyll anomalies and the forcing
examined here (Fig. 5). Over the 10 year record, chlorophyll anom-
alies are positively correlated with upwelling anomalies at higher
latitudes in the CCS (48 to �41�N). This correlation disappears be-
tween 41 and 31�N. Possible explanations for this are the summer
offshore (often >100 km) position of the coastal jet at these lati-
tudes (Strub and James, 2000) which imposes strong control on
cross-shelf chlorophyll distributions and hence the 100 km mean
viewed here, and the strongly differing circulation and weak (actu-
ally reversed) seasonal and relatively weak interannual chlorophyll
variability within the Southern California Bight (Fig. 1 and Mackas
et al., 2006; Thomas et al., 2001a). The upwelling–chlorophyll cor-
relation becomes significant again off northern Baja (31–27�N), but
reverses at the very lowest latitudes where strong solar heating
plays a role in stratification, vertical nutrient flux and wind–chlo-
rophyll seasonality (Espinosa-Carreon et al., 2004; Henson and
Thomas, 2007). In the HCS, upwelling - chlorophyll correlations
are significant and negative off Peru and into northern Chile where
wind and chlorophyll phenology are out of phase and mixed layer
depth and light play a significant role in surface chlorophyll con-
centrations (Echevin et al., 2008). Correlations are weakly positive
along central Chile and become strongly positive poleward of
�36�S, consistent with expected relationships. In both the CCS
and HCS, regions of weak correlation may also be a result of the
monthly averages used here and unresolved higher frequency
relationships.

A relatively consistent relationship between the basin-scale
indices and chlorophyll anomalies is observed as a function of lat-
itude in both EBUS regions. In accordance with canonical models,
the correlations of chlorophyll with both the PDO and MEI are neg-
ative where they are significant. El Niño events (positive MEI) and
the warm (positive) PDO phase are associated with reduced chloro-
phyll in the upwelling systems. Of interest are the regions where
these relationships are not significant. In the CCS, this occurs at
�43–38�N, in the region Capes Blanco and Mendocino and (for
the PDO) at �34�N in the Southern California Bight, both regions
of recirculation downstream of headlands and strongly reduced
100 km chlorophyll concentrations (Mackas et al., 2006). In the
HCS, the relationship weakens off northern Chile, an area where
the upwelling region is very narrow and becomes significant again
in the wider and stronger upwelling regions south of �35�S. We
note that the surface temperature derived PDO is not completely
independent of the MEI. Over the short (10 years) record analyzed
here, dominated by the 1997–1999 ENSO event, the two are
strongly correlated. The generally positive relationships between
chlorophyll anomalies in the CCS and the NPGO are in agreement
with the interpretation of the NPGO as indicative of North Pacific
gyre circulation and upwelling strength (Di Lorenzo et al., 2008).
Correlations weaken in the area of reduced chlorophyll and coastal
recirculation at �40�N, and actually reverse in the Southern Cali-
fornia Bight area. In the HCS, relationships of chlorophyll to the
NPGO are generally positive except at the very highest latitudes
examined (>40�S) where they are negative, and Peru where the
NPGO appears to not have a significant footprint. At low latitudes,
one explanation is that chlorophyll anomalies in the 10 years re-
cord are strongly positively (negatively) related to the MEI (Ekman
transport) and these dominate the forcing, but mechanisms behind
the high latitude negative correlations are unknown. Lastly, recal-
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culating the correlations of Fig. 5 without the first 12 months of
data (the El Niño) changes patterns in the CCS very little, suggest-
ing either that chlorophyll–forcing relationships over the 10-year
period are similar to those of the El Niño period or that strong
anomalies in the later time series do not allow the El Niño to dom-
inate. Such is not true in the HCS where from 10 to 35�S, correla-
tions with upwelling, the PDO and MEI change sign, indicative of
strong domination of the 10-year interannual variability in this re-
gion by the relationships of the El Niño period.

5. Conclusions

Ten years of monthly-averaged satellite chlorophyll data quan-
tify dominant patterns of interannual variability in the CCS and
HCS.

� Strongest chlorophyll anomalies in both the CCS and HCS
10 years record are negative anomalies of the 1997–1998 El
Niño period. These are associated with both negative and posi-
tive wind-driven upwelling anomalies, depending on latitudinal
location. Thereafter, anomalies are stronger in the CCS than the
HCS and in both systems appear to primarily reflect shifts in
phenology.

� Other strong chlorophyll anomalies in the CCS are associated
with previously identified anomalous transport events (positive
2001–2002 anomalies) and shifts in wind phenology (2005
anomaly patterns). Such relationships remain less well under-
stood in the HCS, but latitudinally extensive positive anomalies
are present in summer 2002–2003 and in 2003–2004.

� Both systems show strong latitudinal regionality in the relation-
ship between chlorophyll anomalies and both local (upwelling)
and non-local forcing (MEI, PDO and NPGO). These generally fol-
low expected biological–physical relationships except in regions
where differing circulation and/or phenology of wind and/or
chlorophyll varies from canonical EBUS patterns (e.g. the South-
ern California Bight and off Peru).

The actual mechanisms that link this forcing to phytoplankton
response, ramifications on higher trophic levels, and details of
the relationship between the monthly averages examined here
and ecologically important higher frequency variability, await fur-
ther research.
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