
Journal of Marine Systems 79 (2010) 245–257

Contents lists available at ScienceDirect

Journal of Marine Systems

j ourna l homepage: www.e lsev ie r.com/ locate / jmarsys
Climate change, teleconnection patterns, and regional processes forcing marine
populations in the Pacific

Franklin B. Schwing a,⁎, Roy Mendelssohn a, Steven J. Bograd a, James E. Overland b,
Muyin Wang b, Shin-ichi Ito c

a Environmental Research Division, Southwest Fisheries Science Center, NOAA Fisheries Service, 1352 Lighthouse Avenue, Pacific Grove, CA 93950-2097, United States
b Pacific Marine Environmental Laboratory, National Ocean and Atmosphere Administration, Seattle, Washington, United States
c Tohoku National Fisheries Research Institute, Fisheries Research Agency 3-27-5, Shinhama-cho, Shiogama-city, Miyagi 985-0001, Japan
⁎ Corresponding author. Tel.: +1 831 648 9034; fax: +
E-mail address: Franklin.Schwing@noaa.gov (F.B. Sch

0924-7963/$ – see front matter. Published by Elsevier B
doi:10.1016/j.jmarsys.2008.11.027
a b s t r a c t
a r t i c l e i n f o
Article history:
 Climate change impacts in

Received 11 April 2007
Received in revised form 6 April 2008
Accepted 24 November 2008
Available online 20 February 2009

Keywords:
Climate change
Teleconnections
Marine ecosystems
Pacific Ocean
large marine ecosystems (LMEs) are driven by global climate variability, often
communicated over large distances by atmospheric teleconnections, and modified by the dominant local and
regional ocean processes. The focus of this paper is to summarize the key processes and features that
characterize the major coastal LMEs of the Pacific, as part of a greater effort to understand the role of past and
future global climate change in driving (possibly synchronous) fluctuations in marine populations. The
physical setting of five LMEs – the Humboldt Current System (HCS), California Current System (CCS), Gulf of
Alaska (GOA), Kuroshio Current System (KCS), and Oyashio Current System (OCS) – and the mechanisms and
impacts of climate variability on these systems are described. Because of their pivotal role in linking and
perhaps synchronizing climate variability in disparate LMEs, we also review teleconnections and analyze past
global atmospheric teleconnections and regional ocean response patterns. The major Pacific eastern
boundary current systems, the CCS and HCS, feature similar dominant processes (e.g., coastal upwelling), and
share atmospheric forcing from common teleconnection patterns that vary together. Sea level pressure
variations forcing the KCS and OCS systems on climate scales, however, are not strongly teleconnected to the
CCS and HCS. A common factor analysis of sea surface temperature (SST) within these ecosystems provides
an example of how LMEs have responded to past climate variability. All LMEs display a persistent warming
tendency since 1900, with multi-decadal fluctuations superimposed. However, SST fluctuations in the
western Pacific lag those in the east by about a decade. Global synchrony in climate forcing is modulated by
distinct processes within each LME, which reduce the correlation between long-term fluctuations.

Published by Elsevier B.V.
1. Introduction

Marine ecosystems are sensitive to perturbations in their physical
environment on all time scales, particularly those comparable to the
lifespan of their longer-lived top predator species. Climate events,
notably interannual events such as ENSO, and variations on decadal
and longer scales, appear to force often-dramatic shifts in the
production, distribution, and biomass of many marine populations
as well as the overall productivity and organization of their
ecosystems. Thus, if disparate populations and biologically uncon-
nected ecosystems change simultaneously (Alheit and Bakun, 2010,
and citations therein), they are most likely responding to ocean basin-
scale or global climate variability.

There are difficulties with moving beyond correlational physical–
biological relationships to ascribing the mechanisms responsible for
ecosystem variability. Long-term tendencies can be hidden in the
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seasonal and non-seasonal components of climate time series
(Mendelssohn et al., 2003, 2004). Ecosystems may have a long
memory of past climate events (Percival et al., 2001); for example, the
impacts of El Niño events may be seen in marine systems for several
years. Even identifying when variations are significant from noise or
random fluctuations is a complex problem (Pierce et al., 2000; Pierce,
2001; Newman et al., 2003; Overland et al., 2006).

It is critical to understand how physical climate signals propagate,
and what processes lead to ecosystem change. Climate variations are
communicated through fluxes of heat, moisture, and momentum by
atmospheric circulation, and via the transport of heat, buoyancy,
momentum, and material by the large-scale ocean circulation. The
former appear to occur in recognizable patterns of variability via
teleconnections (Horel andWallace, 1981;Wallace and Gutzler, 1981).
These propagations lead to regional signals that alter the processes
that determine ecosystem form, function, and productivity. They often
are summarized by spatial patterns and temporal indices that
characterize the time variability of climate, and are commonly used
as climate indices.
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Fig. 1. Schematic of the mean atmospheric pressure pattern in the northern
hemisphere. The distribution of high (red contours) and low (blue contours) pressure
centers highlights the Pacific–North American teleconnection pattern. The positive
phase of the PNA is associated with positive anomalies over the North Pacific and
western North America, and negative anomalies over the Gulf of Alaska and the
southeastern US.
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Since teleconnections are important in forcing and transmitting
climate signals globally, the focus here is to describe their impact, the
potential mechanisms that force ecosystem change, and the interac-
tions of global climate forcings with regional processes and features
within individual ecosystems (and at sub-ecosystem scales) that
modulate them.

In this paper, we summarize the key processes and features that
characterize themajor coastal largemarine ecosystems (LMEs) of the
Pacific Ocean – the Humboldt Current System (HCS), California
Current System (CCS), Gulf of Alaska (GOA), Kuroshio Current System
(KCS), and Oyashio Current System (OCS) – with emphasis on those
processes important to marine fishery populations. To set the stage,
an overview of atmospheric teleconnections is provided, and
evidence is given for teleconnections (and the lack thereof) between
various ocean regions. Second, we characterize the impact of past
climate variability on these features, identifying the mechanisms
linking global climate to regional ocean responses and future climate
change scenarios. Third, we compare the response of the LMEs with
respect to the similarities in the processes, the timing of their
fluctuations, and probable teleconnections. Our goal is to describe the
basics of signals of climate forcing in these LMEs from past variability,
which will assist fisheries scientists in understanding climate-
ecosystem linkages and determine the probable consequences of
Fig. 2. Schematic of themeanHadley–Walker atmospheric (teleconnections) circulation in th
Highs, denoted by L and H symbols, respectively. Smaller arrows denote near-surface trade
future climate change to marine ecosystems and their primary
fishery populations.

2. Teleconnections

Atmospheric teleconnections (Gu and Philander, 1997; Alexander
et al., 2004) transmit climate signals over very long distances to
remote ecosystems, where local environmental conditions and
physiography modify their impacts on the biology. Teleconnections
are a way of summarizing atmospheric patterns and interactions, as
well as describing the transport processes for heat, moisture, and
momentum — the ‘fuels’ of the Earth's climate. They are important to
understand as vectors of climate variability that drive conditions
affecting land and ocean. They also provide a way of integrating and
quantifying climate variability into a small set of indices. Finally,
recognizing teleconnection patterns as they occur and evolve allows
better understanding of regional climate change, assessments at the
ecosystem scale and the likely consequences to marine populations.

It has long been recognized that global atmospheric pressure systems
are linked on interannual and longer time scales (Walker, 1924).
Atmospheric teleconnections link widely separated pressure centers
(Namias, 1959, 1969; Horel and Wallace, 1981; Barnston and Livezey,
1987), allowing redistributions in atmospheric mass associated with El
Niño/La Niña, decadal, and other climate scales to create well-defined
anomaly patterns. This has allowed climate scientists to identify
pressure-based indices that characterize and quantify climate variability.
The teleconnection indices of most importance to the LMEs of concern
here include the Southern Oscillation (SO, Walker, 1924), the Pacific/
North American Index (PNA, Wallace and Gutzler, 1981), the North
Atlantic Oscillation (NAO, Barnston and Livezey, 1987), the Arctic
Oscillation (AO, also called the Northern Annular Mode; Thompson and
Wallace, 1998; Overland and Wang, 2005), and the North Pacific Index
(NPI, Trenberth and Hurrell,1994). The PNA, for example, characterizes a
pattern that connects the Pacific and Atlantic regions (Fig. 1).

Fig. 2 displays schematically the atmospheric teleconnection
between the equatorial Pacific and the mid-latitude high-pressure
systems that control wind forcing in the Pacific's eastern boundary
current (EBC) ecosystems. Low pressure in thewestern tropical Pacific
results in a tropospheric signal that feeds the extra-tropical North and
South Pacific Highs (NPH and SPH), which drive coastal upwelling and
much of the ocean circulation and structure in the CCS and HCS,
respectively. Air rises in tropical convective systems (shown schema-
tically as clouds) and then flows poleward and eastward as upper
tropospheric winds. It then descends over the mid-latitude regions of
the eastern Pacific. Trade winds in the lower troposphere return from
the NPH and SPH into an area of low sea level pressure (SLP) in the
western tropical Pacific–southeast Asian region.

This circuit, called the Hadley–Walker circulation (Peixoto and
Oort,1992), has amean symmetry about the equator that extends over
the North and South Pacific basins. Through this circulation, the NPH
and SPH contribute to climate variations of Southeast Asia and the
e Pacific region. Predominant pressure systems, Darwin Lowand North and South Pacific
winds; larger arrows reflect upper troposphere winds.
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tropical Indo-Pacific region. On intraseasonal to interannual scales,
SLP variations at the NPH and SPH tend to be out of phase with the
western tropical Pacific. A perturbation anywhere within this
circulation will impact the entire system (Schwing et al., 2002). For
example, an El Niño event weakens the equatorial low in the western
Pacific, which will weaken the extra-tropical highs and the trades that
connect them. In general, therefore, anomalies in these high-pressure
systems will be similar on interannual time scales, so anomalies in the
forcing of the CCS and HCS are likely to coincide as well. However, this
is not always the case, and the asymmetry of the seasons and
differences in latitude of these systems complicates the issue. Since
this is a coupled system, extra-tropical perturbations (e.g., modifica-
tions of the NPH or SPH by perturbations in the jet stream)may trigger
equatorial variability as well.

Teleconnections can also propagate over long distances through
the ocean, via planetary and coastal-trapped waves. The most familiar
of these are the internal Kelvin waves generated by perturbations of
the pycnocline in the equatorial Pacific as the ocean component of
ENSO (cf. Philander, 1990; Delcroix et al., 1991). These propagate east
along the equator, and are frequently, but not always, seen as
poleward propagations along the west coast of North and South
America (Enfield and Allen, 1980; Pares-Sierra and O'Brien, 1989;
Clarke and Lebedev, 1999) They can transfer their signals across the
equatorial Pacific in a matter of weeks, and to the mid-latitudes in
another few months. As these Kelvin waves propagate along the
eastern boundaries, their energy is scattered into slower-moving
Rossby waves that propagate west. These have been observed to move
across the North Pacific on ca. 10 years (Jacobs et al., 1994), a possible
source of decadal variability in the ocean basins. Coastal Kelvin waves
Fig. 3. Leading two modes of the EOFs for northern hemisphere winter (DJFM) SLP (1900–20
total variance. Time series is positivewhen Arctic SLP is low. The second mode reflects the PN
SLP is low. After Quadrelli and Wallace (2004).
also can be generated by factors such as regional meteorological
forcing (e.g., frontal passages, tropical storms), so their signals may be
confused with those generated in the tropics. Because the HCS is
closer to the equator, Kelvin waves are more significant off South
America. Rossby waves are also generated by regional atmospheric-
forced disturbances and can appear as anomalies in regional ocean
circulation and vertical structure on interannual scales (Lynn et al.,
1995).

Interannual and decadal variability in atmospheric circulation on
upper ocean conditions have been the subject of several studies
(Namias, 1959, 1969; Trenberth and Hurrell, 1994; Tomita et al., 2001).
Schwing et al. (2002) identified a “characteristic spatial relationship”
between anomalies in atmospheric pressure and upper ocean
temperature in the North Pacific, suggesting that atmospheric and
oceanic variability are coupled on intraseasonal, interannual, and
interdecadal scales. Tomita et al. (2002) recognized the importance of
atmospheric and ocean dynamics to interdecadal variations in North
Pacific sea surface temperature (SST). Ocean anomalies are commu-
nicated to other basins via atmospheric teleconnections, also referred
to as the ‘atmospheric bridge’ (Lau, 1997; Alexander et al., 2002).
Through this atmospheric bridge, SST anomalies in the Pacific
contribute to variations in SST in the Atlantic and Indian Oceans
(Klein et al., 1999; Mo and Hakkinen, 2001; White and Allan, 2001).

An Empirical Orthogonal Function (EOF)/Principal Component
Analysis (PCA) is one way of objectively characterizing the primary
spatial patterns of variance. From a PCA of Northern Hemisphere
winter atmospheric pressure, Quadrelli and Wallace (2004) con-
cluded that just two spatial patterns explain much of the variability in
familiar teleconnection patterns (Fig. 3). The first pattern is, by
06). The spatial pattern of the first mode is similar to the AO, and explains 22.6% of the
A pattern and explains 12.3% of total variance. Time series is positive when North Pacific



Fig. 4. Time series of (a) NAO (1821–2000), (b) NPI (1899–2000), and (c) PDO (1899–
2000) indices (dashed lines). Series smoothed with a 39-month Gaussian filter. Bold
lines show significant climate regimes and change points (“regime shifts”) determined
from objective analysis for abrupt changes (from Schwing et al., 2003).
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definition, the AO. The second pattern resembles the PNA in the Pacific
(cf. Fig. 1). Positive signs to the two PCA time series indicate lower and
higher SLP over the Atlantic and Pacific, respectively, and correlate
with warmer temperatures over the land masses to their east. Beyond
these first two modes, most atmospheric variability is less systematic.
These two patterns, which explain about one-third of the total SLP
variance, also incorporate the variability described by a number of
familiar atmospheric indices, including the NAO, NPI, and the Pacific
Decadal Oscillation (PDO). The times series show the strong AO event
in the early 1990s and a weak but positive PNA-like Pacific pattern
since 1976, negative values through the 1950s and a long upward
trend for the first 30 years of the 20th century. In addition to these
patterns, interannual components of the SLP field appear to be part of
Fig. 5. Phase plot of the NAO and the NP indices, fromwww.cgd.ucar.edu/cas/jhurrell/indices
when the NP is minus. There is a 3-year running mean on the data.
a global structure symmetrical about the equator, with a strong
tropical influence from ENSO.

2.1. Global teleconnections: linking climate variability between the
Pacific and Atlantic

One of the intriguing challenges is identifying if marine ecosys-
tems world-wide are fluctuating in synchrony, as suggested by the
long time series of a number of fish populations (Lluch-Belda et al.,
1992; Hare and Mantua, 2000; McFarlane et al., 2000). In particular,
do populations co-vary in Pacific and Atlantic ecosystems? If so, does
coherent forcing drive biological variability, and are disparate marine
populations responding to the same climate signal? Teleconnections,
as described above, are a likelymechanism for communicating climate
variability between these ocean basins.

The AO and PNA are two teleconnection patterns that link the
Atlantic and Pacific regions (Figs. 1, 3). These atmospheric modes
imply stable, predictable spatial patterns of climate variability.
However, these spatial patterns change over time. A number of
studies suggest that climate variations in the Atlantic and Pacific are
not coupled. Tomita et al. (2001) characterized decadal-scale
variability in global atmospheric circulation and SST as having
independent patterns associated with the SO, NAO, and NPI. Trenberth
and Hurrell (1994) showed that winter atmospheric SLP over the
North Pacific, which is dominated by interannual and interdecadal
variability, has a strong negative correlation with a SST spatial pattern
later identified by Mantua et al. (1997) as the PDO. However, North
Pacific and North Atlantic SLP variations are poorly correlated
(Trenberth and Hurrell, 1994; Hurrell,1996). Similar studies (Thomp-
son and Wallace, 1998; Tomita et al., 2001) found a negative
correlation between the PDO and NPI, but only weak correlations
between North Pacific SLP and the NAO.

Abrupt changes in atmospheric and ocean circulation on inter-
decadal time scales (regime shifts) are linked between the Atlantic
and Pacific (Schwing et al., 2003), but not always with the same phase
sign (Fig. 4). Indices for both basins show simultaneous shifts at about
1915, 1924, 1942, 1961, 1976, and 1988. The longer NAO also displays
regime shifts at these times, as well as in 1832, 1865, 1870, and 1881.
Shifts in the NAO and NPI (PDO) were positively (negatively)
correlated prior to the late 1950s. However this relationship breaks
down after about 1961, suggesting that although the North Atlantic
and North Pacific atmosphere is teleconnected onmultidecadal scales,
it has multiple spatial modes. These results imply there are periods
when the Atlantic and Pacific ecosystems are forced in the same
.html. The Icelandic Low is deep when the NAO is positive and the Aleutian Low is deep

http://www.cgd.ucar.edu/cas/jhurrell/indices.html
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direction, other times when climate forcing of Atlantic and Pacific
ecosystems is out of phase or decoupled.

To illustrate this point, we assess the relative importance of the
Atlantic and Pacific climate patterns by plotting thewinter NAO versus
NP indices (Fig. 5). This gives a phase plot representing the state of the
climate in any winter (listed as years for the 20th century). Given the
scatter of points and the nearly equal distributions in all four
quadrants, there is no clear indication of coordinated weather
patterns between the North Pacific and North Atlantic. As the Pacific
variability is more interdecadal and the Atlantic is more decadal, there
are periods when the two do lie in the same quadrant. From 1950–
2000 there is a trend toward lower NP SLP as the NAO is positive in the
1990s and negative in the 1960s, while the NP SLP was high in the
1950s and low in the 1980s. From 1903 to mid-1920s the NAO was
mostly positive and the Aleutian Low was weak (High NP index).
Therefore, while there appears to be no systematic covariability
between the Atlantic and Pacific over the entire 20th century, there
are decadal periods where the state of the climate in the same region
is in phase. One time is the 1980s when both the Icelandic Low (NAO
+) and Aleutian Low pressures were low (NP-) There could be some
reinforcement of the Atlantic pattern by the Pacific in this period
(Honda and Nakamura, 2001). Unusual conditions in the past decade
are shown by both indices lying near the origin, suggesting that
neither index explains recent climate variability. The 1930s was also a
time when both indices were small.

2.2. An analysis of global teleconnections based on SLP

To extend this comparison of the North Pacific and North Atlantic
teleconnections globally, we present a common dynamic factor
analysis of SLP at 23 high and low pressure centers worldwide
(Fig. 6). This analysis shows the connectivity between the dominant
Fig. 6. Cluster analysis of SLP common trends 2–4, quantifying the relationship between 23 d
statistically, based on the behavior of their time series, are shown in the same color. Time ser
are representative of the temporal tendencies for their respective geographic clusters. Loca
SLP centers over the past century, and reveals how the climate forcing
of ecosystems co-varies in space and time.

The quarterly time series (1899–2001) were derived from the 5°
global SLP data set from Minobe (1999). Each series was decomposed
into a non-parametric trend (i.e. a time-varying mean), a non-
stationary seasonal term, a stochastic cycle (with changing phase and
amplitude) and observation error (Harvey, 1989; Durbin and Koop-
man, 2001). “Common trends” were then calculated by removing the
seasonal and cyclic terms and using a subspace identification
algorithm (Larimore, 1983; Aoki, 1990; Favoreel et al., 1998) to
calculate a reduced (in the dimension of the state vector of themodel)
representation of the resulting series. “Common seasonals” and
“common cycles” can be calculated analogously. Similar to PCA or
EOF analysis, the purpose is to identify distinct regions that display
common climate variability over time. The decomposition and
common dynamic factor methods are described fully in Mendelssohn
and Schwing (1997) and Mendelssohn et al. (2003), and can be
performed on any physical or biological variable.

The first common factor for the trend components of the SLP time
series (not shown) describes the mean level for SLP at each site, much
like the leadingmode of a PCA often does. A cluster analysis of the next
three modes reveals atmospheric teleconnections that link ecosys-
tems globally. Locations that cluster statistically are shown in the
same color in Fig. 6 (upper panel). Similar shades (i.e., blues, yellow/
orange) have a closer affinity than contrasting colors. SLP clusters in
the eastern Pacific (dark blue) have a similar temporal pattern of
variability and are loosely connected to SLP over Asia (light blue). Low
pressure centers in the western end of the SO cluster (yellow), with
some connection to the PNA area (orange) and another region
extending from North America across the Atlantic (red). SLP trend
variations forcing the CCS and HCS are not strongly teleconnected
with either the Kuroshio/Oyashio Current Systems or the Aleutian Low
ominant sea level pressure (SLP) centers (shown in map, at top). Locations that cluster
ies for North Pacific High (NPH), Florida High (FH), and Alaskan Low (AL), lower panel,
tions are shown on the map.
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over the GOA on the decadal scales identified in this analysis.
Communication between the Pacific and Atlantic is via high-latitude
teleconnections. SLP variability in the Arctic and the Icelandic Low
does not share a temporal pattern with the other regions.

The lower panel of Fig. 6 shows representative time series of the trend
clusters from theNorth PacificHigh (NPH), theAleutian Low(AL), and the
Florida High (FH), with the first common factor removed. Regime shifts
identified inprevious studies (1976,1989,1998) can be seen in someor all
of the series, although their abruptness and timing differs. The North
Pacific High displays larger and more abrupt decadal variations than the
other locations. Visually theAleutian Lowvariesmore like the FloridaHigh
than the North Pacific High, as their clustering indicates. However, there
are still significant differences between the Aleutian Low and the Florida
High, in particular near the 1970s regime shift.

The eastern Pacific is connected across the equator, so theHCS andCCS
ecosystems experience strong correlated decadal climate forcing by the
atmosphere. While the eastern and western Pacific are coupled on ENSO
scales, the variance identifiedwith this analysis selects decadal variability,
which is not teleconnected zonally in the tropical Pacific. The eastern
Pacific LMEs also are not teleconnected with the LMEs in the Northwest
and subarctic Pacific. The conclusion from this analysis is that the eastern
and western edges of the Pacific are not coupled via direct atmospheric
forcing on climate time scales.

3. Pacific LMEs — the physical setting

While teleconnections link climate variability between distant
ecosystems, populations respond to more immediate influences. It is the
interaction between regional to basin-scale climate forcing and processes
and factors at the ecosystem (and sub-ecosystem) level that determine
howmarineecosystemsare impactedbyclimate variability. In this section,
we identify theprincipal features andprocesses ineachPacific coastal LME
that force marine populations and are sensitive to climate variability. The
purpose of this overview is to define a limited set of factors that are most
strongly related to climate change and drive ecosystem variability.

Table 1 identifies the primary ocean features and processes in
several Pacific LMEs. These physical attributes not only are key in
driving ecosystem structure and production, but also sensitive to
climate variability on a wide range of time and space scales. The EBCs
are known to be particularly sensitive to interannual to decadal
variability, but new information indicates that the physics, chemistry,
and biology of all LMEs display some level of natural variability on
these longer time scales. Further, recent results substantiate the idea
that ecosystems do not respond uniformly to global climate variability.
Certain areas within these ecosystems appear more sensitive to
climate forcing, due to the interaction of global signals to local
topography and coastal morphology, freshwater inflow and buoyancy,
etc. (Parrish et al., 1983; Schwing and Mendelssohn, 1997a,b;
Mendelssohn and Schwing, 2002).

3.1. Eastern boundary current LMEs

The California and Humboldt Current Systems, like other EBCs, are
characterized by a broad, complex equatorward surface flow, fed by a
broad zonal current entering the coastal region at a high latitude,
interacting with the coastal upwelling and its offshore flowing
filaments (Hill et al., 1998; Hickey, 1998; Strub et al., 1998; PICES,
2004). This flow is part of a basin-wide anti-cyclonic (clockwise in the
Northern Hemisphere) circulation that enters each system from the
west at mid-latitude (35–45°N). It transports sub-polar water with a
distinct low temperature and salinity, and high dissolved oxygen and
nutrient signature. A poleward subsurface current, which surfaces in
certain locations and seasons, transports sub-tropical water with a
clear contrasting signal to the equatorward flow.

Within this simplistic image of EBC circulation are numerous
countercurrents, eddies and meanders on scales 10–500 km that may
be exploited by populations, but complicate our understanding and
modeling of the systems' transport and flux. The dominant process
that controls much of the sub-ecosystem transport and water column
structure, as well as biological processes, is coastal upwelling – driven
by equatorwardwind stress in associationwith a high pressure system
over the ocean to the west – and the related offshore upwelling
associated with the Ekman pumping due to positive wind stress curl.
Generally, high production of zooplankton and small pelagic fish
(e.g. sardine, anchovy, etc.) is supported by upwelling systems. The
seasonal onset of upwelling in EBCs is important in setting the annual
biological productivity and breeding success for many species
(Schwing et al., 2006). Coastal capes and headlands and, in the CCS,
deep submarine canyons that transect the continental shelf, con-
tribute to local upwelling “hot spots” andmuch of the complex coastal
circulation. Upwelling filaments can transport water andmaterial well
offshore. Freshwater input to these EBCs is limited to a few rivers,
whose flow is predominantly in later winter and spring.

In addition to the atmospheric teleconnections described above,
ocean remote forcing from lower latitudes, including the equatorial
Pacific, is via coastal Kelvin waves. These are particularly evident
during El Niño years (Enfield and Allen, 1980), but are thought to be
restricted at latitudes poleward of about 40° (Clarke and Van Gorder,
1994). Because of its proximity to the equator, the HCS typically is
influencedmore strongly by Kelvinwaves originating in the equatorial
Pacific. Both systems appear to be strongly influenced by decadal
climate availability as well; e.g. as characterized by the PDO.

3.2. Western boundary current LMEs

On the opposite side of the basin, the Kuroshio and Oyashio
Systems are western boundary currents (WBCs) within the subtropi-
cal and subarctic circulation gyres of the North Pacific, respectively
(Stommel and Yoshida, 1972). The principal feature of the Kuroshio is
its strong poleward meandering flow. While the Kuroshio is low in
nutrients, the Oyashio brings nutrient-rich water into the region,
resulting in high productivity where the two currents confluence.
Although the Kuroshio is a classic WBC, it is unique in its interaction
with semi-enclosed seas along its coastal boundary and the unusual
bimodal oscillation of its path. Its coastal region is predominantly
downwelling, although topographically-driven upwelling occurs off
the shelf. The Oyashio is fed by water from the Sea of Okhotsk and the
Alaskan Stream, and indirectly via the East Kamchatka Current out of
the Bering Sea. The outflow of the Kuroshio, the Kuroshio Extension,
feeds into the North Pacific Current, while the outflow from Oyashio
feeds into the Subarctic Current. Between these two eastward flows,
the Transition Domain is formed (Favorite et al., 1976).

Like the EBCs, small pelagic fish utilize inshore areas of high
production and offshore warm temperature in the KCS. One of the
distinctive contrasts of the small pelagic fish in the Kuroshio–Oyashio
system is their large migration (Ito et al., 2004). They mainly spawn in
the subtropical region and migrate to subarctic waters to feed in the
highly productive subarctic region. The dominant zooplankton size
increases with latitude, and the start of active plankton production is
early in the south and later in the north. This suggests that ontogenetic
horizontal migration of these pelagic fish is consistent with the “surf
riding theory”, where seasonal reproduction occurs on time and space
scales to take advantage of the “wave” of food supply (Pope et al.,
1994).

3.3. Subarctic LME

At higher latitudes, the Gulf of Alaska System is a downwelling-
favorable system that is heavily influenced by high freshwater input
along its coastal boundary, and a cyclonic circulation that is fed from
the south by the same North Pacific Current that bifurcates into the
CCS (Royer, 1998; PICES, 2004; King, 2005; Royer, 2005; Royer and



Table 1
Summary of features in Pacific LMEs that are important to ecosystem structure and production.

Feature CCS HCS GOA K/O CS

Source of atm forcing North Pacific High South Pacific High/ITCZ Aleutian Low North Pacific High (K)/Aleutian Low (O)
Source of water North Pacific Current (40–45°N) West Wind Drift (35–45°S) North Pacific Current (45–50°N) North Equatorial Current (10–15°N/Alaskan Stream (50°N) and marginal seas
Source water properties Low T, S; high nut, O2 Low T, S, O2; high nut Low T, S; high nut, O2 High T, S; low nut (K)/Low T, S; high nut (O)
Boundary current California Current (max summer),

equatorward meandering, local jets
Peru Current (equatorward offshore),
poleward/mixed inshore

Alaskan Stream; western
boundary current

Kuroshio (strong poleward)/Oyashio (strong equatorward) and Tsugaru Current

Undercurrent/
countercurrent

California Undercurrent/Davidson
Current (winter)

Peru/Chile Countercurrent (offshore);
poleward undercurrent (summer–fall)

Outflow of
boundary current

North Equatorial Current (20–30°N) South Equatorial Current (0–10°N) Alaskan Stream (50°N) Kuroshio Extension/North Pacific Current (30–45°N)

Topography Narrow shelf, canyons, capes,
So Cal Bight

Narrow shelf, capes Variable width shelf, numerous rivers,
bays, canyons

Narrow shelf, marginal seas

Biogeographical boundaries Pt. Concepcion, Cape Mendocino Southern Peru, Central Chile, Pta.
Lavapie

Shelf/offshore, Aleutian Is. Kuroshio Extension Front

Freshwater input Columbia River (7300 m3/s);
San Francisco Bay estuary

Bio–Bio River (1200 m3/s in winter) Large input (23,000 m3/s),
numerous sources

Yangtze, Yellow, Amur Rivers through marginal seas

Coastal wind stress/
upwelling

Southward (strong summer); coastal
upwelling (year-round), curl pumping

Northward; strong coastal upwelling,
(year-round), curl pumping offshore

Westward; downwelling
(year-round)

Westward; downwelling (K)/weak (O) upwelling by Ekman pumping

Watershed precipitation Arid (south), high winter (north) Arid Very high High
Stratification High near coast (upwelling), high

(So CA Bight), mixed (winter)
High (Chile Basin) Well mixed (winter) Low (K)/High (O)

Ocean fronts Ubiquitous thermal fronts Numerous buoyancy (FW inflow)
fronts

Kuroshio Extension Front/Oyashio (Subarctic) Front and Subarctic boundary

Ocean Kelvin/
Rossby waves

CTW/Remote Kelvin/westward Rossby
field

CTW/remote Kelvin/Rossby field Westward Rossby waves in Gulf Rossby waves (from offshore)

Eddies/meanders Strong meandering of main current;
strong mesoscale eddy field

Filaments Long-lived warm eddies advect
westward

Cold rings from Oyashio/Warm core from Kuroshio Extension, downstream
meanders

Spring transition/bloom Onset of upwelling (Apr–May) Onset of stratification
(early summer)

Onset of stratification

Time scale
Interannual Strong— atm/ocean teleconnections,

ENSO
Very strong— ocean teleconnections,
ENSO

Moderate— atm teleconnection Moderate— atm teleconection

Decadal Strong— atm/ocean; multi-decadal
regime shifts

Regime shifts Strong— atm (PNA, AO), 18.6-yr tide;
multi-decadal regime shifts

Barotropic response and Ocean and Rossby waves,
18.6-yr tide
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Grosch, 2006). The westward Alaskan Stream accelerates as it flows
toward the Aleutian Islands. Large eddies emanating from off of British
Columbia transit west along the Alaska shelf, and mesoscale eddies
develop within the Stream. Both are thought to be nutrient-rich
sources for production, survival and recruitment. Eddies, flow in
submarine canyons and vigorous storm systems with west wind
bursts are particularly important episodic processes that overcome
the coastal downwelling climatology to transport the nutrients into
the coastal zone. In the Bering Sea, sea ice plays an important role in
structuring ecosystems (Hunt et al., 2002). In ice-covered areas,
benthic food webs predominate, while in subarctic regions energy
transfer is primarily within the pelagic zone. Unlike temperate Pacific
LMEs, the GOA is usually well-mixed to 100–200 m, especially in
winter. While ENSO signals occasionally affect this system, variability
is dominant on the 18.6-year tidal period and on the same scales seen
throughout the Pacific.

3.4. Climate impacts in LMEs and their mechanisms

Many of the features and processes controlling the environment of
these LMEs (Table 1), as well as their populations, fluctuate on the
scales that characterize climate variability. In this section, we
summarize the primary processes responsible for variability on
climate time scales in each of the LMEs considered here, and the
physical features that are responsive to them (PICES, 2004, and
citations therein). From this, common forcings and responses between
these systems can be matched, one criterion for determining possible
synchrony between populations.

Climate variability in the CCS is manifested through a number of
processes, including: i) changes in local wind forcing, resulting in
variations in coastal upwelling and offshore Ekman pumping; ii)
changes in the transport of the California Current and California
Undercurrent; iii) changes in source water properties and entry
points; iv) volume and timing of freshwater input, particularly near
the Columbia River and San Francisco Bay; v) changes in the
mesoscale energy associated with eddies, fronts, and upwelling
plumes; vi) remote forcing via atmospheric and oceanic teleconnec-
tions, most often associated with El Niño events; and vii) heating of
the upper ocean by global atmospheric warming.

Principal processes displaying climate variabilities in the HCS are:
i) strong coupling with equatorial ENSO signals from the atmosphere
and ocean, leading to warmer water, higher coastal sea level (CSL),
stronger poleward flow, deeper thermocline, and southward Inter-
Tropical Convergence Zone (ITCZ) shift); ii) low latitude sensitivity of
upwelling and Ekman processes to winds; iii) coastal trapped waves;
iv) movement and strength of South Pacific High, ITCZ, and Polar
Front; v) position of South Pacific convergence zone; and vi) global
warming.

There has been a great deal of synchrony in the eastern Pacific
Ocean between the CCS and HCS in the past, both physically (Schwing
and Mendelssohn, 1997b) and biologically (Lluch-Belda et al., 1992).
Climate variability on interannual and decadal scales also is similar in
both the North and South Pacific. Since these LMEs share many
dominant physical features and processes (e.g., coastal upwelling,
ENSO), there is a mechanistic as well as correlative rationale for
expecting a synchrony in the variability of their populations. Since
coastal upwelling is the dominant process in the HCS and CCS, it is
likely that both systems may have a similar response to climate
variability that influences this process. However, the HCS is more
sensitive to ENSO processes and its coastal impacts, while decadal
regime shifts appear to play a greater role in CCS variability.

Climate variability in the GOA is due principally to: i) variations in
precipitation and freshwater input; ii) ENSO, through atmospheric
teleconnections; iii) decadal fluctuations in the Aleutian Low; iv)
changes in Ekman transport and coastal and ocean upwelling/
downwelling, due to wind stress variability; v) adjustments in MLD
and pycnocline depth due to variability in the strength of the basin
winds (mixing and Ekman processes) and subarctic gyre; vi) strength
of the Alaskan Stream, for the same reasons; vii) global warming
heating of the upper ocean, which is relatively greater at higher
latitudes, viii) mesoscale eddies, due to the strength of coastal current;
and ix) input via Sitka, Haida, and Juan de Fuca eddies.

Variability in the GOA and CCS is primarily in the form of
interannual events and multi-decadal climate regimes alternating
between high and low production (Mantua et al., 1997; Peterson and
Schwing, 2003). The GOA, like the CCS and HCS, is impacted by ENSO.
The North Pacific systems are more influenced by atmospheric
teleconnections, while direct interannual ocean forcing from ENSO
dominates in the southeastern Pacific (Strub et al., 1998). The GOA and
CCS share some variability due to long-term fluctuations in atmo-
spheric forcing of the Northeast Pacific.

In the KCS, climate variability is due primarily to: i) decadal
fluctuations in the North Pacific subtropical gyre; ii) interannual shifts
in the Kuroshio Currentmeander path; iii) vorticity adjustments of the
path related to the Current's transport; iv) lateral ocean heat
divergence due to wind stress curl, which alters SST and subsequently
air–sea heat flux; and v) ocean Rossby waves surfacing temperature
and salinity anomalies into the region, which affect SST anomalies,
volume of transport, nutrient availability by lateral advection and
upwelling into the mixed layer, mesoscale eddy variability, and the
meandering of the Kuroshio Current path.

Climate variability in OCS is due to: i) wind stress changes
associated with the Aleutian Low; ii) Rossby wave propagations; iii)
upstream Western Subarctic Gyre (WSAG) and Okhotsk Sea condi-
tions; and iv) tidal mixing along the Kuril Islands.

The dominant climate variability in the GOA and western North
Pacific is decadal, but from different sources. Much of the variability in
the KCS is via remotely generated ocean Rossby waves that may create
a lag in the response compared to the eastern LMEs. Variations in the
strength of the Aleutian Low can be decomposed to bi-decadal and
penta-decadal oscillations (Minobe,1999), but only the penta-decadal
signal can survive to travel to the western boundary region (Tatebe
and Yasuda, 2005). Moreover, many other local factors contribute to
environmental variability in the Kuroshio/Oyashio LMEs, making it
quite unlikely that these systems respond to the same climate forcing
on the same time frame as those in the east. Thus, observed synchrony
between their populations may be coincidental.

The Kuroshio Extension is the most dynamic region in the North
Pacific with respect to sea surface height (SSH) and eddy variability
and SST, and (next to equatorial Pacific) the largest heat-releasing
source to the atmosphere. Decadal changes in the Kuroshio Current
transport feed into the strength and position of the Kuroshio
Extension and North Pacific Current, which eventually affect SST
gradients, ocean heat transport, and the overlying atmosphere (Wang
et al., 2004). These can contribute to changes in the CCS and GOA, but
with a several year lag.
3.5. Synchrony of climate variability in Pacific LMES

To help project the synchrony of climate change and how it alters
marine ecosystems, we can characterize the temporal and spatial
nature of past climate variability and relate this to specific forces and
mechanisms within LMEs. The common factor analysis is applied
again to objectively examine synchronous SST variability within these
ecosystems. These results provide an example of how LMEs may
respond to climate variability, and lend insight on how future climate
change may be manifested in a coherent or synchronous way. SST is
one of several environmental drivers, and represents only near-
surface conditions, not vertical temperature structure. However, it
serves as a proxy for upper ocean state and much of the physical
variability that directly drives population variability. SST is also



Fig. 7. Spatial correlations of the first SST common trend for each LME. Trend time series for each LME are shown in bottom left. The color bar denotes the magnitude of the spatial
correlations on each map. When scaled by the factor loadings (not shown), the time series represent a change of roughly 1–2 °C over the length of the series. Green areas denote
locations where the univariate analysis gives a constant trend, and are not included in the common trend analysis shown here.
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relatively well sampled in space and time, and its observations have
been relatively accurate over the long (100+ year) record.

This analysis was carried out for each LME, based on the 1° gridded
monthly mean SST data from the UK Meteorological Office (Hadley
Centre) for 1900–1993 and monthly mean Optimally Interpolated SST
for the years 1994–2005 from the NOAA-CIRES Climate Diagnostics
Center (http://www.cdc.noaa.gov). We present the leading two
modes for each LME, to illustrate the dominant temporal variability
over the previous century and the spatial patterns in each region, as
well as the correspondence between SST temporal variability in these
LMEs. The results show some evidence of synchronicity across the
LMEs, an important result in determining the likelihood that their
disparate populations may be responding coincidently to a global
climate signal.

The first common trend in each LME reflects a persistent warming
tendency since 1900 (Fig. 7). The rate of warming is similar in each
system, ca. 1–2 °C over the past 100 years (based on the product of the
spatial loading values and the associated time series). However there
is notable variation within each LME. Centennial warming in the CCS
has been less in the coastal region where upwelling dominates,
consistent with increased coastal upwelling due to stronger south-
ward wind stress that has mitigated (but not overcome) the warming
trend (Bakun, 1990; Schwing and Mendelssohn, 1997a,b). In the GOA,
a similar reduced coastal warming tendency may be due to reduced
downwelling (due to the same wind-forced process that causes
greater upwelling in the CCS) or more freshwater runoff from the
continent (Royer, 2005; Royer and Grosch, 2006).Warming in the HCS
is less in the dominant upwelling region off Peru, also consistent with
intensified coastal upwelling (Bakun, 1990; Schwing and Mendels-
sohn, 1997a,b). The green areas that predominate within 20° of the
equator do not have a significant long-term trend as determined by
state-space models, but are dominated by a SST cycle coinciding with
ENSO.

Superimposed on the common factor 1 time series are multi-
decadal fluctuations that result in periods of more rapid and slower
warming, and even episodes of cooling. Although superficially similar,
these fluctuations do not reflect PDO variability. The correspondence
in these intra-centennial fluctuations is very close in the eastern
Pacific (GOA, CCS, HCS) with warming in the 1920s and 1930s, cooling
in the 1940s and 1960s (with a lengthy warm period during and
following the 1957–58 El Niño), andmore rapid warming in the 1970s.
This pattern is very similar to the global mean surface temperature
record (Mann et al., 2000). Regional differences have dominated in
the eastern Pacific since about 1980. While the SST tendency
continued to increase in the GOA, the CCS shows a rapid cooling
since about 1989, roughly when Beamish et al. (1999) and Hare and
Mantua (2000) identified a regime shift. This is part of a longer-term
cooling of the leading common factor in the HCS since about 1980.
Thus, while there is much evidence that SST in the eastern Pacific
LMEs has varied with the global SST trend, regional differences have
occurred, particularly in recent decades.

Similar decadal-scale fluctuations in SST are evident in thewestern
Pacific (Fig. 7). However the timing of these fluctuations lags the
eastern Pacific by about a decade. It appears that SST, and perhaps
other ocean conditions, in the Pacific LMEs are a combination of
globally coherent and regionally specific signals. Subsurface tempera-
ture decadal variations in the western North Pacific lag those in the
central part of the basin, and the wind stress curl thought to drive
them, by about 5 years (Miller et al., 1998; Deser et al., 1999). Since the
eastern and western North Pacific are less well-coupled and clearly
not in phase, the biological response to climate variability between
east and west is probably not synchronous either.

The second common trend in each LME (Fig. 8) reflects sub-
ecosystem differences, and again shows a similar centennial temporal
pattern — a general warming trend that rapidly accelerated in the
latter half of the 20th century. This pattern is consistent with the
entire North Pacific, as well as equatorial Pacific (Mendelssohn et al.,
2005) and the long-term loss of Arctic ice coverage (Chapman and
Walsh, 1993). As with the first common factor, there are notable
differences between LMEs. In particular, an acceleration of the
warming tendency began in the 1970s in the CCS, while there were
two abrupt warming events in about 1975 and 2000 in the GOA. The
warming acceleration in the HCS and the eastern Pacific did not start
until about 1980.

The higher modes of the common dynamic factor analysis, as well
as similar analyses on the seasonal and cycle components of the state-
space models, reveal similar regional differences in SST variability
over the past century (Mann et al., 2000). Thus global synchrony in
climate forcing of distinct marine populations is modulated by
different responses within each LME, which will reduce the correla-
tion and synchrony between regime shifts and other multidecadal
fluctuations.

4. Discussion

On a broad scale, ocean conditions in the coastal LMEs of the Pacific
are driven by the basin-scale atmospheric pressure systems and their
associated winds. Atmospheric teleconnections link distant regions to
remote climate forcing. These large-scale atmospheric forces establish
the large ocean circulation gyres, notably the North Pacific Subtropical
and Subarctic gyres in the North Pacific and the South Pacific gyre, but
also the coastal currents that influence key ecosystem processes such
as upwelling, cross-shelf exchange, and mixing. Freshwater input to
the coastal ocean is important in some regions and systems
(particularly the GOA). The interaction of the coastal currents with
steep or irregular coastlines and bathymetry is another important
factor. Heat flux into the atmosphere is particularly important at
higher latitudes. Finally, internal ocean processes, most notably Kelvin
and Rossby waves, influence remote ocean as well as atmospheric
conditions.

Global climate signals are not manifested equally in coastal LMEs.
Atmospheric teleconnections and ocean gyres and planetary waves
transmit climate signals over large distances, but these signals are
modulated by local and regional factors, which disrupt and shift the
timing and relative significance of their impacts on ecosystem and
sub-ecosystem scales. The resulting interannual and longer variability
will have regional and local differences between and within
ecosystems. These differences will be exacerbated if disparate systems
do not share dominant features and processes controlling their
ecosystems. Thus the correspondence of common trends in SST (Figs.
7, 8) and other critical physical variables provides vital insight not only
into the time scales and spatial patterns of climate variability in each
LME, but also into the sources of such variability and the likelihood of
synchronous climate forcing and ecosystem response between
comparable systems.

Since the factors summarized in Table 1 set the mean and
seasonally-varying physical conditions, and establish physical and
biological patterns (e.g., advection, primary productivity) that
determine the status of marine populations, LME populations will
be responsive to variability in these factors on climate (interannual
and longer) scales. The ocean response to climate variability is a
combination of direct forcing on a number of space scales with
internal ocean variability. For example, ENSO contributions to
extratropical forcing are via atmospheric teleconnections on intra-
seasonal and longer scales as well as coastal Kelvin waves. Decadal
variability in the North Pacific is thought to be driven by internal
ocean Rossby waves generated in the eastern Pacific, which propagate
freely across the basin before their signals surface in the Kuroshio
region a decade later (e.g., Jacobs et al., 1994; Miller et al., 1998; Qiu,
2003). A spin-up of the large-scale circulation alters the input of
source water to these coastal ecosystems, but also leads to adjust-
ments in vertical transport and pycnocline depth and strength, heat

http://www.cdc.noaa.gov


Fig. 8. Spatial loadings of the second SST common trend for each LME. Trend time series for each LME are shown in bottom left. The color bar denotes the magnitude of the spatial
loadings on each map. Multiplying these by the values of the time series gives the magnitude of the SST for this common trend for each time and location. Green areas denote
locations where univariate analysis gives a constant trend, and are not included in the common trend analysis shown here.
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exchange with the atmosphere, and ultimately affect coastal weather
patterns (altered winds, precipitation and runoff patterns, etc.)
(McPhaden and Zhang, 2004).

Beyond the general global coherence of climate's impacts on the
oceans, regions that have common physical features and processes
(Table 1) are likely to share a comparable response to climate change.
The LMEs of the eastern and western Pacific have many physical
dissimilarities. The types of forcing and processes also have little in
common. Because the key processes in the eastern and western
coastal LMEs differ, it is likely that the regional response to common
global forcing may be different, but occur on the same time scales.
There is less evidence that the same sources of atmospheric forcing
impact the eastern and western regions of the North Pacific. Atmo-
spheric variabilities in the CCS and HCS regions share a common
dynamic not seen in the Kuroshio/Oyashio regions (Fig. 6). One
possible climate connection may be via ocean Rossby waves pro-
pagating across the basin (Jacobs et al., 1994), but there is a several
year lag between their generation and their arrival in the WBC region
(Deser et al., 1999; Miller and Schneider, 2000). ENSO-generated
atmospheric anomalies that lead to extra-tropical ocean changes in
the eastern Pacific may also be linked to changes in the subtropical
western Pacific atmosphere (Alexander et al., 2002). However, at
present it is uncertain how much this impacts the Kuroshio/Oyashio
region. Therefore, it is reasonable to expect that climate variability
does not affect the KC/OC and CCS/HCS similarly.

Past synchrony between disparate populations may be coinciden-
tal. Due to our short observational record, we cannot confirm what is
due to climate variability, and has a synchronous physical response
within and between LMEs. Analyses such as those described here, and
the biologically-relevant indices that are developed from them, are
useful for summarizing large volumes of data. However, they can be
problematic. Analyses force data into modes with limitations. The
results may be weighted or biased to certain geographical areas
remote from areas to which they are applied. Indices may be proxies,
but not true mechanisms of climate impacts. The “filters” used by
scientists to interpret and synthesize observations into information
about climate variability – whether objective or intuitive – are based
on how we perceive the ocean, and are not necessarily those used by
marine populations to “see” their environment.

While basin- to global-scale atmospheric forcing is the initial driver
of ocean variability in all of the LMEs considered here, the processes key
to each system (Table 1) modify large-scale climate signals, giving each
region and its populations a unique pattern of climate variability. The
spatial patterns and timing – and impacts – of this variability will vary
geographically, reducing the likelihood that disparate populations will
vary synchronously. Much more work on understanding the mechan-
isms linking physical climate change to marine ecosystems is needed to
determine how coastalmarine populations react to their environmental
variability, and to forecast the likely response of these populations to the
pressures of future climate change.
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