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The North Pacific eastern boundary upwelling system is one of the most ecologically productive, economi-
cally relevant, and well-studied systems in the world. Over the last 60 years, a wide range of observations
have documented the significant impacts of the El Nifio Southern Oscillation (ENSO) on marine ecosys-
tems along the US West Coast. Yet there has been no systematic attempt to use this knowledge to explicitly
forecast local marine ecosystem responses to individual ENSO events.

A recent workshop co-sponsored by US CLIVAR, OCB, NOAA, PICES, and ICES, Forecasting ENSO
impacts on marine ecosystems of the US West Coast, attempted to develop a framework for using ENSO
forecasts from climate and statistical models in order to predict changes in key components of the marine
ecosystem in the California Current System.

This set of articles published jointly between OCB and US CLIVAR (in their newsletter Variations)
features participants from the workshop, including biologists and physical climate scientists, who were
involved in advancing the discussion and outcomes. After describing a strategy to understand and quantify
the predictable components of the ecosystem response to ENSO along the US West Coast (Di Lorenzo
and Miller), this issue discusses the need to identify target ecosystem indicators or populations that re-
spond to ENSO and are societally relevant, such as exploitable species that are regulated by federal and
state agencies (Ohman et al.).

A major challenge for understanding the predictability of targeted ecosystem indicators is identification of
the dominant regional physical, biogeochemical, and lower trophic processes that carry the ENSO predict-
able response in the marine ecosystem (Jacox et al.; Anderson et al.). These processes are sensitive to the
different flavors of ENSO teleconnections originating in the tropical Pacific (Capotondi et al.). Exploiting
ENSO predictability dynamics can add skill to current seasonal forecasts of large marine ecosystems in
the California Current (Tommasi et al.) and improve existing modeling tools for managing top predators
(Hazen et al.).
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A framework for ENSO predictability of marine
ecosystem drivers along the US West Coast
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The US West Coast eastern boundary upwelling system
supports one of the most productive marine ecosystems in
the world and is a primary source of ecosystem services for
the US (e.g., fishing, shipping, and recreation). Long-term
historical observations of physical and biological variables
in this region have been collected since the 1950s (e.g., the
CalCOFI program and now including the coastal ocean
observing systems), leading to an excellent foundation

for understanding the ecosystem impacts of dominant
climate fluctuations such as the El Nifio-Southern Oscil-
lation (ENSO). In the northeast Pacific, ENSO impacts

a wide range of physical and biotic processes, including
temperature, stratification, winds, upwelling, and pri-
mary and secondary production. The El Nino phase of
ENSO, in particular, can result in extensive geographic
habitat range displacements and altered catches of fishes
and invertebrates, and impact vertical and lateral export
fluxes of carbon and other elements (Jacox et al., this is-
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sue; Anderson et al., this issue; Ohman et al., this issue).
However, despite empirical observations and increased
understanding of the coupling between climate and ma-
rine ecosystems along the US West Coast, there has been
no systematic attempt to use this knowledge to forecast
marine ecosystem responses to individual ENSO events.
ENSO forecasting has become routine in the climate
community. However, little has been done to forecast the
impacts of ENSO on ecosystems and their services. This
becomes especially important considering the occurrence
of recent strong El Nifio events (such as 2015-16) and cli-
mate model projections that suggest that ENSO extremes
may become more frequent (Cai et al. 2015).

The joint US CLIVAR/OCB/NOAA/PICES/ICES
workshop on Forecasting ENSO impacts on marine ecosys-
tems of the US West Coast (Di Lorenzo et al. 2017) held in
La Jolla, California, in August 2016 outlined a three-step
strategy to better understand and quantify the ENSO-

related predictability of marine ecosystem
drivers along the US West Coast (Figure

1). The first step is to use a high-resolution
ocean reanalysis to determine the association
between local ecosystem drivers and regional
forcing patterns (RFPs). The identification of
ecosystem drivers will depend on the ecosys-
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tem indicators or target species selected for
prediction (Ohman et al., this issue). The
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Figure 1. Framework for understanding and predicting ENSO impacts on ecosystem
drivers. Blue path shows the steps that will lead to Understanding of the ecosystem
drivers and their dependence on tropical Pacific anomalies. Orange path shows the steps
that will lead to quantifying the Predictability of marine ecosystem drivers along the US
West Coast that are predictable from large-scale tropical teleconnection dynamics.
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second step is to objectively identify the tropi-
cal sea surface temperature (SST) patterns
that optimally force the REPs along the US
West Coast region using available long-term
large-scale reanalysis products. While the goal
of the first two steps is to understand the dy-
namical basis for predictability (Figure 1, blue
path), the final third step (Figure 1, orange
path) aims at quantifying the predictability of
the RFPs and estimating their prediction skill
at seasonal timescales. This third step can be
implemented using the output of multi-model
ensemble forecasts such as the North America
Multi-Model Ensemble (NMME) or by build-
ing efficient statistical prediction models such
as Linear Inverse Models (LIMs; Newman et
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al. 2003).

Important to the concept of ENSO predictability is the
realization that the expressions of ENSO are very diverse
and cannot be identified with a few indices (Capotondi
et al. 2015; Capotondi et al., this issue). In fact, different
expressions of sea surface temperature anomalies (SSTa)
in the tropics give rise to oceanic and atmospheric tele-
connections that generate different coastal impacts in the
northeast Pacific. For this reason, we will refer to ENSO
as the collection of tropical Pacific SSTa that lead to de-
terministic and predictable responses in the regional ocean
and atmosphere along the US West Coast.

In the sections below, we articulate in more detail the
elements of the framework for quantifying the predictabil-
ity of ENSO-related impacts on coastal ecosystems along
the US West Coast (Figure 1). Our focus will be on the
California Current System (CCS), reflecting the regional
expertise of the workshop participants. Specifically, we
discuss (1) the ecosystem drivers and what is identified
as such; (2) RFP definitions; and (3) the teleconnections
from the tropical Pacific and their predictability.

Ecosystem drivers in the California Current System

The impacts of oceanic processes on the CCS marine
ecosystem have been investigated since the 1950s when
the long-term California Cooperative Oceanic Fisheries
Investigations (Cal COFI) began routine seasonal sam-
pling of coastal ocean waters. The CalCOFI program
continues today and has been augmented with several
other sampling programs (e.g., the coastal ocean observing
network), leading to an unprecedented understanding of
how climate and physical ocean processes, such as upwell-
ing, drive ecosystem variability and change (e.g., see more
recent reviews from King et al.2011; Ohman et al. 2013;
Di Lorenzo et al. 2013).

The dominant physical oceanographic drivers of
ecosystem variability occur on seasonal, interannual, and
decadal timescales and are associated with changes in (1)
SST; (2) upwelling velocity; (3) alongshore transport; (4)
cross-shore transport; and (5) thermocline/nutricline depth
(see Ohman et al., this issue). This set of ecosystem drivers
emerged from discussions among experts at the workshop.
Ecosystem responses to these drivers include multiple tro-
phic levels, including phytoplankton, zooplankton, small
pelagic fish, and top predators, and several examples have
been identified for the CCS (see summary table in Ohman
et al., this issue).

While much research has focused on diagnosing the
mechanisms by which these physical drivers impact
marine ecosystems, less is known about the dynamics con-
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trolling the predictability of these drivers. As highlighted
in Ohman et al. (this issue), most of the regional oceano-
graphic drivers (e.g., changes in local SST, upwelling,
transport, thermocline depth) are connected to changes
in large-scale forcings (e.g., winds, surface heat fluxes,
large-scale SST and sea surface height patterns, freshwater
fluxes, and remotely forced coastally trapped waves enter-
ing the CCS from the south). In fact, several studies have
documented how large-scale changes in wind patterns
associated with the Aleutian Low and the North Pacific
Oscillation drive oceanic modes of variability such as the
Pacific Decadal Oscillation and the North Pacific Gyre
Oscillation (Mantua et al. 1997; Di Lorenzo et al. 2008;
Chhak et al. 2009; Ohman et al., this issue; Jacox et al.,
this issue; Anderson et al., this issue; Capotondi et al., this
issue) that influence the CCS. However, these large-scale
modes only explain a fraction of the ecosystem’s atmo-
spheric forcing functions at the regional-scale. Thus, it is
important to identify other key forcings to gain a more
complete mechanistic understanding of CCS ecosystem
drivers (e.g., Jacox et al. 2014; 2015).

Atmospheric and oceanic regional forcing patterns
The dominant large-scale quantities that control the
CCS ecosystem drivers are winds, heat fluxes, and re-
motely forced coastally trapped waves (Hickey 1979).
Regional expressions or patterns of these large-scale forc-
ings have been linked to changes in local stratification
and thermocline depth (Veneziani et al. 2009a; 2009b;
Combes et al. 2013), cross-shore transport associated
with mesoscale eddies (Kurian et al. 2011; Todd et al.
2012; Song et al. 2012; Davis and Di Lorenzo 2015b),
and along-shore transport (Davis and Di Lorenzo 2015a;
Bograd et al. 2015). For this reason, we define the regional
expressions of the atmospheric and remote wave forcing
that are optimal in driving SST, ocean transport, upwell-
ing, and thermocline depth as the RFPs. To clarify this
concept, consider the estimation of coastal upwelling
velocities. While a change in the position and strength in
the Aleutian Low has been related to coastal upwelling in
the northern CCS, a more targeted measure of the actual
upwelling vertical velocity and nutrient fluxes that are
relevant to primary productivity can only be quantified
by taking into account a combination of oceanic pro-
cesses that depend on multiple RFPs such as thermocline
depth (e.g., remote waves), thermal stratification (e.g., heat
fluxes), mesoscale eddies, and upwelling velocities (e.g.,
local patterns of wind stress curl and alongshore winds; see
Gruber et al 2011; Jacox et al. 2015; Renault et al. 2016).
In other words, if we consider the vertical coastal upwell-
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ing velocity (w) along the northern CCS, a more adequate
physical description and quantification would be given
from a linear combination of the different regional forcing
functions W = Y, %,* RFP, rather than w = o«* Aleutian Low.

The largest interannual variability in the Pacific that
impacts the RFPs is ENSO, which also constitutes the
largest source of seasonal (3-6 months) predictability.
During El Nino and La Nina, atmospheric and oceanic
teleconnections from the tropics modify large-scale and
local surface wind patterns and ocean currents of the CCS
and force coastally trapped waves.

ENSO teleconnections and potential seasonal
predictability of the regional forcing patterns

While ENSO exerts important controls on the RFPs in
the CCS, it has become evident that ENSO expressions in
the tropics vary significantly from event to event, leading
to different responses in the CCS

mann et al. 2009; Miller et al. 2015). The offshore scale
of coastal Kelvin waves decreases with latitude, and the
waves decay while propagating northward along the coast
due to dissipation and radiation of westward propagating
Rossby waves. In addition, topography and bathymetry
can modify the nature of the waves and perhaps partially
impede their propagation at some location. Thus, the ef-
ficiency of coastal waves of equatorial origin in modifying
the stratification in the CCS is still a matter of debate. To
complicate matters, regional wind variability south of the
CCS also excites coastally trapped waves, which supple-
ment the tropical source.

In the tropics, SST anomalies associated with ENSO
change tropical convection and excite mid-troposphere sta-
tionary atmospheric Rossby waves that propagate signals
to the extratropics, the so-called atmospheric ENSO tele-
connections (Capotondi et al., this issue). Through these
atmospheric waves, warm ENSO events favor a deepening
and southward shift of the Aleutian Low pressure system

(Capotondi et al., this issue). Also, a
as previously pointed out, the CCS
is not only sensitive to strong ENSO

events but more generally responds to pacitic Decadal

a wide range of tropical SSTa vari- P e

ability that is driven by ENSO-type
dynamics in the tropical and sub-
tropical Pacific. For this reason, we
define an “ENSO teleconnection” as
any RFP response that is linked to
ENSO-type variability in the tropics.
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N Sea Level Pressure
Y Anomalies

Central Pacific EI Nifio
Southern Oscillation

southward) along the coasts of the
Americas as coastally trapped Kel-
vin waves after reaching the eastern
ocean boundary. El Nino events are
associated with downwelling Kelvin
waves, leading to a deepening of the
thermocline, while La Nifa events
produce a shoaling of the thermo-
cline in the CCS (Simpson 1984;
Lynn and Bograd 2002; Huyer et
al. 2002; Bograd et al. 2009; Her-
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Figure 2. Depth-integrated balance of autotrophic and heterotrophic acquisition of N and C by
nanoplankton (2 - 20 ym) in a global marine ecosystem model (72). The left-hand panels correspond
to a model with mutually exclusive phytoplankton and zooplankton. The right-hand panels
correspond to a model with only mixotrophic plankton. Black dots in panel ¢ indicate sites where

in situ nutrient addition experiments have identified (at least occasional) limitation by that nutrient
element (26). Figure adapted from Ref. (72).



that is dominant during winter, as well as changes in the
North Pacific Subtropical High that is dominant dur-
ing spring and summer, resulting in a weakening of the
alongshore winds, reduced upwelling, and warmer sur-
face water. These changes are similar to those induced by
coastal Kelvin waves of equatorial origin, making it very
difficult to distinguish the relative importance of the oce-
anic and atmospheric pathways in the CCS. In addition,
due to internal atmospheric noise, the details of the ENSO
teleconnections can vary significantly from event to event
and result in important differences along the California
Coast (Figure 2).

El Nifio events exhibit a large diversity in amplitude,
duration, and spatial pattern (Capotondi et al. 2015). The
amplitude and location of the maximum SST anomalies,
whether in the eastern (EP) or central (CP) Pacific, can
have a large impact on ENSO teleconnections (Ashok et
al. 2007; Larkin and Harrison 2005). While “canonical”
EP events induce changes in the Aleutian Low (Figure 2b),
CP events have been associated with a strengthening of the
second mode of North Pacific atmospheric variability, the
North Pacific Oscillation (NPO; Figure 2a; Di Lorenzo et
al. 2010; Furtado et al. 2012). In addition, it is conceivable
that EP events have a larger Kelvin wave signature than
CP events, resulting in different oceanic influences in the
CCS.

In summary, while the ENSO influence on the CCS
physical and biological environments is undeniable, several
sources of uncertainty remain about the details of that
influence. This uncertainty arises in the physical environ-
ment on seasonal timescales from many sources, including
the diversity of ENSO events, the intrinsic unpredictable
components of the atmosphere, and the intrinsic unpre-
dictable eddy variations in the CCS. We also need to
distinguish between physically forced ecosystem response
versus intrinsic biological variability, which is potentially
nonlinear and likely unpredictable. Skill levels need to
be quantified for each step of the prediction process (i.e.,
ENSO, teleconnections, local oceanic response, local eco-
system response) relative to a baseline—for example the
persistence of initial condition, which is also being exploit-
ed for skillful predictions of the large marine ecosystem
at the seasonal timescale (Tommasi et al., this issue). The
target populations should be exploitable species that are of
interest to federal and state agencies that regulate certain
stocks. Models are currently being developed to use ocean
forecasts to advance top predator management (Hazen
et al., this issue). The implementation of this framework
(Figure 1) for practical uses will require a collaborative
effort between physical climate scientists with expertise in
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predicting and understanding ENSO and biologists who
have expertise in understanding ecosystem response to
physical climate forcing.
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ENSO impacts on ecosystem indicators in the
California Current System
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El Nifio-Southern Oscillation (ENSO) events activate
long-distance teleconnections through the atmosphere and
ocean that can dramatically impact marine ecosystems
along the West Coast of North America, affecting di-
verse organisms ranging from plankton to exploitable and
protected species. Such ENSO-related changes to marine
ecosystems can ultimately affect humans in many ways,
including via depressed plankton and fish production,
dramatic range shifts for many protected and exploited
species, inaccessibility of traditionally fished resources,
more prevalent harmful algal blooms, altered oxygen

and pH of waters used in mariculture, and proliferation
of pathogens. The principal objective of the Forecasting
ENSO Impacts on Marine Ecosystems of the US West
Coast workshop was to develop a scientific framework
for building an ENSO-related forecast system of ecosys-

El Nifio impacts on pelagic ecosystems
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Figure 1. Schematic illustration of dominant mechanisms through which ENSO
impacts biological and biogeochemical processes in the California Current System.
Processes include both local effects (e.g., heat budget, winds) and advective
effects. Such processes can influence organisms via: (1) (yellow arrow) direct
physiological responses to changes in temperature, O, pH, etc.; (2) (orange arrows)
effects that propagate through the food web, as successive trophic levels affect their
predators (bottom up, upward-facing orange arrows) or prey (top down, downward-
facing orange arrows; (3) (blue arrows) direct transport effects of advection. Top

predators are not included here. CTW indicates coastally trapped waves.
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tem indicators along the West Coast of North America,
including major biological and biogeochemical responses.
Attendees realized that a quantitative, biologically-focused
forecast system is a much more challenging objective than
forecasting the physical system alone; it requires an under-
standing of the ocean-atmospheric physical system and of
diverse organism-level, population-level, and geochemi-
cal responses that, in aggregate, lead to altered ecosystem
states.

In the tropical ocean, important advances have been
made in developing both intensive observational infra-
structure (Global Tropical Moored Buoy Array) and
diverse dynamical and statistical models that utilize these
data in ENSO forecasting. These forecasts are made wide-
ly available (e.g., NOAA’s Climate Prediction Center). The
most sophisticated ENSO-forecasting efforts use global,

coupled ocean-atmosphere climate models that
extend ENSO-forecasting skill into seasonal climate
forecasting skill for other regions, including the
California Current System (CCS). However, both
these measurement systems and forecast models are
restricted to the physical dynamics of ENSO, rather
than biotic and biogeochemical consequences.

Primary modes of influence of El Nifio on marine
organisms

In this brief discussion, we focus primarily on
the warm (EI Nino) phases of ENSO, which can
have large and generally negative ecosystem con-
sequences, although changes accompanying the
cold phases (La Nifa) can also be significant. We
primarily address pelagic ocean processes, which
merely reflect the expertise of the participants at the
workshop. Physical mechanisms by which ENSO
impacts the U.S. West Coast are more completely
explained in Jacox et al. (this issue).

El Nifo affects organisms and biogeochemistry
via both local and advective processes (Figure 1).
ENSO-related changes in the tropics can affect the
CCS through an atmospheric teleconnection (Al-
exander et al. 2002) to alter local winds and surface
heat fluxes, and through upper ocean processes



(thermocline and sea level displacements and geostrophic
currents) forced remotely by poleward propagating
coastally trapped waves (CTWs) of tropical origin (Enfield
and Allen 1980; Frischkencht et al. 2015; Figure 1). It is
important to recognize that ecosystem effects will occur
through three primary mechanisms: (1) via the direct ac-
tion of altered properties like temperature, dissolved O,,
and pH on the physiology and growth of marine organ-
isms; (2) through food web effects as changes in successive
trophic levels affect their predators (bottom up) or prey
(top down); and (3) through changes in advection related
to the combination of locally forced Ekman transport and
remotely forced geostrophic currents, typically involv-

ing poleward and/or onshore transport of organisms.
Advective effects can be pronounced, transporting exotic
organisms into new regions and altering the food web if
these imported species have significant impacts as preda-
tors, prey, competitors, parasites, or pathogens.

I. Poleward and onshore transport

Active, mobile marine fishes, seabirds, reptiles, and
mammals may move into new (or away from old) habitats
in the CCS as ENSO-related changes occur in the water
column and render the physical-chemical characteristics
and prey fields more (or less) suitable for them. Planktonic
organisms are often critical prey and are, by definition,

subject to geographic displacements as a consequence of
altered ocean circulation that accompanies El Nifo events.
Most commonly, lower latitude organisms are transported
poleward to higher latitudes in either surface flows or in
an intensified California Undercurrent (Lynn and Bograd
2002). However, some El Nino events are accompanied
by onshore flows (Simpson 1984), potentially displacing
offshore organisms toward shore (Keister et al. 2005).

Two of the most celebrated examples of poleward
transport come from distributions of pelagic red crabs
(Pleuroncodes planipes) and the subtropical euphausiid (or
krill, Nyctiphanes simplex), both of which have their pri-
mary breeding populations in waters off Baja California,
Mexico (Boyd 1967; Brinton et al. 1999). Pelagic red crabs
were displaced approximately 10° of latitude, from near
Bahia Magdalena, Baja California, northward to Mon-
terey, California (Glynn 1961; Longhurst 1967) during the
El Nifo of 1958-1959. This early event was particularly
well documented because of the broad latitudinal coverage
of the California Cooperative Oceanic Fisheries Investiga-
tions (CalCOF]I) cruises at the time. Such El Nifio-related
northward displacements have been documented re-
peatedly over the past six decades (McClatchie et al.
2016), partly because the red crabs often strand in large
windrows on beaches and are conspicuous to the general
public. The normal range of the euphausiid Nyctiphanes

cp EP CP  EP cp EP CP  CP/EP

200 - \1/ \l/ \l/
B [

150 - m
€ (=
- - 08 ©
v 100 -+ >0 =
3 A L =
= Q
g 50 - | h | Jln . ] n L 0.4 2: 3
(@] o 3
C 0 > 1
< . 00 3 O
— ‘ P o O
2 50 - 3 2
) Q
= L .04 =
5 10 —DTISA a
v —e—Krill (Warm-Cool)

-150 +—+—+++rrrr T e R aman e T T T — -0.8

1950 1960 1970 1980 1990 2000 2010 2020

Year

Figure 2. Covariability of California Current euphausiids (krill, blue lines) with an index of ENSO off California (de-trended sea level anomaly [DTSLA] at
San Diego, green lines). Note the markedly different relationship between euphausiids and DTSLA after 2000. Sustained excursions of DTSLA exceeding

one standard deviation (i.e., above upper dotted red line) are expressions of El Nifio (or of the warm anomaly of 2014-2015). Red arrows indicate specific
events categorized as either eastern Pacific (EP) or central Pacific (CP) El Nifio events (Yu et al. 2012), apart from 2015-2016 which could be either CP or
EP. The Warm-Cool euphausiid index is based on the difference in average log carbon biomass anomaly of the four dominant warm water euphausiids in

the CCS minus the average anomaly of the four dominant cool water euphausiids (species affinities from Brinton and Townsend 2003). Euphausiid carbon

biomass from springtime CalCOFI cruises off Southern California, lines 77-93, nighttime samples only. Dotted blue lines indicate years of no samples

(Ohman, personal communication).
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simplex is centered at 25-30°N (Brinton et al. 1999). N.
simplex has been repeatedly detected far to the north of
this range during El Nifio, extending at least to Cape
Mendocino (40.4°N) in 1958 (Brinton 1960), to northern
Oregon (46.0°N) in 1983 (Brodeur 1986), and to New-
port, Oregon (44.6°N; Keister et al. 2005) and northwest
Vancouver Island (50.7°N; Mackas and Galbraith 2002)
in 1998. In spring of 2016, N. simplex were extremely
abundant in the southern California region (M. Ohman
and L. Sala, personal communication) and detected as
far north as Trinidad Head (41.0°N) but not in Newport,
Oregon (W. Peterson, personal communication). Some-
times such El Nifio-related occurrences of subtropical
species are accompanied by declines in more boreal species
(e.g., Mackas and Galbraith 2002; Peterson et al. 2002),
although this is not always the case.

Among the organisms displaced during El Nifios, the
consequences of transport of predators are poorly un-
derstood but likely significant in altering the food web.
Subtropical fishes can be anomalously abundant in higher
latitudes during El Nino (Hubbs 1948; Lluch-Belda et al.
2005; Pearcy and Schoener 1987; Pearcy 2002; Brodeur et
al. 2006), with significant consequences for the resident
food web via selective predation on prey populations.

II. Habitat compression

Many species are confined to a specific habitat that
may compress during El Nifo. This phenomenon has
been observed repeatedly for species and processes related
to coastal upwelling in the CCS. During major El Nino
events, as the offshore extent of upwelled waters is re-
duced and becomes confined close to the coast, the zone
of elevated phytoplankton (observed as Chl-a) compresses
markedly to a narrow zone along the coastal boundary
(e.g., Kahru and Mitchell 2000; Chavez et al. 2002). For
example, during the strong El Nifo spring of 1983, the
temperate euphausiid Euphausia pacifica was present in
low densities throughout Central and Southern California
waters, but 99% of the biomass was unusually concen-
trated at a single location (station 80.51) very close to Point
Conception, where upwelling was still pronounced (E.
Brinton, personal communication). The spawning habitat
of the Pacific sardine (Sardinops sagax) was narrowly re-
stricted to the coastal boundary during El Nifio 1998, but
one year later during La Nifia 1999, the spawning habitat
extended a few hundred kilometers farther offshore (Lo
et al. 2005). Market squid, Doryteuthis opalescens, show
dramatically lower catches during El Nifio years (Reiss et
al. 2004), but in 1998, most of the catch was confined to
a small region in Central California (Reiss et al. 2004).
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During the El Nino in spring 2016, vertical particle fluxes
measured by sediment traps were reduced far offshore but
remained elevated in the narrow zone of coastal upwelling
very close to Point Conception (M. Stukel, personal com-
munication).

III. Altered winds and coastal upwelling

Upwelling-favorable winds along the US West Coast
may decline during El Nifio conditions (Hayward 2000,
but see Chavez et al. 2002) and vertical transports can
be reduced (Jacox et al. 2015), mainly during the winter
and early spring (Black et al. 2011). Independent of any
changes in density stratification (considered below), these
decreased vertical velocities can lead to diminished nutri-
ent fluxes, reduced rates of primary production, and a
shift in the size composition of the plankton community
to smaller phytoplankton and zooplankton (Rykaczewski
and Checkley 2008). Such changes at the base of the food
web can have major consequences for a sequence of con-
sumers at higher trophic levels, as both the concentration
and suitability of prey decline.

However, there are potential compensatory effects of
reduced rates of upwelling. Diminished upwelling also
means less introduction of CO,-rich, low-oxygen waters
to coastal areas (Feely et al. 2008; Bednarsek et al. 2014),
with potential benefits to organisms that are sensitive to
calcium carbonate saturation state or hypoxic conditions.
Furthermore, reduced upwelling implies lower Ekman
transport and potentially reduced cross-shore fluxes far
offshore within coastal jets and filaments (cf., Keister al.
2009).

IV. Increased stratification and deepening of nutri-
cline

El Nifio-related warming of surface waters and in-
creased density stratification can result from advection of
warmer waters and/or altered local heating. Evidence sug-
gests that the pycnocline (Jacox et al. 2015) and nitracline
(Chavez et al. 2002) deepen during stronger El Ninos.
This effect, independent of variations in wind stress, also
leads to diminished vertical fluxes of nitrate and other
limiting nutrients and suppressed rates of primary produc-
tion. Decreased nitrate fluxes appear to explain elevated
15N in California Current zooplankton (Ohman et al.
2012) and decreased krill abundance (Lavaniegos and
Ohman 2007; Garcia-Reyes et al. 2014) during El Nifio
years. For example, the 2015-16 El Nino resulted in a pro-
nounced warming of surface waters and depressed Chl-a
concentrations across a broad region of the CCS (Mc-
Clatchie et al. 2016).



V. Direct physiological responses to altered tempera-
ture, dissolved O,, pH

Most organisms in the ocean—apart from some marine
vertebrates—are ectothermic, meaning they have no capa-
bility to regulate their internal body temperature. Heating
or cooling of the ocean therefore directly influences their
rates of metabolism, growth, and mortality. Most
organisms show not only high sensitivity to temperature
variations but nonlinear responses. A typical temperature
response curve or “thermal reaction norm” (e.g., of growth
rate) is initially steeply positive with increasing tempera-
ture, followed by a narrow plateau, then abruptly declines
with further increases in temperature (e.g., Eppley 1972).
Different species often show different thermal reaction
norms. Hence, El Nifio-related temperature changes may
not only alter the growth rates and abundances of
organisms, but also shift the species composition of the
community due to differential temperature sensitivities.

Similarly, El Nino-induced variations in dissolved oxy-
gen concentration and pH can have marked consequences
for physiological responses of planktonic and sessile ben-
thic organisms and, for active organisms, potentially lead
to migrations into or out of a suitable habitat. Interactions
between variables (Boyd et al. 2010) will also lead to both
winners and losers in response to major ENSO-related
perturbations.

VI. Altered parasite, predator populations, and harm-
ful algal blooms

ENSO-related changes can favor the in situ prolifera-
tion or introduction of predators, parasites, pathogens,
and harmful algal blooms. Such outbreaks can have major
consequences for marine ecosystems, although some are
relatively poorly studied. For example, a recent outbreak of
sea star wasting disease thought to be caused by a denso-
virus adversely affected sea star populations at numerous
locations along the West Coast (Hewson et al. 2014).
While not specifically linked to El Nifo, this outbreak was
likely tied to warmer water temperatures. Because some sea
stars are keystone predators capable of dramati-cally
restructuring benthic communities (Paine 1966), such
pathogen outbreaks are of considerable concern well
beyond the sea stars themselves.

Domoic acid outbreaks, produced by some species of
the diatom genus Pseudo-nitzschia, can result in closures
of fisheries for razor clams, Dungeness crab, rock crab,
mussels, and lobsters, resulting in significant economic
losses. While the causal mechanisms leading to domoic
outbreaks are under discussion (e.g., Sun et al. 2011;
McCabe et al. 2016), warmer-than-normal ocean condi-
tions in northern regions of the CCS have been linked to

OCB NEWS ¢ Winter 2017

domoic acid accumulation in razor clams, especially when
El Nifio conditions coincide with the warm phase of the
Pacific Decadal Oscillation (McKibben et al. 2017).

ENSO diversity, non-stationarity, and consequences of
secular changes

There is considerable interest in understanding the
underlying dynamical drivers that lead to different El Nifio
events (Singh et al. 2011; Capotondi et al. 2015).
Although there appears to be a continuum of El Nifo
expression along the equatorial Pacific, some simplify this
continuum to a dichotomy between Eastern Pacific (EP)
and Central Pacific (CP) events (Capotondi et al 2015).
Whether EP and CP El Nifios have different consequences
for mid-latitude ecosystems like the California Current
Ecosystem is an area of open research, but some evidence
suggests that differences in timing and intensity of biologi-
cal effects may exist (cf. Fisher et al. 2015). While some
studies (e.g., Lee and McPhaden 2010) suggest that the
frequency of CP El Nifios is increasing, the evidence is not
definitive (Newman et al. 2011). In addition to questions
about the ecosystem consequences of El Nino diversity,
there are unknowns regarding interactions between El
Nifo, decadal-scale variability (Chavez et al. 2002), and
secular changes in climate (Figure 2, Ohman, unpubl.),
which suggest a non-stationary relationship between Cali-
fornia Current zooplankton and El Nifo. An index of the
dominance of warm water krill from CalCOFI sampling in
Southern California shows that for the first 50 years there
was a predictable positive relationship between these warm
water krill and El Nino. This relationship held during
both EP and CP El Nino events from 1950-2000.
However, the relationship appeared to weaken after 2000.
The warm water krill index was negatively correlated with
the moderate El Nifio of 2009-10. While the krill index
again responded to the major El Nifio of 2015-16 and the
preceding year of warm anomalies (Bond et al. 2015; Zaba
and Rudnick 2016), the magnitude of the response was
not comparable to what had been seen in earlier decades. It
is unclear whether such results are merely the conse-quence
of interannual variability in the mode of El Nino
propagation (Todd et al. 2011) or a change in the relation-
ship between El Nifio forcing and ecosystem responses.

Conclusions

While the potential modes of El Nifo influence on
biological and biogeochemical processes in the CCS are
numerous, not all processes are of first order consequence
to all organisms. Forecasting ENSO effects on a given
target species will likely focus on a limited number of
governing processes. Table 1 illustrates some of the specific
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types of organisms susceptible to El Nifo perturbations and the suspected dominant mechanism. We look forward to
developing a framework for forecasting such responses in a quantitative manner.

Ecosystem indicator Region and season Change during El Nifio Time scale of response Regional ocean processes
Primary Jucti Entire CCS Dedlines Variable lag; Reduced uprvlllalling, ;utl’iEll;ltﬂu?CE:ZDEEpEr
winter, spring, summer Instantaneous or time-lagged nutricline and weaker winds
Pseudo-nitzschia Entire CCS Bl Elevated temperature; Altered nutrient
ooms i
diatoms; Domoic Acid spring-summer 1-3 month lag stoichiometry
NCCS . "
. . Pol d advection; Reduced 1l
Copepod assemblage Warm water species appear Mearly instantaneous oleward advection; Redliced Upwelling,
spring-summer warmer temperature
Mearly instantaneous; persists
beyond Nifio event
Subtropical euphausiids SCCS Increase Poleward advection
spring-summer
Entire CCS
Cool water euphausiids Decrease Time-lagged Reduced upwelling; Anomalous advection
spring-summer
SCCS & CCCS
Pelagic red crabs Increase Mearly instantaneous Poleward advection
winter, spring, summer
Market id CCCS & 5CCS Collapse Instantaneous for distribution; Warmer temperature/deeper thermacline;
winter & spring time-lagged for recruitment Reduces spawning habitat
. Ch in distribution; . .
Entire CCS anges In distribution Instantaneous for spawning and Wind stress, cross-shore transport
Pacific sardine wintersorin Compressian of spawning dlstl'lbL.!tlEll‘l, rEIcrL:utmnlant time-
Pring habitat lagged, biomass is time-integrated
Ch in distribution; . . .
CCCS & SCCS anges In distribution Instantaneous for spawning and Reduced upwelling; Anomalous advection
Morthern anchowy wintersorin Compressian of spawning dlstl'lbL.!tlEll‘l, rEIcrL:utmnlant time-
Pring habitat lagged, biomass is time-integrated
NCCS. , .
. - N Red flow, d d food |
Juvenile salmon survival Decrease in Pacific NW Time-integrated elice river Tlaw, decreased Toad supply In
spring-summer ocean
Adult sockeye salmon NCCS Return path deflected
northward to Canadian Time-integrated Ocean temperature, including Ekman controls
(Fraser River) summer waters
SCCS
Warm assemblage of .
fich Increase Lagged 0-3 maonths Poleward and onshore advection
mesopelagic spring (?)
Common murre cces . . m +
) N P fish lability; Th line depth;
Decrease Time-Lagged, time-integrated rey (fish) availabi I;"r Erli'lnclc?lne Ep
(reproductive success) winter-spring Decreased upwelling
Top predator
Advection of prey, altered temperature
reproduction and Entire CCS Species-dependent Time-integrated u wellinp :;suscale struciure !
" " P By
Top predator Entire CCS Altered geographic Instantaneous or time-lagged Advection of prey, altered temperature,
distribution distributions

upwelling, mesoscale structure

Table 1. Examples of water column biological processes and organisms known to be affected by El Nifio in the California Current System. Columns

indicate the type of organism; approximate geographic region and season of the effect; direction of change in response to El Nifio; temporal pattern of

response (immediate, time-lagged, time-integrated); and the hypothesized oceanographic processes driving the organism response. CCS = California
Current System; NCCS, CCCS, and SCCS denote northern, central, and southern sectors of the CCS.
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The El Nino—Southern Oscillation (ENSO) is a domi-
nant driver of interannual variability in the physical and
biogeochemical state of the northeast Pacific, and, con-
sequently, exerts considerable control over the ecological
dynamics of the California Current System (CCS). In the
CCS, upwelling is the proximate driver of elevated biologi-
cal production, as it delivers nutrients to the sunlit surface
layer of the ocean, stimulating growth of phytoplankton
that form the base of the marine food web. Much of the
ecosystem variability in the CCS can, therefore, be at-
tributed to changes in bottom-up forcing, which regulates
biogeochemical dynamics through a range of mechanisms.
Of particular relevance to ENSO-driven variability are

the influences of surface winds (which drive upwelling
and downwelling), remote oceanic forcing by coastal wave
propagation, and alongshore advection. While the relative
importance of these individual forcing mechanisms has
long been a topic of study, there is general consensus on
the qualitative nature of each, and we discuss them in turn
below.

Wind

One of the canonical mechanisms by which ENSO
events generate an oceanographic response in the CCS is
through modification of the surface winds and resultant
upwelling. During El Nifo, tropical convection excites
atmospheric Rossby waves that strengthen and displace the
Aleutian low, producing anomalously weak equatorward
(or strong poleward) winds, which in turn drive anoma-
lously weak upwelling (or strong downwelling) through
modification of cross-shore Ekman transport near the
surface (Alexander et al. 2002; Schwing et al. 2002). The
opposite response is associated with La Nina. This tropi-
cal-extratropical communication through the atmosphere
has been given the shorthand name “atmospheric tele-
connection.” When equatorward winds are anomalously
weak, as they were for example during the 2009-2010
El Nino (Todd et al. 2011), there is a twofold impact on
the nutrient flux to the euphotic zone and, consequently,
the potential primary productivity. First, weaker winds
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produce weaker coastal upwelling; independent of changes
in the nutrient concentration of upwelling source waters,
a reduction in vertical transport translates directly to a
reduction in vertical nutrient flux. Second, the nutrient
concentration of source waters is altered by the strength
of the wind; weak upwelling draws from shallower depths
than strong upwelling, and the water that is upwelled is
relatively nutrient-poor. Both of these effects tend to limit
potential productivity during El Nifio. Conversely, La
Nina events are associated with anomalously strong equa-
torward winds, vigorous coastal upwelling, and an ample
supply of nutrients to the euphotic zone. However, winds
that are too strong can also export nutrients and plankton
rapidly offshore, resulting in relatively low phytoplankton
biomass in the nearshore region (Figure 1; Jacox et al.
2016a).

In addition to the magnitude of alongshore wind
stress, its spatial structure is also important in dictating
the ocean’s physical and biogeochemical response. Off
the US West Coast, the first mode of interannual upwell-
ing variability is a cross-shore dipole, where anomalously
strong nearshore upwelling (within ~50 km of the coast)
is accompanied by anomalously weak upwelling farther
offshore (Jacox et al. 2014). In terms of the surface wind
field, this pattern represents a fluctuation between cross-
shore wind profiles with (i) weak nearshore winds and
a wide band of positive wind stress curl, and (ii) strong
nearshore winds and a narrow band of positive curl. The
former, which is associated with positive phases of the Pa-
cific Decadal Oscillation (PDO) and ENSO and negative
phases of the North Pacific Gyre Oscillation (NPGO),
may favor smaller phyto- and zooplankton, while the
latter, associated with negative phases of the PDO and
ENSO and positive phases of the NPGO, may favor larger
phyto- and zooplankton (Rykaczewski and Checkley
2008).

Remote ocean forcing
As the atmospheric teleconnection transmits tropical
variability to CCS winds, an oceanic teleconnection ex-
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Figure 1. Surface chlorophyll plotted as a function of alongshore wind stress

and subsurface nitrate concentration in the central CCS. Wind stress is from

the UC Santa Cruz Regional Ocean Model System (ROMS) CCS reanalysis

(oceanmodeling.ucsc.edu); nitrate comes from the CCS reanalysis combined with

a salinity-temperature-nitrate model developed with World Ocean Database

data; and chlorophyll is from the SeaWiFS ocean color sensor. Surface chlorophyll

alongshore wind along the coast, the fast poleward
propagation speed of coastally trapped waves, and
the fact that both produce similar effects during
canonical El Nifo and La Nina events. The 2015-16
El Nino is one example in which warm water and
deep isopycnals were observed in the southern CCS
despite anomalous local upwelling-favorable winds
(Jacox et al. 2016b). In this case, the local winds may
have dampened the influence of the oceanic telecon-
nection (Frischknecht et al. 2017).

Coastally trapped waves are also likely important
in setting up an alongshore pressure gradient. The
barotropic alongshore pressure gradient influences
local upwelling dynamics, as it is balanced primarily
by the Coriolis force associated with onshore flow
(Connolly et al. 2014). This onshore geostrophic
flow acts in opposition to the wind-driven offshore
Ekman transport, such that net offshore transport
(and consequently upwelling) is less than the Ek-
man transport (Marchesiello and Estrade 2010). The
magnitude of the alongshore pressure gradient is
positively correlated with ENSO indices, so it tends
to further reduce upwelling during El Nifo events,
exacerbating the influence of anomalously weak
equatorward winds (Jacox et al. 2015).

is highest when winds are moderate and subsurface nutrient concentrations are

high. Phytoplankton biomass can be hindered by weak upwelling, nitrate-poor

source waters, or physical processes (subduction or rapid offshore advection of
nutrients and/or phytoplankton, light limitation due to a deep mixed layer) driven

by strong winds. Adapted from Jacox et al. (2016a).

ists in the form of coastally trapped waves that propagate
poleward along an eastern ocean boundary and thus ap-
proach the CCS from the south (Enfield and Allen 1980;
Meyers et al. 1998; Strub and James 2002). During an

El Nifio, these waves tend to deepen the pycnocline and
nutricline, which renders upwelling less effective at draw-
ing nutrients to the surface and, therefore, limits potential
productivity. While coastally trapped waves that reach
the CCS may originate as far away as the equator, topo-
graphic barriers exist, notably at the mouth of the Gulf of
California (Ramp et al. 1997; Strub and James 2002) and
at Point Conception. Since coastally trapped waves that
reach a particular location in the CCS can be generated
by wind forcing anywhere along the coast equatorward of
that location, the oceanic teleconnection may be thought
of as an integration of wind forcing experienced along the
equator and all the way up the coast to the CCS. Efforts
to separate the effects of local wind forcing from coastally
trapped waves are complicated by the strong correlation of
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Alongshore transport

Anomalous alongshore transport has on several
occasions been implicated in major ecosystem chang-
es in the CCS. In the case of anomalous advection
from the north, as observed in 2002 (Freeland et al.
2003), the CCS is supplied by cold, fresh, and nutrient-
rich subarctic water that can stimulate high productivity,
even in the absence of strong upwelling. Conversely,
anomalous advection of surface waters from the south, as
observed during the 1997-98 El Nino (Bograd and Lynn
2001; Lynn and Bograd 2002; Durazo and Baumgartner
2002) may amplify surface warming and water column
stratification, intensifying nutrient limitation and biologi-
cal impacts associated with the atmospheric and oceanic
teleconnections.

The poleward flowing California Undercurrent (CUC)
may also be modulated by ENSO variability. In particular,
there is evidence that strong El Nifio events can inten-
sify the CUC (Durazo and Baumgartner 2002; Lynn
and Bograd 2002; Gomez-Valdivia et al. 2015), which
transports relatively warm, salty, and nutrient-rich water
along the North American coast from the tropical Pacific
as far north as Alaska (Thomson and Krassovski 2010).
Anomalously warm salty water was observed on subsur-
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face isopycnals in the southern CUC during 2015-2016
(Rudnick et al. 2016), suggesting anomalous advection
from the south. It is unclear whether coastal upwelling can
reach deep enough during El Nino events to draw from
the CUC, but if so, the CUC intensification could be a
mechanism for modifying upwelling source waters and
partially mitigating the previously described impacts on
nutrient supply.

Finally, in addition to influencing the ecosystem
through bottom-up forcing, anomalous surface and
subsurface currents can directly influence the ecologi-
cal landscape by transporting species into the CCS from
the north, south, or west. For example, positive phases of
ENSO and the PDO are associated with higher biomass of
warm-water ‘southern’ copepods, while negative phases of
ENSO and the PDO are associated with increases in cold-
water ‘northern’ copepods (Hooff and Peterson 2006).
Importantly, northern copepods are much more lipid-rich
than southern copepods; thus, changes in the copepod
composition alter the energy available to higher trophic
levels and have been implicated in changing survival for
forage fish, salmon, and seabirds (Sydeman et al. 2011).
During El Nifo events, the appearance of additional
warm water species (e.g., pelagic red crabs) off the Califor-
nia coast has also been attributed to anomalous poleward

All Lines, 50 m, 0 - 50 km

advection, though further research is needed to support
this hypothesis.

Measuring ENSO’s physical impact on the CCS
While El Nifno and La Nina events have specific global
and regional patterns associated with them, each ENSO
event is unique, both in its evolution and its regional im-
pacts (Capotondi et al. 2015), exemplified by events of the
past several years. The tropical evolution of the 2015-16
El Nifio was reasonably well predicted by climate models
(UHeureux et al. 2016), in contrast to 2014-15 when a
predicted El Nifo failed to materialize (McPhaden 2015).
However, even in the strong 2015-16 El Nifo there were
notable exceptions from the expected effects of a strong El
Nino, including a lack of increased precipitation over the
Southwestern and South Central United States (L Heureux
et al. 2016). Similarly, subsurface ocean anomalies off
Central and Southern California were weaker in 2015-16
than they were during the 1982-83 and 1997-98 El Nifios
(Jacox et al. 2016b), and the 2015-16 EI Nifio occurred
against a backdrop of widespread pre-existing anomalous
conditions in the northeast Pacific.
In light of ENSO’s diverse expressions in the CCS,
it is desirable to develop indices that capture variability
in the CCS rather than to rely solely on tropical indices
with uncertain connections to the North
American West Coast. For one such in-

5 4 dex, we turn to data from the California
a Underwater Glider Network (CUGN),
which has sustained observations along
5 3 California Cooperative Oceanic Fisher-
9; 5 (;3‘ ies Investigations (CalCOFI) lines 66.7
2 1 X (Monterey Bay), 80.0 (Po‘mt Qoncep—
5 T tion), and 90.0 (Dana Point) since 2007.
g 0 ?;:’ The temperature anomaly at 50 m depth
% % averaged over the inshore 50 km is
%«'1 ©  calculated using a climatology of CUGN
Eaf § data (Figure 2; Rudnick et al. 2016).
b= 1-2 The choice of 50 m depth is consistent
-3 ::::2 gg'g with the mean depth of the thermocline,
-4 Line 90.0 13 and averaging over the inshore 50 km is
‘ ch’a”ic ano Ind?x . | | intended to focus on the region of coastal
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Figure 2. Temperature anomaly at 50 m depth from the California Underwater Glider
Network, averaged over the inshore 50 km and filtered with a 3-month running mean. Lines
have traditional CalCOFI designations 66.7 (Monterey Bay), 80.0 (Point Conception), and 90.0
(Dana Poaint). The Oceanic Nifio Index (a 3-month running mean of the Nifio 3.4 SST anomaly)

is plotted for reference.
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upwelling. Anomalously warm water is
largely the result of anomalously weak
upwelling or strong downwelling. Re-
sults from all three lines are shown along
with the Oceanic Nino Index, a measure
of sea surface temperature in the central
equatorial Pacific (Figure 2). The major
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events of the past decade include the El Nifno/La Nina of
2009-11, and the dramatic recent warming that started

in 2014 and extended through the El Nifio that ended in
2016. The two recent warm periods of 2014-15 (Zaba and
Rudnick 2016) and 2015-16 are of note, as they extended
along the coast between lines 90.0 and 66.7. While the
equatorial Pacific is experiencing La Nina conditions, as
of December 2016, anomalous warmth is lingering in the
CCS. Time-series such as those in Figure 2 demonstrate
the value of the CUGN, which provides direct observa-
tions of the vertical structure of the ocean and has been
sustained over the past decade along three transects in the
CCS. These observations can also be used in conjunction
with ocean models and observations from other platforms
to observe the physical state of the CCS in near real-time
and place it in the context of historical variability, includ-
ing ENSO-driven variability, spanning decades (e.g. Jacox
et al., 2016b).
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The El Nifio-Southern Oscillation (ENSO) is the
dominant mode of tropical Pacific climate variability

at interannual timescales, with profound influences on
seasonal weather and ecosystems worldwide. In particular,
the physical and biological conditions along the US West
Coast, an area that supports one of the most productive
marine ecosystems in the world, are strongly influenced
by ENSO. Specifically, during El Nino events, along-
shore winds weaken and upwelling is reduced, resulting
in warmer surface waters, reduced nutrient supply to the
euphotic zone, and reduced biological productivity. While
these conditions during El Nifio events are well known,
the exact mechanisms involved
and the origin of event-to-event
differences in ENSO impacts are
not fully understood. Here, we
review our current state of knowl-
edge on ENSO and its different
expressions, the mechanisms by
which ENSO influences the US
West Coast, and possible ap-
proaches for understanding the
predictability of those impacts.

ENSO dynamics and oceanic
teleconnections

Tropical Pacific interannual
variations involve changes in the
thermocline, namely the interface
between the warmer upper ocean
layer and the colder deeper ocean.
In its neutral state, the tropical
Pacific is characterized by a shal-
lower thermocline in the eastern
Pacific and deeper thermocline in
the western Pacific, with a zonal
(east-west) slope that is in equi-
librium with the surface easterly
wind stress. Surface waters are
thus colder in the eastern Pacific
“Cold Tongue,” and much warmer
west of the dateline in the western

DEC 28 1997

Pacific “Warm Pool.” ENSO events are disruptions of this
neutral state. During warm events, the El Nifio phase, the
easterly trades weaken, reducing upwelling in the Cold
Tongue region. The thermocline deepens in the east and
shoals in the west (Figure 1) and the zonal temperature
gradient is reduced. The initial deepening of the eastern
Pacific thermocline is achieved through the eastward
propagation of downwelling Kelvin waves, excited by
high-frequency winds in the form of westerly wind events
(WWEs) in the western Pacific (McPhaden 1999, Roundy
and Kiladis 2006), and amplified by slower-building

wind anomalies (known as the Bjerknes feedback). After

Figure 1. Canonical oceanic teleconnection pattern associated with coastally trapped Kelvin waves
emanating from the tropical and subtropical eastern Pacific during the 1997-98 El Nifio, as revealed by
sea surface height altimeter observations (Credit: NASA/JPL-Caltech). These boundary-trapped waves
have the potential to travel from the Equatorial region to the California Coast (and beyond) where

they can alter thermocline depth, SST, mixed-layer depth, and currents. Atmospheric teleconnections,

however, can also drive regional oceanic anomalies that mimic this same type of response.
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Figure 2. Canonical wintertime atmospheric teleconnection pattern associated with ENSO
as a response to tropical heating, also known as the Pacific North American (PNA) pattern,
as schematically illustrated by Horel and Wallace (1981). The contour lines represent middle
troposphere geopotential height anomalies that occur in response to warm SST in the tropical
Pacific near the dateline during an El Nifio (shaded area). The Rossby wave-like pattern
includes high-pressure anomalies in the Northern Hemispheric subtropics and low-pressure
anomalies in the North Pacific, with a ridge over Canada and an anomalous low-pressure
region in the Southeastern US. The dark arrows depict the strengthened subtropical jets

and easterlies near the dateline. The lighter arrows indicate the distorted mid-tropospheric

streamlines due to troughing and ridging.

reaching the eastern ocean boundary, these Kelvin waves
continue poleward along the coastlines of the Americas
as coastally trapped Kelvin waves, depressing the ther-
mocline, and reducing upwelling along the west coast of
North and South America. The coastal wave propagation
north of the Equator can clearly be seen in Figure 1 all
the way to Baja California. In contrast, upwelling Kelvin
waves during La Nifa conditions induce a shoaling of the
thermocline in the eastern equatorial Pacific and along the
west coast of the Americas, resulting in increased upwell-
ing (Simpson 1984; Lynn and Bograd 2002; Huyer et al.
2002; Bograd et al. 2009; Hermann et al. 2009; Miller et
al. 2015).

The changes in upwelling associated with the coastal
Kelvin waves can directly impact the biogeochemistry
of the waters along the US West Coast. However, the
offshore scale of the waves decreases with latitude, and the
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waves decay while propagating northward
due to dissipation and radiation of energy
by the generation of westward propagating
Rossby waves (Marchesiello et al. 2003).
In addition, topography and bathymetry
can modify the nature of the waves and
perhaps partially impede their propaga-
tion at some locations, casting some doubt
on the effectiveness of coastal waves of
equatorial origin to substantially alter the
stratification along the US West Coast and
modulate the local marine ecosystem.

Atmospheric teleconnections

Equatorial sea surface temperature
(SST) anomalies associated with ENSO
also influence remote weather and climate
through large-scale atmospheric telecon-
nections. Variations in convection trigger
atmospheric stationary Rossby wave trains
that alter the Pacific North America Pat-
tern (PNA, Figure 2), a mode of North
Pacific geopotential height variability
(Horel and Wallace 1981), and induce
variations in the regional atmospheric
circulation. In particular, El Nino events
are associated with an intensification and
southward shift of the Aleutian Low (AL)
pressure system and changes in the eastern
Pacific subtropical high, which conspire to
weaken the alongshore winds off the US
West Coast, resulting in reduced upwell-
ing and warmer SST. These changes associated with the
local atmospheric forcing are similar to those induced by
coastal Kelvin waves of equatorial origin, making it very
difficult to distinguish the relative importance of the
oceanic and atmospheric pathways in this region, espe-
cially observationally. In addition, large uncertainties exist
surrounding the atmospheric mid-latitude response to
tropical SST anomalies. Results from a recent study based
on both observations and climate model ensemble simula-
tions indicate that uncertainties in the sea level pressure
(SLP) response to ENSO arise primarily from atmospheric
internal variability rather than diversity in ENSO events
(Deser et al. 2017). Thus, the details of the ENSO tele-
connections can vary significantly and randomly from
event to event and result in important differences along
the California Coast.
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ENSO diversity and its implications for impacts on the
US West Coast

As already noted by Wyrtki (1975), “No two El Nifio
events are quite alike.” Indeed, ENSO events differ in
amplitude, duration, and spatial pattern, and several
studies have suggested that such differences may play an
important role in ENSO impacts (see Capotondi et al.
2015 for a review). Special emphasis has been given to the
location of the maximum equatorial SST anomalies, as
this is an aspect that is readily observed and may influence
atmospheric teleconnections (Ashok et al. 2007; Larkin
and Harrison 2005). Although the longitudinal posi-
tion of the maximum SST anomalies along the equator
varies from event to event in a quasi-continuum fashion,
for practical purposes, events are often grouped depend-
ing on whether the largest anomalies are located in the
eastern Pacific (“EP” events), or in the central Pacific
(“CP” events). Here, we use the relative amplitudes of
SST anomalies in the Nifio-3 (5°S-5°N, 150°W-90°W)
and Nifo-4 (5°S-5°N, 160°E-150°W) regions to classify
the events as “EP” or “CP”. Figure 3 shows the equatorial
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profiles of SST anomalies for the two groups of events in
the Simple Ocean Data Assimilation (SODA; Carton and
Giese 2008) reanalysis over the period 1958-2007 (Figure
3a) and in 500 years of a pre-industrial control simulation
of the National Center for Atmospheric Research (NCAR)
Community Climate System Model version 4 (CCSM4;
Figure 3b). We notice that there is a large overlap be-
tween the two groups of events, which is indicative of the
large spread in event longitudinal distribution, although
events peaking in the eastern Pacific can achieve larger
amplitudes than those peaking in the central Pacific.
This difference in amplitude is not as pronounced in the
precipitation profiles (Figure 3¢c), suggesting that in spite
of their weaker SST anomaly signature, CP events may
still have a large influence on the atmosphere due to their
position in a region of warmer background SST.

Do different types of ENSO events have different
impacts on the climate and marine ecosystems of the US
West Coast? In terms of atmospheric teleconnections,
“canonical” EP events have been associated with changes
in the AL, while CP events may produce a strengthening
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Figure 3. a) Equatorial SST anomaly profiles for EI Nifio events with largest SST anomalies in the Nifio-3 region (EP events, thin dashed orange lines)
and in the Nifio-4 region (CP events, thin dashed blue lines) from the SODA ocean reanalysis over the period 1958-2007. The thick red and blue lines are
the composites of the thin orange and blue lines, respectively. b) Same as in a, but for a 500-year preindustrial simulation of the NCAR-CCSM4 climate

model. ¢) Same as in b, but for precipitation anomalies rather than SST anomalies. The a), b) and c) panels are adapted from Capotondi (2013). d) Tropical

SST anomaly pattern, or “sensitivity pattern,” that exerts the largest influence on the PNA (the “+” and “-" signs indicate the PNA highs and lows as

shown in Figure 2), as computed by Barsugli and Sardeshmukh (2002) using ensembles of atmospheric model simulations forced by a set of SST anomaly

patches over the tropical Pacific. Panel c) is adapted from Barsugli and Sardeshmukh (2002).
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of the second mode of North Pacific atmospheric vari-
ability, the North Pacific Oscillation (NPO; Di Lorenzo
etal. 2013). AL variability is associated with the Pacific
Decadal Oscillation, while the NPO appears to provide
the atmospheric forcing for the North Pacific Gyre Oscil-
lation (Di Lorenzo et al. 2008), a mode of variability that
is largely correlated with biologically relevant quantities
along the West Coast of the US. However, the event-
to-event differences in teleconnections, associated with
intrinsic atmospheric variability, may obscure differences
in atmospheric response to different event types.

EP and CP events have different subsurface charac-
teristics as well so that the oceanic pathways between
the tropical Pacific and the US West Coast can also be
expected to differ in the two cases. While EP events are
characterized by large equatorial thermocline anoma-
lies across the basin, which evolve consistently with the
recharge oscillator paradigm (Jin 1997), thermocline
depth anomalies during CP events tend to be confined
to the central part of the basin and do not undergo the
large variations associated with the meridional warm water
volume transport. As a result, the Kelvin wave signature in
the eastern equatorial Pacific, and the resulting amplitude
of the coastal Kelvin wave can be expected to be weaker
during CP events. Indeed, a recent study (Fischer et al.
2015) has shown that temperature anomalies (and associ-
ated zooplankton composition) in the northern California
Current responded very rapidly to EP El Nino events
with a peak during boreal winter, whereas CP events were
accompanied by a delayed response with a peak during
boreal spring. The most recent 2015/16 El Nifo provides
another compelling example of diversity in ENSO influ-
ences. In spite of the magnitude of the event, which was
comparable to the previous two extreme events on record,
the 1982/83 and 1997/98, the changes in temperature,
thermocline/nutricline depth, and alongshore winds asso-
ciated with this event were much smaller than during the
two previous cases (Jacox et al. 2016). These differences
are perhaps due to the unique nature of this event, whose
spatial pattern has elements of both EP and CP El Nifo
types, with, in particular, a weaker thermocline depth
anomaly in the eastern equatorial Pacific relative to the
1982/83 and 1997/98 cases. This question remains open
and is the subject of intense research.

How well can we predict different types of ENSO
events? Several studies have attempted to determine
specific precursors for EP- and CP-type events. SST and
wind stress anomalies propagating southwestward from
the Southern California coast to the central equatorial
Pacific, a pattern known as the “Pacific Meridional Mode”
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(PMM; Chiang and Vimont 2004) has been suggested
as a possible precursor for CP events (Yu and Kim 2011;
Vimont et al. 2014), while SST and wind stress anomalies
extending northward along the coast of South America
toward the eastern equatorial Pacific (the “South Pacific
Meridional Mode” or SPMM; Zhang et al. 2014) have
been considered as candidate precursors for EP-type
events. While these modes of variability do produce initial
SST anomalies either in the central or eastern Pacific,
these anomalies can propagate along the equator and
maximize at a different longitude in the mature phase of
the event. For example, the strong 1982/83 EP El Nino
developed from anomalous SSTs in the central Pacific
in the late spring of 1982, which propagated eastward to
achieve their largest amplitude near the South American
coast in the following winter (Xue and Kumar 2016). In
late spring 2015, on the other hand, anomalies exceeding
2°C appeared in the far eastern Pacific and then propa-
gated westward to reach their largest amplitude in the
central Pacific in winter (Xue and Kumar 2016). While
several studies have emphasized SST precursors, thermo-
cline conditions two seasons prior to the peak of an event
appear to play an important role in the development of the
two types of events (Capotondi and Sardeshmukh 2015).
Deeper than average initial thermocline conditions in the
eastern Pacific favor EP-type events and shallower than
average eastern Pacific thermocline depth favors CP-type
events. The results of Capotondi and Sardeshmukh (2015)
were obtained using a combination of multiple linear
regressions and linear inverse modeling (Penland and
Sardeshmukh 1995), thus objectively providing the initial
state that will optimally evolve, two seasons later, in either
an EP- or CP-type event.

Given the remaining uncertainties in the exact trig-
gers of ENSO diversity, as well as the large noise level
of atmospheric teleconnections, how can we isolate the
predictable component of the ENSO influence on the US
West Coast physical and biogeochemical conditions in the
Pacific? In other words, even if we could perfectly predict
ENSO in all its diversity and atmospheric teleconnec-
tions, how well could we predict the ecosystem responses?
One possible approach is to determine the SST pattern to
which a given target quantity (e.g., a mode of atmospheric
variability or some local ecosystem forcing function) is
most sensitive. The SST anomalies that are most effective
in influencing specific “target” regions do not necessarily
coincide with the anomalies typical of “canonical” ENSO
events (Rasmussen and Carpenter 1982). In fact, as shown
by Barsugli and Sardeshmukh (2002) the PNA pattern
is particularly sensitive to SST anomalies in the Nifio-4 re-
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the sensitivity pattern relative to stronger EP events, and
be as (if not more) effective in influencing atmospheric
teleconnections like the PNA (compare Figures 3a,b with
Figure 3d). Similar sensitivity patterns could be deter-
mined for key regional forcing function along the US
West Coast, either using the approach outlined in Barsugli
and Sardeshmukh (2002) or via multiple linear regression

(e.g., Capotondi and Sardeshmukh 2015).

Conclusions

In summary, ENSO can provide a large source of
potential predictability for the physics and the biology of
the US West Coast. However, in light of the large uncer-
tainties associated with ENSO diversity and atmospheric
teleconnections, novel approaches need to be developed to
isolate the robust predictable components of ENSO influ-
ences and inform forecast development.
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El Nifio events are one of the “most spectacular instances
of interannual variability in the ocean” with “profound
consequences for climate and the ocean ecosystem” (Cane
1986). Perturbations in the atmosphere directly influ-
ence the ocean with long-term effects on environmental
variability in the tropical Pacific Ocean as the El Nino-
Southern Oscillation (ENSO) shifts between El Nino,
neutral, and La Nina states on a timescale of two to seven
years. On longer timescales, teleconnections from the
tropics to extratropical regions drive Pacific decadal vari-
ability, and these can be both oceanic and atmospheric

in nature. Mid-latitude variability of the Pacific Decadal
Oscillation (PDO) has been associated with ENSO (e.g.,
Newman et al. 2003) and is distinguished from ENSO
in part by its multidecadal timescale (20-30 years; 50
years). The PDO is dependent upon ENSO as a response
to the combined effects of atmospheric noise (Newman
et al. 2003), as well as the asymmetry of the ENSO cycle
(Rodgers et al. 2004). Therefore, when discussing decadal
variability of the northeast Pacific, we are referring to the
delayed impacts of ENSO.

Ecosystem impacts of northeast Pacific variability
Given the complex influence of tropical climate on
northeast Pacific ecosystems, there is significant overlap
between ENSO signals and higher frequency modes of
the PDO Index. It is widely recognized that interac-
tions between these two climate modes drive substantial
ecosystem variability on a range of time and space scales.
Large regime shifts in the North Pacific that have rever-
berated throughout the ecosystem, from physics to fish,
are recurring patterns now associated with low-frequency
changes in sea surface temperature (SST) that charac-
terize the PDO (e.g., Mantua et al. 1997). Some of the
higher-frequency fluctuations in ecosystem variables of the
northeast Pacific that have not been successfully attributed
to PDO or ENSO are now thought to be driven by an
intermediate mode of variability called the North Pacific

Gyre Oscillation (NPGO). While the PDO is character-
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ized as the first empirical orthogonal function (EOF) of
SST, NPGO is defined as the first EOF of both SST and
sea surface height (SSH) anomalies (Di Lorenzo et al.
2008). Compared to PDO and ENSO, NPGO is more
closely tied to variations in salinity, nutrient upwelling,
and chlorophyll a (chl-a) in the long-running California
Cooperative Oceanic Fisheries Investigations (CalCOFI)
time-series. DiLorenzo et al. (2008) suggest that major
ecosystem regime shifts require a simultaneous and op-
posite sign reversal of the NPGO and PDO, as was seen
shortly after the massive ENSO event of 1997/98, and
all three indices relate back to dynamics in the tropical
Pacific. The struggle is to understand how these low- to
high(er)-frequency modes of variability in the climate and
physics drive fluctuations in biogeochemistry and coastal
ecology.

As discussed by Jacox et al. (this issue), there is an
expected or canonical set of physical conditions associated
with ENSO in the California Current System (CCS). This
physical response to ENSO generally includes: 1) changes
in surface wind stress that alter the strength of coastal
upwelling and downwelling; 2) remote oceanic forcing
by coastally trapped waves that propagate poleward along
the US West Coast and modify thermocline depth and
coastal stratification; and 3) changes to alongshore advec-
tion (Jacox et al., this issue). The ecological response of the
coastal marine environment includes changes in primary
production and the community composition of plankton
and higher trophic levels that can be directly or more
subtly related to these physical factors. Primary production
is driven by vertical nutrient flux to well-lit surface waters;
nutrient supply is related to upwelling magnitude, upwell-
ing source depth, and nutrient concentrations at the source
depth. ENSO-related processes are also important for
interannual and seasonal variability of oxygen concentra-
tions and carbonate biogeochemistry on the Washington
and Oregon Shelves (Siedlecki et al. 2015). In this article,
we highlight some of the modeling and observational
studies that have successfully attributed ENSO-like vari-
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ability to specific impacts on the biogeochemistry and
lower-trophic level organisms of the northeast Pacific and

CCS.

Carbon dioxide

Numerical models are widely employed to diagnose
climatic forcing of the physical and biogeochemical
conditions of the northeast Pacific. For instance, using a
fully coupled ocean and biogeochemical model, Xiu and
Chai (2014) found that after accounting for atmospheric
effects, the air-sea flux and resulting pCO, of sea water in
the Pacific was significantly correlated (0.6) to the Mul-
tivariate ENSO Index (MEI) with a lag of ten months.
Similarly, Wong et al. (2010) found that sea surface pCO,
was significantly correlated with the MEI in the northeast
Pacific. Biogeochemical models of different complex-
ity have also highlighted the connection between PDO
and the interannual variability of air-sea CO, fluxes (e.g.,
McKinley et al. 2006). These studies also demonstrate
that the individual components controlling surface ocean
pCO, in the northeast Pacific respond to PDO with sig-
nificant amplitudes, but that their combined influence has
a relatively small effect on the CO, fluxes in this region.
Xiu and Chai (2014) showed that the dominant driver
of North Pacific pCO, variability is anthropogenic CO,,
whereas air-sea CO, flux is more closely correlated with

the PDO and the NPGO.

Nutrients and chlorophyll

In the coastal regions of the northeast Pacific, such as
the CCS, ENSO significantly impacts the nutrient sup-
ply due to modifications of upwelling and source waters
mentioned above (Jacox et al., this issue). At the peak of
the El Nifio season in December-January, Frischknecht et
al. (2016) found a pattern in the development of chlo-
rophyll events through a modeling study focused on the
CCS. Around the onset of the El Nifo year, chlorophyll
anomalies were consistently low. This pattern was even
more pronounced during the spring of the following year.
In spring of the second year (i.e. with the onset of the
upwelling season), all events shared the development of a
strong negative chlorophyll anomaly. Frischknecht et al.
(2016) attributed this phenomenon to a persistent lack
of nutrients to support production driven by a combina-
tion of physical mechanisms impacting the thermocline
(Jacox et al. 2015; 2016; this issue) and light limitation at
the onset of the upwelling season. Consequently, El Nifio
events disrupt the biogeochemical cycling in these systems
for months, even years, after the event is over. The obser-
vations in Oregon, from the Newport line in Fisher et al.
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(2015), detail the nitrate anomalies from 1995 to 2015,
and the nitrate anomalies remain negative long after the
Nino-3.4 SST anomaly suggested that the event was over.
This may contribute to the success surrounding seasonal
forecast systems like J-SCOPE, in which forecasts of
biogeochemical parameters (e.g., bottom oxygen) outper-
formed those of physical variables (e.g., SST) in terms of
predictive skill (Siedlecki et al. 2016).

Oxygen and carbon

The relationship between ENSO and nutrient availabil-
ity from source waters can serve as an analog for oxygen
and carbon content. We would expect from observed
stoichiometry that when nutrients are low, oxygen is rela-
tively high and carbon is low. In California, this has been
documented: El Nino events correlate to higher oxygen
and pH, while La Nina events are correlated with lower
oxygen and pH (e.g., Nam et al. 2011). In the north-
ern CCS along the Washington and Oregon coasts, the
interannual variability in oxygen content of source waters
has been correlated to NPGO more than ENSO (Peterson
et al. 2013). Consistent with these findings, oxygen has
been increasing since 2010 and aragonite saturation state
(a measure of the availability of carbonate ion to calcifying
organisms) has been elevated in 2015-2016 relative to the
year prior in both Oregon and California (McClatchie et
al. 2016).

Primary production and particle export

As an eastern boundary upwelling region, the CCS is
among the most productive in the world in terms of pri-
mary production and fisheries. The suppression of nutrient
availability described above can be thought of as reduced
“upwelling efficacy” that leads to reduced primary pro-
duction in the CCS, while La Nifa often has the opposite
effect due to associated increases in the upwelling efficacy
(Jacox et al. 2015). In the southern CCS, the 1997/1998
El Nino led to a significant deepening of the nutricline,
with the strongest effects along CalCOFI Line 80, and
a pronounced regional reduction of primary production
(Bograd and Lynn 2001). The uptake of silicon increased
in central California (Santa Barbara Channel) during the
onset of the 1997 event, suggesting that diatoms were
major drivers of the primary productivity prior to the 1998
spring season when overall productivity was reduced in
response to density surface adjustments (Shipe and Brzez-
inski 2003). Despite reductions in surface layer primary
productivity in response to the El Nifio, export ratios of
particulate organic carbon and particulate organic nitro-
gen increased during the spring of 1998 relative to the
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1994-1997 period, while biogenic Si flux decreased in
response to the El Nifo (Shipe et al. 2002). This coun-
terintuitive result appears to be due to an increase in
particulate material exported to depth. By 1999, ratios of
Si/N and Si/C had not recovered to pre-El Nino condi-

tions.

Phytoplankton community composition

Warmer waters and changes in nutrient supply associ-
ated with ENSO can lead to phytoplankton community
shifts such as an influx of coccolithophores or an increase
in harmful algal blooms (HABs). The most common
harmful algal bloom organism in the CCS is the diatom
genus Pseudo-nitzschia. McCabe et al. (2016) recently ob-
served a link between the Oceanic Nifo Index (ONI), the
Pseudo-nitzschia growth rate anomaly determined from
temperature-growth relationships, and domoic acid levels
in razor clams over a 16-year period (Figure 1), implicat-
ing El Nino-driven warming in the unprecedented 2015
HAB along the US West Coast. Similarly, McKibben et
al. (2017) linked warm phases of the PDO and ONI to
domoic acid in shellfish in the northern CCS. The toxic
blooms off Newport in 2015 were the most prolonged
(late-April through October 2015) and among the most
toxic ever observed off Oregon (Du et al. 2015; McKib-

ben et al. 2017). Conversely, Santa Barbara Basin sediment

trap data showed no significant correlation between a
15-year record of domoic acid levels and PDO, NPGO, or
ENSO indices; however, there was a strong change point
in the frequency and toxicity of these blooms following

the 1997/1998 ENSO (Sekula-Wood et al. 2011).

Zooplankton community composition
Off the Oregon coast, a 21-year time-series of fort-
nightly hydrography and plankton sampling of shelf
and slope waters showed that the water masses (and thus
the plankton) that dominate shelf and slope waters vary
seasonally, interannually, and on decadal scales. Thus, it
is a simple matter to track the timing of summer or winter
arrival, ENSO events, and changes in sign of the PDO
(Figure 2). During summer months, northerly winds
drive surface waters offshore (Ekman transport), which
are replaced by the upwelling of cold nutrient-rich waters
that penetrate the continental shelf and fuel high primary
production. Northerly winds also enhance the south-
ward transport of water (and plankton) from the coastal
Gulf of Alaska into the coastal northern CCS, and these
species are referred to as ‘cold water’ or ‘northern spe-
cies. During winter, the winds reverse and the poleward
Davidson current transports warm coastal water from
southern California to the northern CCS, bringing with it
‘southern species’ of plankton. On longer timescales (5-10
years), cold-water, northern copepods
are largely replaced by warm-water,

ONI [°C]

southern copepods during El Nino
events (Fisher et al. 2015) and dur-
ing the positive phase of the PDO

(Keister et al. 2011). Incorporating
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the physiological response of these
zooplankton groups into biogeochem-
ical-ecosystem models (in addition
to the effects of physical transport)
will be essential for advancing our
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Figure 1. Records of razor clam toxicity and the potential growth rate anomaly for Pseudo-nitzschia
spp. are plotted below the Oceanic Nifio Index (gold = El Nifio, blue = La Nifia, gray = neutral) to
illustrate the association between ENSO events and harmful algal blooms in the northern CCS. The
potential for Pseudo-nitzschia growth does not always coincide with records of high domoic acid in

shellfish, e.g., 1997 El Nifio. Figure adapted from McCabe et al. (2016).
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munities in the CCS.

Predicting ecosystem response to
ENSO: Now and in the future
State-of-the-art models, in situ

measurements, and available satel-
lite observations are all required to
adequately characterize short- and
long-term physical dynamics associ-
ated with ENSO and Pacific decadal
variability. Seasonal-to-interannual
forecasting of the ecosystem response
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to ENSO in the CCS and throughout the northeast
Pacific will depend on our understanding of how interan-
nual climate variability alters ocean biogeochemistry and
productivity at the base of the food web, and therefore
how predictive models should be modified to capture the
dynamic range introduced by these anomalous events.
Unusual warm water anomalies, as observed during large
ENSO events, may serve as important analogs for as-
sessing the impacts of long-term warming on the pelagic
ecosystem of the CCS. Regional simulations suggest
similarities between the physical drivers leading to biogeo-
chemical variability from ENSO and those in projected
future upwelling systems (Rykaczewski and Dunne 2010).
Further exploration of the mechanisms and predictive
skill of forecasts on seasonal timescales will enhance our
understanding and improve our projections further into
the future. Global climate models are unable to antici-
pate anomalous warming events such as major ENSO
events. As such, they are unable to detect large-scale events
related to shifts in the distribution of pelagic species or

PDO and ONI
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08 Southern Copepod Anomaly

Biomass Anomaly (Log10)
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Figure 2. Monthly time series of the Pacific Decadal Oscillation and
Oceanic Nifio Index (upper) and monthly-averaged biomass anomalies
of northern copepods (middle) and southern copepods (lower). Note the
high coherence between the PDO and ONI with the copepod time series
— positive anomalies of northern copepods are correlated with negative
PDO and ONI; positive anomalies of southern copepods are correlated
with positive PDO and ONI.
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track ecological changes associated with such events.
Furthermore, the evaluation of model-based forecasts and
projections of ecosystem variations and changes across
timescales requires that long-term physical, biogeochemi-
cal, and ecological observation programs are maintained
and others initiated. High-resolution modeling approaches
for forecasts and projections should also be prioritized, so
that ecosystem impacts of future climate anomalies can be
anticipated and understood in greater detail.
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Marine top predators can include species that occupy a
high trophic level (e.g., predatory sharks), have few preda-
tors (e.g., marine turtles), or can exert top-down control
on food webs due to their large energetic demands (e.g.,
whales). While many species in the open ocean are widely
distributed (e.g., Read et al. 2013; Reygondeau et al.
2012), the higher trophic levels are noteworthy as they are
also wide-ranging (e.g., tuna (Itoh et al. 2003; Block et al.
2011; Hobday et al. 2015), seabirds (Shaffer et al. 2006),
turtles (Shillinger et al. 2008; Briscoe et al. 2016)). These
wide-ranging species can serve as ecological linkages
within and across ocean basins, through both ontogenetic
(larvae to adult) and seasonal migrations (Boustany et
al. 2010; Hobday et al. 2015; Briscoe et al. 2016). Many
wide-ranging marine animals show site fidelity at particu-
lar times during their lives or have relatively small and
well-defined areas of critical habitat, which facilitates both
exploitation (e.g., Hobday et al. 2015) and protection (e.g.,
Ban et al. 2014). This fidelity can be related to the tempo-
ral and spatial predictability of their physical habitats, as
evidenced by predictable seasonal aggregations of high-
trophic fishes, birds, turtles, and mammals (Scales et al.
2014), which is aided by sensory capabilities that permit
them to locate specific physical and biological features.

These species are also of interest, as they are often
charismatic, providing commercial, cultural, or ecologi-
cal value (e.g., Weng et al. 2015). Top predators in marine
ecosystems are supported by the productivity of primary
and secondary consumers; thus they integrate a range
of processes across these lower levels in the trophic food
web. Their relatively long life spans and wide-ranging
movements mean that many marine predator populations
integrate variability across larger spatial and temporal
scales than many lower-trophic-level populations (Shaffer
et al. 2006). Top predators also have movement and sen-
sory capabilities that permit active targeting of biophysical
features (Scales et al. 2014). These characteristics make
assessments of top predator populations particularly valu-
able for investigations of large-scale ecosystem variability
and change.

For example, in the California Current System (CCS),
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plankton (Fisher et al. 2015; Lluch-Belda et al. 2005) and
nekeon (Lynn 2003; Phillips et al. 2007; Lluch-Belda et al.
2005) exhibit distributional shifts associated with EI Ni-
fo-Southern Oscillation (ENSO) events, which are echoed
by changes in the distribution of top predators. While
the distribution of planktonic organisms is indicative of
changes in circulation and habitat suitability, shifts in the
distributions of top predators and other nekton are often
the result of changes in migration patterns based on the
availability of prey. Historical observations of the distribu-
tions of top predators indicate that along the West Coast
of North America, populations are typically displaced
poleward during El Nino events. Also, distributions of
species with ranges that are typically offshore (e.g., highly
migratory fishes) are contracted towards the West Coast,
and the catch-per-unit-effort of tunas and yellowrtail are
often increased in response to the increased availability to
nearshore fishers (Sydeman and Allen 1999; Benson et al.
2002; Henderson et al. 2014). Shifts in species distribu-
tions attributed to El Nifo are often documented in local
newspapers and fishing reports as well as in scientific
publications (Lluch-Belda et al. 2005; Cavole et al. 2016).
However, many predator populations resident to the
CCS (e.g., common murre, Cassin’s auklet, and splitnose
rockfishes) exhibit extreme negative productivity anoma-
lies during El Nifio (Black et al. 2014), and these events
are the most prominent anomalies in time-series spanning
multiple decades. Mass strandings of pinnipeds (e.g., sea
lions) and die-offs of seabirds have also been associated
with El Nifo events. These unusual mortality events have
been attributed to reduced availability of forage fishes and
the exacerbated effects of harmful algal blooms that ac-
companied past El Nifio events (McCabe et al. 2016).
This nearshore compression of viable habitat can
also expose these species to a range of relatively concen-
trated anthropogenic threats, including fishing, oil and
gas exploration, transport, and pollution (e.g., Ban et
al. 2014). For example, Maxwell et al. (2013) combined
electronic tracking from eight top predator species in the
CCS with data on 24 anthropogenic stressors to de-
velop a metric of cumulative utilization and impact. The

30



distribution of these stressors and species showed that
comprehensive management approaches are required, as
no single approach was likely to be successful. Predict-
ing the time-varying distribution and abundance of these
and other high-trophic-level species may offer additional
management insight, and allow a dynamic approach to
management and conservation (e.g., Hobday et al. 2014;
Scales et al. 2014; Lewison et al. 2015; Maxwell et al.
2015; Hazen et al. 2016).

Using top predators to monitor ocean changes

There is a suite of tools available for monitoring the
response of top predator populations and distributions
to variation in environmental conditions. At-sea sur-
veys record the presence and abundance of air-breathing
marine predators, such as seabirds, whales, sea turtles,
and pinnipeds, which can be reliably sighted at the ocean
surface or detected using acoustic methods. Standardized,
repeat surveys such as the California Cooperative Oceanic
Fisheries Investigations (CalCOFI; Bograd et al. 2003)
and NOAA’s Cetacean Ship Surveys (e.g., CalCurCEAS
2014; Rankin et al. 2016) provide longitudinal datasets
informative for understanding population trends and
regional habitat preferences (Forney et al. 2015; Sydeman
et al. 2014). When combined with in situ measurements
of physical conditions and prey distributions, survey
datasets generate insight into the finer-scale biophysical
mechanisms that underlie the dynamics of predator-prey
interactions (Benoit-Bird et al. 2013; Embling et al. 2012).
Over broader scales, aerial surveys are useful for mapping
distributions of air-breathers (Barlow & Forney 2007), and
as new technologies become more widely available—such
as autonomous underwater vehicles (AUVs), unmanned
aerial vehicles (UAVs) (Christiansen et al. 2016; White et
al. 2016), and passive acoustics (Morano et al. 2012)—
they are increasingly used to survey and study predator
populations.

Animal tracking and telemetry allow for remote ac-
quisition of data describing movements and behaviors of
marine predators as they move freely through their natural
environment. Tracking individuals of known age, sex,
body condition, and breeding status has revealed previ-
ously cryptic at-sea behaviors (Block et al. 2011; Hazen
et al. 2012; Hussey et al. 2015). For example, satellite te-
lemetry has revealed the complexities of ocean-basin scale
migrations in several populations (e.g., seabirds (Clay et al.
2016; Shaffer et al. 20006), sea turtles (Briscoe et al. 2016),
and pinnipeds (Robinson et al. 2012)). Understanding
migratory behaviors improves our knowledge of phenology
(timing) and increases chances of detecting climate change
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responses. Telemetry datasets have also proven particu-
larly powerful in identifying important foraging habitats
(e.g., Block et al. 2011; Grecian et al. 2016; Raymond et
al. 2015). When linked with measures of body condition
or population-level metrics, such as breeding success,
tracking datasets provide novel insights into population
status and responses to physical variability (e.g., Biuw et
al. 2007). Together, these technologies have revolutionized
understanding of at-sea habitat use by marine predator
populations across the global ocean and hold promise for
the use of top predators themselves as monitors of ecosys-
tem change.

Additional statistical tools are necessary to relate
predator distribution data to their prey and the environ-
ment. Species Distribution Models (SDMs) quantify
predator habitat preferences by combining movement
or distribution datasets with physical data from in situ
measurements, satellite remote sensing, or ocean models
(Robinson et al. 2011). A variety of techniques are used
for modeling habitat preferences, such as Resource Selec-
tion Functions (e.g., generalized linear or additive models),
machine learning (e.g., regression or classification trees;
Elith & Leathwick 2009), and ensemble predictions
from multiple algorithms (Scales et al. 2015). SDMs can
enhance the value of tracking data in identifying foraging
habitats and provide insight into how predictability in the
locations of at-sea habitats links to persistence in the physi-
cal environment historically, in real-time, or for future
projections (Hobday and Hartmann 2006; Hazen et al.
2013; Becker et al. 2014; Hazen et al. 2016). Individual-
based or agent-based models link biological responses to
heterogeneity and variability in the physical environment
using sets of mechanistic rules that underlie biophysi-
cal interactions. To date, individual-based models have
been used most extensively for lower trophic-level marine
predators, such as small pelagic fish (e.g., Pethybridge et
al. 2013), as the mechanisms that link the distributions
of these organisms to biophysical conditions are generally
better understood than for top predators. However, this
approach has distinct advantages for modeling top preda-
tor habitat use as it explicitly includes prey-field dynamics,
an aspect often missing from SDMs owing to the lack of
empirical data describing broad-scale prey distributions.
Recent advances using regional ocean models with an
individual-based model framework have proven effective
in modeling predator habitat selection (e.g., California
sea lions (Fiechter et al. 2016)) and hold promise for
forecasting top predator distributions in changing oce-
anic seascapes. In particular, a combination of statistical
and mechanistic models can identify non-stationarity in
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Figure 1. Decisions relevant to fisheries, aquaculture, and conservation sectors at forecasting timescales are noted above the time line. Seasonal

forecasting is considered most useful for proactive marine management at this time, with decadal forecasting in its infancy. Modified from Hobday et al.

2016.

predator-environment relationships and can use energetic
and movement rules to incorporate prey into predictive

models (Muhling et al. 2016).

Managing for a changing climate

Marine top predators are actively managed in many
regions to provide social (e.g., tourism), economic (e.g.,
harvesting), or ecological benefits (e.g., healthy reefs).
Traditional management approaches remain an important
tool for managing top predators exploited in marine fish-
eries and addressing conservation objectives. However, in
regions with both short-term and long-term change, static
spatial management may not represent the best solution
when there are competing goals for ocean use (protec-
tion or exploitation), as oceanic habitats are mobile and
static protection often requires large areas to cover all of
the critical habitat for a particular time period (Hobday
et al. 2014; Maxwell et al. 2015). Instead, dynamic spatial
management may be a suitable alternative, provided that
species movements are predictable and suitable incentives
exist (Hobday et al. 2014; Maxwell et al. 2015; Lewison
et al. 2015). Several approaches, using data and models
described in the previous section, can be used to develop
a dynamic management approach in response to variable
species distributions, including those based on historical
patterns (e.g., past responses to ENSO), real-time, and
forecasted prediction of species occurrence. Real-time
approaches can use observed data (e.g., satellite data or as-
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similated ocean model output), while seasonal and decadal
approaches require validated models and forecasts of ocean
state (Figure 1).

The longest standing real-time example comes from the
Australian Eastern Tuna and Billfish Fishery (ETBF; Hob-
day and Hartmann 20006). Fishers in this multi-species
longline fishery often target different species—yellowfin,
bigeye, and southern bluefin tunas; marlin; and sword-
fish—depending on seasonal availability and prevailing
ocean conditions, and are themselves subjected to man-
agement decisions that alter their fishing behavior. In
this region, dynamic ocean management was first used in
2003 to reduce unwanted bycatch of quota-limited south-
ern bluefin tuna (SBT). The distribution of likely SBT
habitat, which can change rapidly with the movement
of the East Australian Current, was used to dynamically
regulate fisher access to east coast fishing areas. A habitat
preference model was used to provide near real-time advice
to management about the likely SBT habitat (Hobday et
al. 2010). Managers use these habitat preference reports to
frequently update spatial restrictions to fishing grounds,
which involve dividing the ocean into a series of zones
based on expected distribution of SBT. These restrictions
limit unwanted interactions by fishers that do not hold
SBT quota (SBT cannot be landed without quota and in
that situation must be discarded) and allow access to those
that do have SBT quota to operate efficiently (Hobday
et al. 2010). The underlying habitat model has evolved
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from a surface temperature-based model to an integrated
surface and sub-surface model, and currently includes a
seasonal forecasting element to aid managers and fishers
planning for future changes in the location of the habitat
zones (Hobday et al. 2011). This ongoing improvement
and adaptation of the system has seen new oceanographic
products tested and included in the operational model.
This dynamic approach has reduced the need for large
area closures while still meeting the management goal but
does require more flexible fishing strategies to be devel-
oped, including planning vessel movements, home port
selection, and quota purchase.

In parallel with improved biological data, numerical
climate forecast systems have greatly improved over the
last 30 years and now have the capability to provide use-
ful seasonal forecasts (National Research Council, 2010).
Dynamic forecast systems include i) global climate models
(GCMs), which consist of atmosphere, ocean, land, and
ice components; ii) observations from multiple sources
(e.g., satellites, ships buoys); iii) an assimilation system
to merge the observations with the model’s “first guess”
to initialize forecasts; and iv) post-processing software to
display and disseminate the model output. Such systems

are currently used to make forecasts at scales on the order
of 100 km on seasonal and even decadal timescales (e.g.,
Kirtman et al. 2014; Meehl et al. 2014; Stock et al. 2015).
In addition, output from the GCMs is being used to drive
much higher-resolution forecasts from regional ocean
models (Siedlecki et al. 2016). Model skill on seasonal
timescales is a function of persistence, multi-year cli-
mate modes (e.g., ENSO, IOD), and its teleconnections
and transport by ocean currents. Model skill on decadal
timescales arises due to anthropogenic climate change
and slowly evolving ocean circulation features such as the
Atlantic Meridional Overturning Circulation (AMOC;
Salinger et al. 2016). GCM-based forecast systems are
currently being used to predict sea surface temperature,
sub-surface temperatures, and other ocean conditions
that are subsequently used in marine resource applica-
tions described above (Hobday et al. 2011; Eveson et al.
2015, Figure 2). However, skill from statistical methods
is currently on par with those from much more complex
and computer-intensive numerical models (Newman 2013;
Jacox et al. 2017), and forecast skill will always be limited
regardless of the quality of both models and observations
due to the chaotic elements of the climate system.

Ecosystem Prediction

Statistical Ecosystem

prediction
o /
Global Physical Physical Regional
System Boundary Ocean High Resolution
Seasonal — | Model ~—_ 7| Physical/BGC
prediction Conditions | (e.g. ROMS) prediction

Global Earth System

Models with Ocean BGC

High resolution (GFDL CM2.6) or
variable resolution (e.g. MPAS) Models ]

Assimilate
BGC data

S

Higher trophic
level diagnosed or
Predicted

(wide array of
models)

N\

Figure 2. Ecosystem predictions require a suite of inputs and modeling steps to ensure both physical and biological
components in the ecosystem are adequately represented. Physical models (from 1 degree to 1/10 degree downscaled
models) can be used to predict higher trophic level distributions directly or can be used to drive individual based movement
models of prey and predator to incorporate trophic dynamics in ecosystem predictions.
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Where do we go from here?

As described above, ocean forecast systems and bio-
logical data are being linked to advance top predator
management. Three priorities to strengthen this link and
better inform management efforts include: (i) gather and
share data, (ii) identify effective measures and improve
mechanistic understanding of prey availability, and (iii)
understand the spatial and temporal overlap between
humans and particular focal species.

First, while the capacity to monitor marine top preda-
tors has made considerable strides in recent years (Hussey
et al. 2015), juvenile portions of many top predator
populations can be under-represented and need particu-
lar attention (Hazen et al. 2012). Tagging efforts provide
detailed data on animal movement and can provide finer-
scale data than traditional shipboard surveys. However,
there are only a few examples of broad-scale tagging efforts
that allow for measurement of diversity and multi-species
habitat use, such as the Tagging of Pacific Predators and
the Ocean Tracking Network (Block et al. 2011, Hussey
et al. 2015). There is a growing trend for these data to be
made widely available in repositories (e.g., Ocean Biogeo-
graphic Information System Spatial Ecological Analysis
of Megavertebrate Populations (OBIS-SEAMAP), Seabird
Tracking Database) that allow for greater synthesis than
individual datasets alone (Halpin et al. 2006; Lascelles et
al. 2016). This should be encouraged as standard prac-
tice, as in the oceanographic community (e.g., Global
Ocean Ship-Based Hydrographic Investigations Program
(GO-SHIP) database). Data collection must continue, as
climate variability and change influence the relationship
between top predators and their environment, and addi-
tional data are necessary to both test and refine predictive
models.

Second, while the movements of many highly migra-
tory predators are tied closely to prey availability, most
models of marine top predator habitat use remotely sensed
or in situ oceanographic measurements as proxies for prey
distribution, which is rarely available. The difficulty is
in measuring prey distribution at the scales appropriate
for predators (e.g., Torres et al. 2008). We can measure
fine-scale foraging behavior using archival tag data and as-
sociated prey measurements (e.g., Goni et al. 2009; Hazen
et al. 2009), but these ship-based approaches cannot pro-
vide data at the scales used in management-focused habitat
models (see Lawson et al. 2015). We can model prey distri-
butions mechanistically to inform models of top predator
movements (Fiechter et al. 2016), but these approaches
have not yet been coupled with real-time prediction. Prey
data at migration-wide scales would greatly improve both
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statistical and mechanistic models by offering insight to
where residence times are highest, yet these data remain
difficult beyond fine-spatial scales (Benoit-Bird et al.
2013; Boyd et al. 2015).

Finally, both animals and humans use the marine
environment at multiple spatial and temporal scales. For
example in the Pacific, blue whales migrate from high-
latitude foraging grounds to tropical breeding grounds
seasonally and travel to discrete foraging hotspots based on
prey availability (Bailey et al. 2009), and container vessels
are making decisions such as ship speed, choice of ship-
ping lanes, and port of call on multiple time scales as well
(Hazen et al. 2016). This requires information on long-
term habitat pathways and high-use areas (e.g., for static
protection), as well as the shorter-term (e.g., seasonal) trig-
gers of migration and identification of ocean features that
result in high prey aggregations and increased residence
times. Comparably, a fisher may change her long-term
investment decisions (e.g., quota purchase, hiring crew)
based on projections of long-term stock dynamics, or may
decide when to start fishing seasonally based on weather
and proximity to port, or when to set a net based on
when fish schools are plentiful (Figure 1). Thus, manage-
ment approaches could also be nested to include real-time
predictions, seasonal forecasts, and decadal projections
to inform multiple management processes (Hobday and
Hartmann 2006; Hobday et al. 2011; Salinger et al. 2016).
This suite of dynamic spatial management tools would
represent an adaptive strategy robust to shifting habitats
and species in response to climate variability and change.

Conclusions

In summary, ENSO can provide a large source of
potential predictability for the physics and the biology of
the US West Coast. However, in light of the large uncer-
tainties associated with ENSO diversity and atmospheric
teleconnections, novel approaches need to be developed to
isolate the robust predictable components of ENSO influ-
ences and inform forecast development.
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The California Current Large Marine Ecosystem
(CCLME) is a productive coastal ecosystem extend-

ing from Baja California, Mexico, to British Columbia,
Canada. High primary productivity is sustained by inputs
of cooler, nutrient-rich waters during seasonal wind-driven
upwelling in spring and summer. This high productiv-

ity fuels higher trophic levels, including highly valued
commercial ($3.5B yr-1) and recreational ($2.5B yr-1)

US fisheries (NOAA 2016). The CCLME system experi-
ences large interannual and decadal variability in ocean
conditions in response to the El Nifio-Southern Oscil-
lation (ENSO) and extratropical climate modes such as
the Pacific Decadal Oscillation and the North Pacific
Gyre Oscillation (Di Lorenzo et al. 2013). ENSO events
affect productivity of the CCLME ecosystem through
atmospheric and oceanic pathways. In the former, El Nino
triggers a decrease in equatorward winds (Alexander et al.
2002), reducing upwelling and nutrient inputs to coastal
surface waters (Schwing et al. 2002; Jacox et al. this issue).
In the latter, El Nifo events propagate poleward from the
equator via coastally trapped Kelvin waves, increasing

the depth of the thermocline, and hence decreasing the
nutrient concentration of upwelled source waters during
El Nifo events (Jacox et al. 2015; Jacox et al. this issue).
Thus, CCLME productivity, forage fish dynamics, and
habitat availability for top predators can vary substantially
between years (Chavez et al. 2002; Di Lorenzo et al. 2013;
Hazen et al. 2013; Lindegren et al. 2013), and there is
increasing recognition of the need to incorporate seasonal
forecasts of ocean conditions into management frame-
works to improve fisheries management and industry
decisions (Hobday et al. 2016; Tommasi et al. 2017a). We
describe herein recent improvements in the seasonal pre-
diction of ENSO and how these advances have translated
to skillful forecasts of oceanic conditions in the CCLME.
We conclude by offering remarks on the implications for
ecological forecasting and improved management of living
marine resources in the CCLME.
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Seasonal ENSO predictions

ENSO is the dominant mode of seasonal climate
variability, and while it is a tropical Pacific phenom-
enon, its effects extend over the entire Pacific basin and
even globally. ENSO and its teleconnections influence
rainfall, temperature, and extreme events such as flood-
ing, droughts, and tropical cyclones (Zebiak et al. 2015).
Because of the extensive societal impacts associated with
ENSO, its prediction has been central to the development
of today’s state-of—the-art seasonal climate prediction
systems. The first atctempts at ENSO prediction go back
to the 1980s (Cane et al. 1986). Today, resulting from the
development of an ENSO observing system located in the
equatorial Pacific (McPhaden et al. 1998) and large im-
provements in our understanding of ENSO dynamics over
the last two decades (Neelin et al. 1998; Latif et al. 1998;
Chen and Cane 2008), prediction systems can, in general,
skillfully predict ENSO up to about six months in ad-
vance (Tippett et al. 2012; Ludescher et al. 2014). While
such skillful ENSO forecasts may also improve prediction
of the extratropical ENSO response, intrinsic variability of
the extratropical atmosphere and ocean, and the chaotic
nature of weather, will limit extratropical prediction skill
no matter how accurately the models—and observations
initializing them—predict ENSO itself. ENSO operation-
al forecasts from numerous climate modeling centers are
made available in real-time from Columbia University’s
International Research Institute for Climate and Society
and NOAA’s Climate Prediction Center.

Given its global impact, ENSO provides much of the
climate forecasting skill on seasonal timescales (God-
dard et al. 2001). While weather is only predictable over
a timescale of days (up to about two weeks) owing to the
chaotic nature of the atmosphere (Lorenz 1963), predic-
tions of seasonal-scale anomalies are possible because
of the ability of global dynamical prediction systems to
model atmosphere-ocean coupling processes and other
atmosphere forcing factors, such as land and sea ice, which
vary more slowly than the atmosphere (Goddard 2001).
Low-frequency variations in sea surface temperature
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Figure 1. Anomaly correlation coefficients (ACCs) as a function of forecast initialization month (x-axis) and lead-time (y-axis) for (left) persistence
and (right) NOAA NMME mean for the California Current system (US West Coast, less than 300 km from shore). Note the ridge of high SST anomaly
prediction skill exceeding persistence at long lead-times (4-12 months) for late winter-early spring forecasts. Grey dots indicate ACCs significantly above

zero at a 5% level; white dots indicate ACCs significantly above persistence at a 5% level. (Adapted from Jacox et al. 2017).

(SST), particularly in the tropics, can modulate the atmo-
sphere (as is the case for ENSO), making some weather
patterns more likely to occur over the next month or
season. Therefore, the ability of the coupled global climate
models to skillfully forecast the evolution of observed
tropical SSTs, shifts the distribution of likely average
weather over the next month or season may be, and allows
for skillful prediction of seasonal climate anomalies.
While seasonal predictability is relatively high for SST
due to the ocean’s large thermal inertia, assessments of
SST predictability have largely been focused on ocean
basin-scale modes of variability (e.g., ENSO), linked to
regional rainfall and temperature patterns over land.
However, recent work has demonstrated that seasonal SST
predictions are also skillful in coastal ecosystems (Stock et
al. 2015; Hervieux et al. 2017), and, as detailed in the next
section, specifically for the CCLME (Jacox et al. 2017).

Seasonal climate predictions in the California Current
Large Marine Ecosystem

Recent advances in ENSO prediction and global
dynamical seasonal climate prediction systems have
enabled skillful seasonal forecasts of SST anomalies in
the CCLME after bias correcting the forecasts to remove
model drift (Stock et al. 2015; Jacox et al. 2017; Hervieux
et al. 2017). Skill of SST anomaly predictions produced
by the National Oceanic and Atmospheric Administra-
tion (NOAA) North American Multi-Model Ensemble
(NMME) is shown in Figure 1. Skill is evaluated through
the anomaly correlation coefficient (ACC) between
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monthly SST anomalies from retrospective forecasts from
1982 to 2009 and observed SST anomalies. Forecasts are
skillful (ACC > 0.6) across initialization months for lead
times up to about four months (Figure 1). Persistence of
the initialized SST anomalies provides much of the predic-
tion skill at these short lead times (Stock et al. 2015; Jacox
et al. 2017). Preexisting temperature anomalies at depth
may also provide some predictability. Skillful forecasts
of February, March, and April SST extend to lead times
greater than six months (Figure 1; Stock et al. 2015; Jacox
et al. 2017). This ridge of enhanced predictive skill in
winter to early spring forecasts is apparent across seasonal
forecasting models and arises from the ability of the pre-
diction systems to capture the wintertime coastal signature
of predictable basin-scale SST variations (Stock et al. 2015;
Jacox et al. 2017). Specifically, the models can skillfully
forecast the predictable evolution of meridional winds dur-
ing ENSO events and the associated changes in upwelling
anomalies and SST in the CCLME (Jacox et al. 2017).
Owing to the severe ecological and economic conse-
quences of extreme SST conditions in the CCLME (e.g.,
Cavole et al. 2016), it is also instructive to look at forecast
performance over time, specifically during the CCLME
extreme warm events of 1991-1992, 1997-1998, and 2014-
2016, and the CCLME extreme cold events of 1988-1989,
1998-1999, and 2010-2011 (Figure 2). All of the cold
events were associated with La Nifa conditions, and the
first two warm events and 2015-2016 were associated with
El Nifio. However, the anomalously warm conditions

of 2014 and 2015, dubbed “the blob,” were caused by a
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resilient ridge of high pressure over the North American
West Coast that suppressed storm activity and mixing,
and allowed a build-up of heat in the upper ocean (Bond
et al. 2015).

The forecast system is highly skillful at one-month lead
times. It is also skillful at longer lead times of three and six
months, as seen by the forecasted February to April SSTs
following the 2010-2011 La Nifa and the 2015-2016 El
Nino (Figure 2). However, at these longer lead times, the
forecast system was unable to capture the extreme magni-
tude of the warm “blob” anomalies during 2014 and 2015
(Figure 2). Also, while fall to winter conditions during the
1991-1992 El Nino and the late winter-early spring condi-
tions following the 1997-1998 El Nifio were forecasted
with a six-month lead time, the prolonged warm condi-
tions over the 1992 summer and the early transition to
anomalously warm conditions during the summer of 1997
were not (Figure 2).

Transitions in and out of the 1991
and 1997 El Nifio events were par-
ticularly unusual also at the Equator,
with El Nifo conditions developing
late in 1991 and persisting well into the
summer of 1992, and El Nino condi-
tions appearing early in summer 1997
(see Figure 2 in Jacox et al. 2015). The 2

SST Anomaly

spring predictability barrier for ENSO s w0 s

(i.e., a dip in forecast skill for forecasts
initialized over the ENSO transition pe-
riod of March-May; Tippet et al. 2012),

as well as weaker teleconnections to E

the extratropics in summer, may partly é
explain the lower forecast skill for these “

El Nifio events during summer and fall, 2/

and the poorer forecast performance .

in predicting the early transition to
La Nifa conditions in 1998-1999 and
2010-2011 (Figure 2).

The forecast system was also unable
to predict the cooler conditions over the

SST Anomaly

SST Anomaly
= o

ENSO-neutral spring and summer of
1991 (Figure 2). The conditional pre- *
dictability of CCLME winds and SST 10
on ENSO implies that during ENSO-
neutral conditions, such as in 1991
and 2014, forecasts of winds are not
skillful and SST forecast skill is there-
fore limited to lead times up to about
four months (Jacox et al. 2017). Thus,
skillfulness of the seasonal predictions
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results from a complex interplay of factors that will require
further study to identify the underlying mechanisms driv-
ing differing levels of robustness.

Seasonal forecasts for fisheries management
applications

While seasonal prediction of living marine resources
has been a goal for the past three decades (GLOBEC
1997), operational use of seasonal SST forecasts to inform
dynamic management of living marine resources was pio-
neered in Australia (Hobday et al. 2011), where seasonal
SST forecasts are now used to improve the decision mak-
ing of the aquaculture industry (Spillman and Hobday
2014; Spillman et al. 2015), fishers (Eveson et al. 2015),
and fisheries managers (Hobday et al. 2011). Through
both increased awareness of climate prediction skill at fish-
ery-relevant scales and of their value to ecosystem-based
management, such efforts have now begun to expand to

Cold Events
1988-1989

Warm Events
1991-1892

SST Anomaly

Manth Month

1997-1008

SST Anomaly

10 15 20 5 10 15 20

Month Month

2010-1011

3 months lead
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Figure 2. Predictions at 1-month (red line), 3-month (blue line), and 6-month (green line) lead
times of SST anomalies (°C) for the CCLME from the NOAA Geophysical Fluid Dynamics Laboratory
(GFDL) CM2.5 FLOR global climate prediction systems and Reynolds OISST.v2 observations (black
line) for specific extreme events in the CCLME. Warm events are on the left; cold events are on the
right. The dotted lines represent the February to April period of enhanced predictive skill following
ENSO events. The x-axis is months since January 1 of the year in which the extreme event started.
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and at depth, with measureable skill up to a

four-month lead time (Siedlecki et al. 2016).
Forecast | ——— Forecast. o | The downscaling both enables forecasts of
SST SST . . . .
fishery-relevant biogeochemical variables
Past Past such as chlorophyll, oxygen, and pH not yet
ssTT T ssT— ¢ produced by global forecasting systems, and
resolves the fine-scale physical and ecologi-
No _ No _ cal processes influencing the distribution of
SST SST managed species within the CCLME. For
i | i i i i instance, high-resolution regional imple-
100 125 150 175 700 900

Mean Yield Mean Stock Biomass
(1000mt) +/-95th to 5th (1000mt) +/-95th to 5th
percentiles percentiles

Figure 3. Mean long-term Pacific sardine catch and biomass following catch limit decisions
integrating different levels of environmental information. The catch limit incorporating
future SST information reflects the uncertainty of a 2-month lead forecast. (Adapted from

Tommasi et al. 2017b).

other regions (see Tommasi et al. 2017a, and case studies
therein). In the CCLME, recent work has demonstrated
that integration of current March SST forecasts into fish-
eries models can provide useful information for catch limit
decisions for the Pacific sardine fishery (i.e., how many
sardines can be caught each year?) when combined with
existing harvest cutoffs (Tommasi et al., 2017b). Knowl-
edge of future SST conditions can improve predictions of
future recruitment and stock biomass and allow for the
development of a dynamic management framework, which
could increase allowable fisheries harvests during periods
of forecasted high productivity and reduce harvests dur-
ing periods of low productivity (Tommasi et al. 2017b).
Hence, integration of skillful seasonal forecasts into
management decision strategies may contribute to greater
long-term catches than those set by management deci-
sions based solely on either past SST information or on no
environmental information at all (Figure3; Tommasi et al.,
2017b).

Novel dynamical downscaling experiments in the
Northern California Current as part of the JISAO
Seasonal Coastal Ocean Prediction of the Ecosystem
(J-SCOPE) project (Siedlecki et al. 2016) show that sea-
sonal regional climate forecasts may also be of potential
utility for dynamic spatial management strategies in the
CCLME (Kaplan et al. 2016). Predictions of ocean condi-
tions from a global dynamical climate prediction system
(NOAA NCEP CEFS) forced the Regional Ocean Model-
ing System (ROMS) with biogeochemistry to produce
seasonal forecasts of ocean conditions, both at the surface
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mentations of ROMS resolve upwelling and
coastal wave dynamics (Jacox et al. 2015;
Siedlecki et al. 2016), two processes that
drive the CCLME response to ENSO vari-
ability, better than coarser-resolution global
models. Downscaled forecasts have also
driven prototype forecasts of Pacific sardine
spatial distribution (Kaplan et al. 2016). Such
forecasts have the potential to inform fishing
operations, fisheries surveys, and US and Ca-
nadian quotas for this internationally shared
stock (Kaplan et al. 2016; Siedlecki et al. 2016; Tommasi
et al. 2017a).

These CCLME case studies suggest that with recent
advancements in state-of-the-art global dynamical pre-
diction systems and regional downscaling models, some
skillful seasonal predictions of ocean conditions are pos-
sible (Siedlecki et al. 2016; Tommasi et al. 2017a).

Seasonal forecast skill may be further improved by
improved representation of other features such as ocean
eddies and gyre circulations in the extratropics and the
basin-wide atmospheric response to SST anomalies in
the Kuroshio-Oyashio region (Smirnov et al. 2015).

Such skillful seasonal forecasts present opportunities for
inclusion in adaptive management strategies for improved
living marine resource management and better informed
industry operations in the CCLME.
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