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Abstract

The world’s eastern boundary upwelling systems (EBUSs) contribute dis-
proportionately to global ocean productivity and provide critical ecosys-
tem services to human society. The impact of climate change on EBUSs
and the ecosystems they support is thus a subject of considerable inter-
est. Here, we review hypotheses of climate-driven change in the physics,
biogeochemistry, and ecology of EBUSs; describe observed changes over
recent decades; and present projected changes over the twenty-first cen-
tury. Similarities in historical and projected change among EBUSs include
a trend toward upwelling intensification in poleward regions, mitigated
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warming in near-coastal regions where upwelling intensifies, and enhanced water-column stratifi-
cation and a shoaling mixed layer. However, there remains significant uncertainty in how EBUSs
will evolve with climate change, particularly in how the sometimes competing changes in up-
welling intensity, source-water chemistry, and stratification will affect productivity and ecosystem
structure. We summarize the commonalities and differences in historical and projected change
in EBUSs and conclude with an assessment of key remaining uncertainties and questions. Future
studies will need to address these questions to better understand, project, and adapt to climate-
driven changes in EBUSs.

The California Sardine Equals Any in the World

Fishing Industry Holds High Place in State’s Resources

—Long Beach Daily Telegram, July 26, 1917

Swan Song of Coastal Sardine

The year 1951 marks the disappearance of the sardine from the coastal waters of California.

—Los Angeles Times, June 18, 1951

PROLOGUE

The city ofMonterey,California, is famous for the cultural and economic influence of a robust and
lucrative sardine fishery. Sardine canneries dotted the Monterey coast—Cannery Row—during
the first few decades of the twentieth century and dominated the local economy (Figure 1).During
the 1936–1937 fishing season, the total sardine landings of 791,334 tons represented the largest
one-season landing of any single species of fish on the West Coast (Ueber & MacCall 1992), and
there were “enough 10-inch sardine in these landings that together, if laid end to end, [they] would
reach from the earth to the moon and back” (Reinstedt 1978, as quoted in Ueber &MacCall 1992,

a b

Figure 1

Historical photographs of the sardine fishery in Monterey, California, in (a) the 1920s and (b) 1939. Photographs provided by the
California History Room at the Monterey Public Library (City of Monterey 2022).
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p. 35). This early-twentieth-century era of “pax-sardinia” in California waters (Ueber & MacCall
1992, p. 35) immortalized the Monterey waterfront and its Cannery Row, which Steinbeck (1945,
p. 1) famously described as “a poem, a stink, a grating noise, a quality of light, a tone, a habit, a
nostalgia, a dream.” From the 1900s through the 1940s, sardines were caught by the billions by
up to 500 fishing vessels, canned and reduced in 16 canneries (peaking in 1945) on Cannery Row,
and shipped to and consumed by people across the globe from the “sardine capital of the world”
(SAH 2022).

This era didn’t last. Through a combination of pressures from overfishing, management con-
flicts, and climate (Ueber & MacCall 1992), the magnificent California sardine fishery collapsed.
By 1966, the biomass of the California sardine stock was just 4,000 tons, 0.1% of its peak biomass
(Parrish 2000). As one fisherman noted in 1968, in the last year of this era of sardine fishing, “we
caught them all in one night” (Ueber &MacCall 1992, p. 35). The last workingMonterey cannery
closed in 1973. Today,Monterey’s Cannery Row is a popular destination for tourists, anchored by
the Monterey Bay Aquarium, which seeks to “inspire conservation of the ocean” (Monterey Bay
Aquar. 2022) at the location of the original Hovden Cannery.

INTRODUCTION

The Physical, Ecological, and Socioeconomic Importance of the Eastern
Boundary Upwelling Systems

The story of the Monterey sardine fishery underscores the importance of healthy and resilient
marine ecosystems to the vitality of our coastal communities. It also stresses the need to under-
stand the drivers of ecosystem change and the importance of using that scientific information
to manage our living marine resources. In fact, the social and economic impacts of the sardine
collapse motivated the state of California to invest in monitoring and studying the coastal ecosys-
tem. The California Cooperative Oceanic Fisheries Investigations (CalCOFI) began in 1949 with
an initial aim to explore the causes of the sardine collapse (Bograd et al. 2003). Still active after
73 years, CalCOFI is the longest continuous and ongoing coastal ocean monitoring program in
the world, conducting regular ship surveys of the physical, chemical, and biological conditions of
the California Current System (CalCS).

The CalCS is one of four global eastern boundary upwelling systems (EBUSs) (Figure 2).
Comprising only a small area of the global ocean, EBUSs provide a disproportionately large con-
tribution to overall ocean productivity and up to 20% of global fish catch (Pauly & Christensen
1995, IPCC 2014). As these systems are among the most important marine regions to human
society, they are also among the most observed and studied. The long time series provided by
CalCOFI and comparable programs in the other global EBUSs—the Humboldt Current System
(HumCS) (e.g., Grados et al. 2018, Chevallier et al. 2021), the Canary Current System (CanCS)
(Arístegui et al. 2009), and the Benguela Current System (BenCS) (Hutchings et al. 2009a,b)—
have permitted the study of the physical dynamics, ecosystem function, marine resources, and
community impacts within the EBUSs and have led to an improved understanding and apprecia-
tion of the impacts of climate variability and change on these ecosystems and their living marine
resources.

Climate change is impacting global ocean ecosystems (Bindoff et al. 2019), including the four
major EBUSs. While ocean observing systems operating in the EBUSs have produced a wealth
of knowledge, there is still uncertainty about how climate change will impact these systems and
the human communities that depend on them. How will the EBUSs respond to persistent ocean
warming and to shifts in the amplitude and timing of wind-driven coastal upwelling? How will
changes in the physical and chemical properties of EBUS water masses influence changes in
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a  Summer 10-m winds b  Summer SST

c  Summer oxygen at 200 m d  Summer satellite chlorophyll a concentration
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Figure 2

Maps showing global means in several key properties during the warm season ( June through August in the Northern Hemisphere and
January through March in the Southern Hemisphere). The locations of the four EBUSs are shown by black outlines in each panel.
(a) 10-m wind speed (colors) and vectors from the ERA5 atmospheric reanalysis (1979–2021) (Hersbach et al. 2020). (b) SST from the
2018 World Ocean Atlas (observations from the 1981–2010 period) (Boyer et al. 2018). (c) Dissolved oxygen concentrations at 200-m
depth from the 2018 World Ocean Atlas (observations from the 1955–2010 period). (d) Concentration of ocean chlorophyll a estimated
from multiple satellite ocean-color sensors over the 1998–2017 period (Garnesson et al. 2019). Abbreviations: BenCS, Benguela
Current System; CalCS, California Current System; CanCS, Canary Current System; EBUS, eastern boundary upwelling system;
ERA5, European Centre for Medium-Range Weather Forecasts Reanalysis 5; HumCS, Humboldt Current System; SST, sea surface
temperature.

ecosystem productivity, community structure, and species distributions? How will our coastal
communities respond to what are likely to be substantial and potentially unexpected changes in
our coastal ecosystems? Can we anticipate and prepare for the world’s next sardine story?

Commonalities and Differences Among the Eastern Boundary
Upwelling Systems

There are many physical and biological attributes common to all of the EBUSs, including sea-
sonally varying equatorward wind stress driving offshore Ekman transport and coastal upwelling;
cross-shore variations in the magnitude of alongshore wind stress driving offshore upwelling; sig-
nificant alongshore advection, including a poleward undercurrent; impingement by vast oxygen
minimum layers, resulting in persistent natural hypoxia and vertical compression of viable habitat
(Helly & Levin 2004); water masses characterized by high subsurface nutrient content but low
dissolved oxygen content, with their ecological impacts governed by the strength of the water-
column stratification; and high temporal variability, driven by both local and remote atmospheric
and oceanic forcing on scales ranging from seasonal to decadal and longer (e.g., regime shifts and
secular trends) (see tables 1–5 in Mackas et al. 2006). The upwelling of nutrient-rich water sup-
ports high primary production, which in turn supports high biomass of zooplankton, fish, marine
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mammals, and birds (Watermeyer et al. 2020). Regional circulation modulated by the upwelling
cycle supports the retention and aggregation of plankton (including fish eggs and larvae), greatly
impacting recruitment, productivity, and community structure (Agostini & Bakun 2002). Given
their common physical drivers and ecosystem attributes, comparative EBUS studies have been es-
pecially insightful in determining the mechanisms by which climate change alters marine ecosys-
tems (for reviews, see Hutchings et al. 1995, Carr & Kearns 2003, Mackas et al. 2006, Chavez &
Messié 2009, Checkley & Barth 2009, Demarcq 2009, Fréon et al. 2009, Strub et al. 2013, Lluch-
Cota et al. 2014, Sydeman et al. 2014, Wang et al. 2014, Bakun et al. 2015, García-Reyes et al.
2015, Rykaczewski et al. 2015, Kämpf & Chapman 2016).

These commonalities imply potentially similar responses in each system to global climate
change highlighted by warming surface waters, enhanced stratification, and declining subsurface
oxygen content (see, e.g., Bakun et al. 2015). However, there are important differences in both the
physical structure and forcing of EBUSs that could drive divergent responses to climate change.
Principal among these are the geographical differences between the Atlantic and Pacific (see, e.g.,
table 1 inMackas et al. 2006).The Pacific systems are at the eastern boundaries of a broad subtrop-
ical basin, have generally narrow continental shelves (except in the Southern California Bight),
and are characterized by older subpycnocline waters, with high nutrient and low oxygen levels.
In addition, the Pacific systems are profoundly impacted by the El Niño–Southern Oscillation
(ENSO) cycle, with equatorial Pacific conditions impacting the eastern subtropical boundaries
through both oceanic and atmospheric teleconnections (Dewitte et al. 2012, Garçon et al. 2019).
By contrast, the Atlantic systems lie within a relatively narrow subtropical basin, have relatively
broader continental shelves, contain younger deep-water masses, and are not impacted as strongly
by tropical–extratropical teleconnections (Mackas et al. 2006). In addition, the latitudinal ranges
of the systems vary greatly (Figure 2), leading to a stronger influence of the Arctic Ocean in the
Atlantic (CanCS) but a stronger influence of the Southern Ocean in the Pacific (HumCS). There
are also strong region-specific differences within each system, driven in part by topographic com-
plexity along the coasts that produces spatial hot spots of enhanced coastal upwelling and pro-
ductivity (Mackas et al. 2006). The extent to which climate models capture these differences and
project different trajectories for EBUS physics and biology is an important topic of this review and
is presented in the section titled Projected Changes in the Eastern Boundary Upwelling Systems.

HYPOTHESES AND MECHANISMS OF CHANGE

Atmospheric Drivers and Upwelling Intensity

The persistent alongshore winds that stimulate coastal upwelling in EBUSs arise from the
strong cross-shore atmospheric pressure gradient that exists between the dominant high-pressure
(anticyclonic) systems present over the eastern portions of subtropical ocean basins and the
low-pressure (cyclonic) systems present over the adjacent land masses (García-Reyes et al. 2015).
Summer intensification of the continental low-pressure systems, driven in part by the seasonal
warming of the underlying continent, contributes to the climatological cycle of the upwelling-
favorable winds. This understanding of the upwelling process motivated Bakun (1990) to propose
that an increased warming of the air mass over the continent in comparison to the ocean—as is
expected with anthropogenic warming—will result in an increase in upwelling-favorable winds
and the supply of cool, nutrient-rich waters to the ecosystems. In contrast to Bakun’s (1990)
suggestion of widespread intensification of upwelling winds, more recent work has emphasized
the poleward migration of high-pressure systems as a potential consequence of the expansion of
Hadley circulation in response to anthropogenic climate change (Lu et al. 2007). Rykaczewski
et al. (2015) hypothesized that this migration of the oceanic high-pressure systems will exert a
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dominant influence on long-term changes in the intensity, location, and seasonality of upwelling-
favorable winds, with a general intensification of those winds in the poleward portions of the
EBUSs and a weakening of winds in the equatorward portions during the upwelling season.

Other hypotheses are more comprehensive in consideration of atmospheric and oceanic pro-
cesses influencing upwelling.Upwelling intensity (i.e., the total volume of upwelled water) is influ-
enced primarily by two components: wind-driven Ekman transport and cross-shore geostrophic
transport. The Ekman transport can be further divided into contributions from coastal diver-
gence (i.e., offshore Ekman transport) driven by alongshore winds at the coastal boundary and
contributions from vertical velocities (i.e., Ekman suction or pumping) driven by wind-stress curl,
which may extend farther offshore. In addition to changes in the intensity of coastal wind stress,
changes in the intensity or location of atmospheric pressure systems could affect upwelling driven
by wind-stress curl, altering the spatial extent of upwelling and the properties of the upwelled
waters (Pickett & Paduan 2003, Rykaczewski & Checkley 2008, Jacox et al. 2014). Cross-shore
geostrophic transport can also modulate upwelling at the coastal boundary; although it has re-
ceived relatively little attention, this process has been identified as an important contributor to
both mean upwelling intensity and its future evolution (Marchesiello & Estrade 2010, Oerder
et al. 2015, Jacox et al. 2018, Ding et al. 2021).

Vertical Structure and Source Waters

While change in upwelling associated with atmospheric forcing has been the focus of countless
research efforts in recent decades, potential physical and biogeochemical changes in the water
column offer additional mechanisms to explore when considering EBUS responses to anthro-
pogenic climate change. Hypotheses concerning water-column changes can be categorized into
mechanisms that are associated with conditions within the EBUSs themselves and processes that
are remote to the EBUSs. For instance, changes in the local stratification can alter the mixed-layer
depth and the depth fromwhich upwelling waters are drawn,with stronger stratification leading to
shallower source depths and reduced nutrient supply (Lentz & Chapman 2004, Jacox & Edwards
2011). Remote processes can affect the biogeochemical properties of EBUSs by altering the prop-
erties of water masses that are eventually upwelled. EBUSs are fed by water masses of subarctic,
subtropical, and equatorial origin, and the biogeochemical properties of these water masses are
sensitive to variation in water-mass formation and ventilation resulting from long-term climate
change. These changes can have consequences for the nutrient, oxygen, and inorganic carbon
concentrations of waters upwelling in EBUSs (Rykaczewski & Dunne 2010, Pitcher et al. 2021).

Long-term changes in the frequency or intensity of basin-scale ocean–atmosphere phenomena,
or in the strength of their teleconnections to EBUSs, represent another remote-forcing mecha-
nism through which climate change can influence EBUS properties. Under present-day condi-
tions, the remote processes associated with ENSO, the Benguela Niño, or other modes of natural
variability (Bonino et al. 2019) can affect the winds ( Jacox et al. 2015), mean circulation (Montes
et al. 2011), eddy activity (Conejero et al. 2020), water-mass composition (Bograd et al. 2019), and
biogeochemical properties of EBUSs (Garçon et al. 2019). Changes in these patterns of variabil-
ity can also impact EBUS source waters, their properties, or the riverine input to coastal waters
(Dunn et al. 2018).

Primary Production

As noted above, several plausible hypotheses have been offered to describe the physical and chem-
ical response of EBUSs to climate change. In terms of their impacts on primary and secondary
production, these mechanisms may reinforce or oppose each other. Enhanced nutrients in source
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waters would support increased productivity, increased stratification (and consequently reduced
nutrient supply) would tend to limit productivity, and increased upwelling could enhance produc-
tivity to a point but limit productivity if it is too strong ( Jacox et al. 2016). There is no clear con-
sensus on which mechanism(s) will be the most prominent driver of future productivity changes,
with various retrospective and forward-looking studies suggesting dominant roles for wind (Auad
et al. 2006), stratification (Roemmich & McGowan 1995), and source-water nutrient concentra-
tions (Rykaczewski & Dunne 2010).

Ecosystem Structure and Function

EBUSs support a diversity of mid-trophic-level species that serve as a backbone for translating
primary productivity into ecosystem diversity. The HumCS and BenCS have been described as
wasp-waist, where small pelagic species may exert both bottom-up control on upper trophic lev-
els and top-down control on primary producers (Cury et al. 2000). By contrast, diversity in mid-
trophic-level species in the CalCS may transfer more control to bottom-up processes (Madigan
et al. 2012).Variability in upwelling—particularly when paired with other anthropogenic stressors,
such as fishing pressure—can act synergistically to have cascading effects in EBUSs (Essington
et al. 2015). Climate change impacts and resultant changes in local oceanographic features can
mediate the competition among fisheries and top predators for forage fish, requiring increased
understanding of not only trophic transfer (Cury et al. 2011, Young et al. 2015) but also spatial
patterns of aggregation (Santora et al. 2021). Increasing physical variability has been hypothesized
to translate to increased ecosystem variability as well (Sydeman et al. 2013), portending future
change in marine ecosystems. For EBUSs, however, we hypothesize that the dominant driver of
climate-driven changes in ecosystem structure and function will be the regional and phenological
trends in physics and biogeochemistry (Barange et al. 2018), with implications for changing ver-
tical and horizontal species distributions (often deeper and poleward, respectively) due to optimal
habitat changes (Cheung et al. 2013, Blamey et al. 2015).

HISTORICAL CHANGES IN THE PHYSICS AND BIOGEOCHEMISTRY
OF THE EASTERN BOUNDARY UPWELLING SYSTEMS

The Bakun (1990) hypothesis has motivated many studies scouring the historical record for ev-
idence of upwelling intensification in EBUSs. These studies have used a variety of data sources,
including in situ and remotely sensed ocean observations, historical reanalysis products, and sea
surface temperature (SST) proxies derived from sediment cores. Both regional and cross-EBUS
observational studies have described varying upwelling trends, depending on the data set analyzed
and variable explored.

Regional Observations

In the CanCS, several studies have reported a weakening or no significant trend in upwelling in-
tensity off the Iberian Peninsula (Lemos & Pires 2004, Barton et al. 2013, Bode et al. 2019) and off
northwest Africa (Gómez-Gesteira et al. 2008, Barton et al. 2013), while others have reported an
upwelling intensification trend off northwest Africa (Cropper et al. 2014,Benazzouz et al. 2015). In
the BenCS, Santos et al. (2012a,b) attributed a nearshore cooling trend (and stronger cross-shore
SST gradient) off Namibia and South Africa to increased upwelling intensity, although Tim et al.
(2015, 2016) did not find a trend in the ocean–land pressure gradient that would have been con-
sistent with the Bakun (1990) hypothesis. Regionally varying rates of change in upwelling inten-
sity have also been reported in the Pacific systems. García-Reyes & Largier (2010) and Foreman
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et al. (2011) reported increases of 10–25% in upwelling-favorable wind speeds from historical in
situ buoy observations in the northern CalCS. Aguirre et al. (2019) similarly found an increase
in upwelling-favorable wind stress in the southern HumCS, in accordance with a poleward shift
in the Southeast Pacific Anticyclone. Other studies have expanded the timescale of observation
through SST proxies derived from sediment core data. Both McGregor et al. (2007), using a
2,500-year record near Cape Ghir off Morocco, and Gutiérrez et al. (2011), using a 150-year
record off Peru, found significant twentieth-century SST declines that they noted were consistent
with upwelling intensification.

Complementing these observational studies, output from atmospheric and ocean models over
the historical period have also described EBUS trends. Casabella et al. (2014) did not find a sig-
nificant historical trend in upwelling at the northern end of the CanCS, while Tim et al. (2016)
found that changes in radiative forcing over the period 1850–2005 did not result in discernible
upwelling trends in any EBUSs.

Observations Across the Eastern Boundary Upwelling Systems

Inconsistent results among data sources are especially evident in cross-EBUS historical compar-
isons.Narayan et al. (2010) found contrasting historical trends in alongshore wind stress off north-
west Africa from the National Centers for Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1996) and the ComprehensiveOcean–
Atmosphere Data Set (COADS) but consistent trends toward intensification in the other systems
from both data sets (see table 1 in Narayan et al. 2010). Pardo et al. (2011) compared trends
in SST and offshore Ekman transport derived from the NCEP/NCAR reanalysis over 1970–
2009, finding a weakening trend in upwelling intensity in the CanCS, an increasing trend in the
BenCS, a small weakening trend in the HumCS, and no discernible trend in the CalCS. Taboada
et al. (2019) found contrasting trends in upwelling intensity in each EBUS depending on the
reanalysis product used and noted a need to adjust these products for large-scale biases, espe-
cially in coastal regions. Abrahams et al. (2021) reported upwelling intensification throughout the
HumCS but varying trends in upwelling intensity, frequency of events, and duration in the other
EBUSs.

Sydeman et al. (2014) performed a meta-analysis on 22 published studies (and 187 noninde-
pendent time series) from all four EBUSs and found intensification trends in three of the four
systems. However, the trends were highly dependent on the length and period of the time series,
time of year (stronger in the warm season), latitude (stronger positive trends at higher latitudes),
and data type (stronger for direct observations versus modeling). García-Reyes et al. (2015) found
weak evidence of upwelling intensification in the higher latitudes of the EBUSs and noted the con-
sistency of these observations with the anticipated poleward shift in the subtropical high-pressure
systems (Li et al. 2013, Aguirre et al. 2019). Using a single high-resolution (0.3°) wind product
(the Climate Forecast SystemReanalysis), Varela et al. (2015) investigated EBUS upwelling trends
over a common period, 1982–2010, and found weak, nonsignificant increasing trends in the coastal
regions of the CanCS and BenCS and statistically significant increasing (decreasing) trends in the
northern (southern) portions of the CalCS and HumCS (see summary of other studies in tables 1
and 2 in Varela et al. 2015). A later study by Varela et al. (2018) found that 92% of coastal upwelling
regions showed a mitigated warming (SST) trend at the coast relative to offshore, suggesting that
coastal upwelling (whether intensifying or not) may serve as a buffer to large-scale global warming.
Seabra et al. (2019) found a similar mitigation of long-term warming in the CalCS coastal region
and a cooling in the HumCS, based on the National Oceanic and Atmospheric Administration
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(NOAA) Daily Optimum Interpolation SST data set over the period 1982–2018. Overall, coastal
regions in the EBUSs had approximately half the warming rate of coastal regions outside EBUSs,
with the effect most prevalent in the Pacific.

It is clear from a review of prior studies that there is no consensus on how climate variability
and change have impacted the EBUSs over recent decades, nor is there broad historical support
for the Bakun (1990) hypothesis of upwelling intensification. While there is some consistency
in derived trends in upwelling intensity (and associated SST trends) across EBUS studies, both
observational and modeling, the results were highly dependent on the data source or model used,
the variable considered (either direct or indirect measures of upwelling intensity), and the time
period and season evaluated.

PROJECTED CHANGES IN THE EASTERN BOUNDARY
UPWELLING SYSTEMS

Atmospheric Drivers and Upwelling Intensity

Global modeling studies have projected consistent changes in the dominant subtropical atmo-
spheric pressure systems that drive coastal upwelling in the EBUSs, notably their general strength-
ening and poleward displacement (Wang et al. 2014, Rykaczewski et al. 2015, Tim et al. 2016).
Correspondingly, these studies have projected upwelling intensification in the poleward regions
of the EBUSs and a weak or decreasing trend in the equatorial regions, though with important
differences that reflect model resolution and forcing. In the CanCS, a majority of climate models
project a poleward displacement of the Azores High (Rykaczewski et al. 2015, Sousa et al. 2017a,
Sylla et al. 2019,Varela et al. 2022), resulting in stronger and weaker upwelling-favorable winds off
the Iberian Peninsula and northwest Africa, respectively (Miranda et al. 2013; Lopes et al. 2014;
Rykaczewski et al. 2015; Cordeiro Pires et al. 2016; Sousa et al. 2017a,b; Sylla et al. 2019; Mignot
et al. 2020; Varela et al. 2022).Weakening upwelling intensity is especially prevalent during sum-
mer off northwest Africa, while the intensification in the northern CanCS corresponds with more
frequent high-intensity upwelling events and an extension of the upwelling season (Miranda et al.
2013, Rykaczewski et al. 2015, Tim et al. 2016). A similar pattern is seen in the BenCS projec-
tions; the projected poleward displacement of the South Atlantic High drives latitudinal changes
in alongshore winds, yielding upwelling intensification and weakening at the poleward and equa-
torward ends of the BenCS, respectively (Rykaczewski et al. 2015, Aguirre et al. 2019, Rixen et al.
2021).

Projections of changes in the Pacific subtropical highs follow a similar pattern to those in the
Atlantic systems (Gillett & Fyfe 2013, Rykaczewski et al. 2015, Aguirre et al. 2019). The projected
poleward displacement of the North Pacific High (Rykaczewski et al. 2015, Arellano & Rivas
2019) drives increases in upwelling-favorable winds in the central and northern CalCS (Snyder
et al. 2003, Li et al. 2014, Rykaczewski et al. 2015, Brady et al. 2017, Xiu et al. 2018, Arellano &
Rivas 2019, Howard et al. 2020, Pozo Buil et al. 2021) but weakening at the southern end (Wang
et al. 2014, Rykaczewski et al. 2015, Tim et al. 2016, Brady et al. 2017,Howard et al. 2020). Snyder
et al. (2003) also projected a strengthened wind-stress curl within the CalCS, which can impact
plankton community structure and trophic interactions (Rykaczewski&Checkley 2008). Similarly,
in the HumCS, a projected strengthening and poleward displacement of the South Pacific High
(Belmadani et al. 2014, Rykaczewski et al. 2015, Chamorro et al. 2021) leads to increased and
decreased alongshore winds in the HumCS off Chile and Peru, respectively (Goubanova et al.
2011, Belmadani et al. 2014, Wang et al. 2014, Oerder et al. 2015, Rykaczewski et al. 2015, Tim
et al. 2016,Oyarzún&Brierley 2019,Chamorro et al. 2021).Oerder et al. (2015) noted a reduction
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in nearshore wind-stress curl off Peru, contributing to a decline in upwelling intensity in this part
of the HumCS.

Importantly, a key element of the Bakun (1990) hypothesis—that stronger land–sea pressure
gradients driven by differential warming trends would result in upwelling intensification—is not
supported by most climate models (e.g., Rykaczewski et al. 2015). While differential land–sea
warming trends are ubiquitous among models, it is the latitudinal shifts in the subtropical high-
pressure systems that have the greater influence on the changing location and magnitude of up-
welling winds as simulated by global models (Rykaczewski et al. 2015). And while the trends
in upwelling intensification are generally consistent among EBUSs (see table 1 in Rykaczewski
et al. 2015), Tim et al. (2016) noted that these trends are generally significant only for simula-
tions with high greenhouse gas concentrations [e.g., the Representative Concentration Pathway
8.5 (RCP8.5) scenario], in which consistent trends are seen in all ensemble members. Of all the
EBUSs, there was greatest uncertainty in the magnitude, and even sign, of the upwelling trends
in the CalCS (Wang et al. 2014, Rykaczewski et al. 2015, Tim et al. 2016).

The projected spatially explicit changes in upwelling intensification in each EBUS are ac-
companied by important phenological changes. In the poleward regions of the EBUSs, where
intensification is broadly projected, there is also a projected trend toward longer upwelling sea-
sons (Rykaczewski et al. 2015, Tim et al. 2016). Brady et al. (2017) reported stronger projected
upwelling in spring but weaker in summer in the CalCS, leading to reduced total seasonal up-
welling, with these trends emerging only in the latter half of the twenty-first century under a
high-emissions scenario. Snyder et al. (2003) projected a later spring transition to upwelling con-
ditions in the CalCS from a regional climate model, while the ensemble of global models assessed
by Rykaczewski et al. (2015) projected an earlier spring transition and lengthening of the upwelling
season, with this pattern consistent among all EBUSs. While trends in upwelling intensification
will have important implications for biological productivity, changes in seasonal timing may drive
important changes in trophic interactions in the EBUSs (Bograd et al. 2009).

Future changes in cross-shore geostrophic transport have received relatively little attention,
though several regional studies have shown its influence on projected upwelling trends in the
HumCS and CalCS (Oerder et al. 2015,Ding et al. 2021).Often, projected changes in geostrophic
transport oppose changes in Ekman transport, thereby mitigating the wind-driven upwelling
changes (Oerder et al. 2015, Ding et al. 2021), though in some cases changes in geostrophic
transport are projected to reinforce wind-driven increases or declines in upwelling (Ding et al.
2021).

Surface Warming and Vertical Structure

As with the rest of the global ocean, the EBUSs are projected to experience significant surface
warming through the twenty-first century, with SST expected to increase by approximately 1.5–
3.5°C by 2100 in a high-emissions scenario (RCP8.5) and approximately 1–2°C in a low-emissions
scenario (RCP4.5) (Figures 3 and 4). Upwelling intensification in the poleward regions of the
EBUSs may mitigate the coastal near-surface warming trend and increase cross-shore SST gra-
dients, as noted for the northern CalCS (Li et al. 2014) and northern CanCS (Lopes et al. 2014,
Cordeiro Pires et al. 2016, Sousa et al. 2017a, Varela et al. 2022). Conversely, weaker cross-shore
SST gradients may result from declining upwelling intensity in the northern HumCS and off
northwest Africa (Sousa et al. 2017a, Chamorro et al. 2021, Varela et al. 2022). These projections
are consistent with the mitigated near-shore warming trends observed in the recent historical
record (Seabra et al. 2019), particularly for the Pacific systems. The projected near-surface warm-
ing also drives a shoaling mixed-layer depth in the EBUSs, though with significant model spread
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Historical summer climate (1985–2014) Future summer change (2070–2099 − 1985–2014)
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Figure 3

Maps showing the ensemble mean climate during the summer period from the CMIP6 historical experiment for 1985–2014 (left) and
the ensemble mean future changes from the CMIP6 SSP5-8.5 experiment (2070–2099 relative to 1985–2014; right) for (a,b) SST,
(c,d) mixed-layer depth, (e, f ) dissolved oxygen at 200-m depth, and (g,h) primary productivity. Summer is defined as July through
September in the Northern Hemisphere and January through March in the Southern Hemisphere. Data are from the NOAA Climate
Change Web Portal (https://psl.noaa.gov/ipcc/cmip6) and the Earth System Grid Federation portal (https://esgf-node.llnl.gov).
Abbreviations: CMIP, Coupled Model Intercomparison Project; NOAA, National Oceanic and Atmospheric Administration; SSP,
Shared Socioeconomic Pathway; SST, sea surface temperature.
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Figure 4 (Figure appears on preceding page)

Projected twenty-first-century change in several key properties of the four EBUSs: SST, mixed-layer depth, dissolved oxygen at 200-m
depth, and vertically integrated primary productivity. The time series show change relative to the 1991–2020 mean, averaged over the
large marine ecosystems associated with each EBUS (blue regions on inset maps). Projections are taken from the CMIP6 ensemble under
the SSP5-8.5 and SSP2-4.5 scenarios, and a 20-year smoothing was applied. For each scenario, solid lines mark the ensemble mean, and
dark and light shading indicate the 25th–75th and 10th–90th percentiles, respectively. Data are from the NOAA Climate Change Web
Portal (https://psl.noaa.gov/ipcc/cmip6) and the Earth System Grid Federation portal (https://esgf-node.llnl.gov). Note that the
time series are averaged over the EBUS regions, although the northern and southern portions of each EBUS often have contrasting
trends. Abbreviations: CMIP, Coupled Model Intercomparison Project; EBUS, eastern boundary upwelling system; NOAA, National
Oceanic and Atmospheric Administration; SSP, Shared Socioeconomic Pathway; SST, sea surface temperature.

(Figure 4) and significant increases in water-column stratification in the coastal regions of the
CalCS (Xiu et al. 2018, Howard et al. 2020, Pozo Buil et al. 2021), HumCS (Oerder et al. 2015,
Oyarzún & Brierley 2019, Echevin et al. 2020), and BenCS (Cordeiro Pires et al. 2016, Sousa et al.
2020).

Source Waters, Dissolved Oxygen, and Acidification

Climate change is expected to have significant impacts on the biogeochemistry of EBUSs. In the
Pacific EBUSs, modeling studies project decreases in pH and associated increases in the volume
of water undersaturated with respect to CaCO3, implying increasingly corrosive conditions for
calcifying organisms. The near-surface waters of the northern and central CalCS are expected
to depart their present range of pH variability by the 2040s, becoming corrosive with respect to
aragonite and causing near-permanent undersaturation of the productive layer (Hauri et al. 2013).
Analogously, the nearshore waters off Peru are projected to become undersaturated with respect
to aragonite in the next few decades irrespective of the future emissions scenario, and to become
permanently undersaturated with respect to calcite in approximately 60% of the euphotic zone by
2090 under a high-emissions scenario (Franco et al. 2018). The complex nature of the biophysical
interactions that drive pH trends in the EBUSs is such that analogous changes in the atmospheric
forcing can result in opposite ocean acidification trends in different systems. For example, the
CanCS and CalCS show, respectively, increasing and decreasing pH as a result of projected up-
welling intensification, which can dampen or enhance acidification due to rising atmospheric CO2

(Lachkar 2014). This is likely due to the different contributions of physical and biological drivers
of acidification in the two systems, that is, the increase in the advection of undersaturated water
versus changes in the ratio of production and remineralization, with the first mechanism domi-
nating in the CalCS and the second in the CanCS.

Projected declines of global ocean oxygen concentrations are also set to affect the EBUSs,
especially those that are more tightly coupled to oxygen minimum zones. Climate projections
show deoxygenation trends in some upwelling systems and increases in others (Figure 3), though
changes in oxygen are not well constrained (Garçon et al. 2019). In analogy to acidification, com-
plex biophysical interactions regulate oxygen concentrations in the EBUSs, meaning that pro-
jected oxygen trends can vary even within subregions of the same upwelling system under the same
forcing scenario (Bograd et al. 2008, Rixen et al. 2021). Furthermore, these projected trends are
sensitive to model resolution and parameterization, large-scale biases in circulation, and oxygen-
minimum-zone representation (Echevin et al. 2020, Pozo Buil et al. 2021). For example, in an
ensemble of high-resolution downscaled projections, two members showed an overall ∼30–40%
increased subsurface nitrate and an ∼50-m-shallower hypoxic boundary layer along the Califor-
nia coast. However, an opposite response, featuring a decrease of subsurface nitrate (∼20%) and
a deepening of the hypoxic boundary layer by ∼30 m along the entire coast, was found in one
member of the ensemble (Pozo Buil et al. 2021).
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Acidification, deoxygenation, and changes in macronutrient concentrations in the EBUSs are
driven by interactions with the wider ocean basins as well as with the local atmosphere, coastline,
and human activities (Garçon et al. 2019). These forcings can counteract or reinforce each other;
for example, the effect of decreased source-water oxygen is twice as large as the effect of increased
local remineralization of organic matter in driving the expansion of future hypoxic areas in the
CalCS (Dussin et al. 2019), and the projected slowdown of the equatorial circulation reduces the
ventilation of the HumCS, inducing a future nearshore deoxygenation trend (Echevin et al. 2020).
At small scales, variability in coastal upwelling, advection, and biological activity generates patterns
of ocean acidification and hypoxia that are spatially heterogeneous both in their mean and in their
trends (Cheresh & Fiechter 2020). This patchiness is further exacerbated by human activities on
urban and agricultural land, resulting in the discharge of organic material and nutrients that fuel
eutrophication, deoxygenation, and acidification in the EBUSs (Kessouri et al. 2021).

Primary Production and Organic Carbon Cycling

Earth system models exhibit a large spread in future projections of primary productivity in all
EBUSs (Figure 4). When these projections are averaged over the entirety of each system, the
multimodel mean trends tend to be toward lower productivity, consistent with the stratification-
induced decreases in euphotic-zone nutrient supply and export production that are projected for
much of the subtropical oceans (Fu et al. 2016, Sousa et al. 2020). However, there is limited con-
sensus among models on the sign of productivity change in each system; for models in which
increased upwelling and/or enhanced source-water nitrate overwhelm increased stratification, fu-
ture productivity can increase (Rykaczewski & Dunne 2010, Xiu et al. 2018). Furthermore, the
sign of productivity trends can vary within individual EBUSs, often with increased productivity
in the poleward portions and decreased productivity in the equatorward portions (Figures 3 and
4). While these findings hold for different emissions scenarios, the magnitude of change and the
degree of uncertainty (i.e., the magnitude of model spread) increase under higher-emissions sce-
narios (Figure 4). Similarly, downscaled regional models project productivity trends that are in
most cases qualitatively consistent with their parent climate models but can differ substantially in
magnitude and in some cases even have opposite sign (Echevin et al. 2020, Howard et al. 2020,
Pozo Buil et al. 2021).

Uncertainties in the future of productivity, combined with uncertainties in ecosystem shifts
induced by changes in temperature, acidity, and oxygenation, imply crucial uncertainties in the
future of organic carbon export and sequestration in EBUS regions. This uncertainty further
extends to the adjacent open basins, which receive and export significant amounts of coastally
produced carbon (Bonino et al. 2021), highlighting how understanding the future of EBUSs is
key to refining projections of the organic carbon cycle on larger scales.

Ecosystem Structure and Function

Understanding how marine animals will be affected by future trends in environmental condi-
tions is an important challenge. Distributional shifts are among the most anticipated ecological
responses to global warming (e.g., Hazen et al. 2013, Pinsky et al. 2018), with many species ex-
pected to shift their ranges poleward or deeper, altering community structure and trophic inter-
actions. Changes in forage fish populations and distributions in the EBUSs have the potential
to drive ecosystem response and reorganization from higher-trophic-level predators to fisheries
themselves (Pikitch et al. 2014, Checkley et al. 2017). In the CalCS, northward shifts in sardine
distribution under climate change may reduce fish catch in some regions while increasing it in
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others (Fiechter et al. 2021, Smith et al. 2021), while also altering predator reliance on individual
species (Petatán-Ramírez et al. 2019). On the other hand, projected increases in upwelling may
mitigate warming trends (Seabra et al. 2019, Varela et al. 2022), providing areas of climate refugia
for EBUS fauna (Hu & Guillemin 2016, Lourenço et al. 2016, Barceló et al. 2018).

Deoxygenation trends can also have broad-reaching ecological impacts. For example, deter-
mining how changes in oxygen concentrations will affect EBUS structure and function requires
both constraining future oxygen trends (Garçon et al. 2019) and understanding how organisms
respond to different oxygen thresholds over the long and short terms (Chan et al. 2008, Vaquer-
Sunyer & Duarte 2008). Even intermittent occurrence of hypoxia can result in sublethal levels
of habitat degradation, meaning a decline in juvenile fish growth rate, restriction of the habitable
zone and therefore habitat crowding, and ecological crunches or bottlenecks (Eby et al. 2005).

Modeling work is underway to explore the potential ecosystem effects of climate change in
the EBUSs. In a BenCS example, Lockerbie & Shannon (2019) imposed a twofold increase in
primary production over 10 years as a plausible future scenario for the southern BenCS, based on
observed seasonal and annual variability in productivity and upwelling (Lamont et al. 2014, 2018).
They found that the ecosystem may be able to support increased fishing on prey species under
such conditions (Shannon et al. 2020). Using a different modeling platform (Atlantis), Ortega-
Cisneros et al. (2018) evaluated the effects of climate change based on projections of temperature
and vertical and horizontal water mixing in the southern BenCS, finding warming to have the
strongest (andmost negative) impacts onmodeled species,with large pelagic fish and demersal fish
being most affected by the cumulative effects of fishing and warming. In a first prototype spatial
projection of the southern BenCS using the Ecospace platform, total catch was lower under the
high-emissions scenario [Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5)] than under the low-
emissions scenario (SSP1-2.6), with demersal fish contributing a larger portion of the total catch,
anchovy and sardine stocks falling to lower levels, and the abundance of the endangered African
penguin also being correspondingly lower (L.J. Shannon, unpublished results).

These examples demonstrate the diversity and uncertainty around future projections of climate
change in EBUSs and the need to pay careful attention to defining responses of functional groups
or species to climate variables if we are to improve ecosystem projections and better inform EBUS
users, such as the fishing or ecotourism sectors. Trait-based vulnerability assessments are useful in
identifying species that are likely to be most sensitive to climate change in EBUSs and would war-
rant more detailed research and careful monitoring (e.g., Ortega-Cisneros et al. 2018). Improved
ecosystem projections will provide invaluable information for environmental planning related to
regulating ecosystem services, such as nutrient cycling or climate regulation, which interact with
provisioning services such as fisheries.

SUMMARY OF CLIMATE CHANGE IN THE EASTERN BOUNDARY
UPWELLING SYSTEMS

Common Changes Across the Eastern Boundary Upwelling Systems

While there is considerable uncertainty in how EBUSs will evolve with climate change, there
are a number of robust changes in their physics, biogeochemistry, and ecology that are consistent
among the current family of global and regional climate models (see the sidebar titled Climate
Change Projections in the Eastern Boundary Upwelling Systems). These changes include a
poleward shift of the dominant subtropical high-pressure systems that drive upwelling dynamics;
a subsequent intensification of upwelling in the poleward regions of the EBUSs, along with
generally weaker trends or trends of uncertain sign in the equatorward regions; a secular warming
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CLIMATE CHANGE PROJECTIONS IN THE EASTERN BOUNDARY UPWELLING
SYSTEMS

Temperature

� Coastal warming modulated by upwelling trends
� Stronger cross-shore SST gradient
� Enhanced stratification

Wind

� Poleward displacement of subtropical highs
� Stronger alongshore wind stress in poleward regions; weaker to no trend in equatorial regions
� Stronger offshore wind-stress curl

Upwelling

� Upwelling intensification (weakening or no trend) in poleward (equatorward) regions
� Later spring transition (northern CalCS)
� Longer upwelling season in poleward regions (HumCS, CanCS, and BenCS)

Nutrients

� Permanent aragonite undersaturation by 2050 (CalCS) or 2100 (HumCS)
� Deoxygenation and higher nutrient content (CalCS and HumCS)

Productivity

� Increased offshore transport of phytoplankton (CanCS and BenCS)
� Nonlinear productivity response to upwelling intensification (CalCS)
� Uncertain directional change in productivity

trend that enhances water-column stratification and reduces mixed-layer depth, which may act
to counteract enhanced upwelling in driving productivity trends; a mitigated warming in near-
coastal regions where upwelling intensifies, leading to stronger cross-shore SST gradients; a
continuing deoxygenation trend accompanied by increasing ocean acidification, with impacts
largest in the Pacific systems on which the naturally occurring oxygen minimum zone impinges;
and potentially large but uncertain changes in productivity, species distributions, and trophic
interactions.

Competing Influences on Upwelling Systems: California Current Case Study

To illustrate and quantify the projected trends in EBUSs and their complex upwelling dynam-
ics, we take the CalCS as a case study (Figure 5). Trends in the key processes and conditions
driving the efficacy of coastal upwelling in the CalCS demonstrate that factors such as wind forc-
ing, water-column structure, and remotely driven nutrient content may sometimes compete and
that changes in these factors may differ regionally. Enhanced coastal wind stress in the northern
CalCS (north of ∼40°N) leads to increases in Ekman transport and vertical velocity at the base of
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Figure 5

Factors influencing the magnitude of upwelling and upwelled nutrient supply. (a) Schematic representation of a section of coast in an
EBUS. Equatorward winds (arrows above the ocean surface) drive offshore Ekman transport, while cyclonic wind-stress curl (wind stress
decreasing closer to the coast) drives divergence in Ekman transport and consequently Ekman suction (curl-driven upwelling).
Cross-shore geostrophic transport (UGeo) is driven by the alongshore pressure gradient associated with a north–south gradient in sea
surface height. Net vertical transport (W) through the base of the mixed layer is the sum of UEk and UGeo. Vertical nitrate flux through
the base of the mixed layer is calculated as the product of vertical transport (W) and the nitrate concentration at the base of the mixed
layer ([NO3

−]MLD). (b) Future changes in each component of the schematic as quantified for the California Current System, based on
the ensemble of downscaled regional projections described by Pozo Buil et al. (2021). Projected trends are linear trends over the
1980–2100 period under the RCP8.5 scenario. Gray shading indicates the spread of the three ensemble members (forced by
GFDL-ESM2M, IPSL-CM5A-MR, and HadGEM2-ES), and black lines mark the ensemble means. Sign conventions are consistent
with the schematic; positive UEk and negative UGeo are upwelling favorable. Upwelling metrics are calculated as was done by Jacox
et al. (2018); UEk is Ekman transport integrated over one-degree latitude bins, from the coast to 75 km offshore, capturing both the
coastal divergence and curl-driven components; and UGeo is integrated over the depth of the mixed layer (typically tens of meters) for
the same one-degree latitude bins. All transport components are expressed as volume transport per meter of coastline (m2 s−1).
Abbreviations: EBUS, eastern boundary upwelling system; GFDL-ESM2M, Geophysical Fluid Dynamics Laboratory ESM2M;
HadGEM2-ES, Hadley Centre Global Environment Model version 2 Earth-System configuration; IPSL-CM5A-MR, Institut Pierre
Simon Laplace Climate Model 5A Medium Resolution; MLD, mixed-layer depth; RCP, Representative Concentration Pathway.
Panel a adapted from Jacox et al. (2018).

www.annualreviews.org • Climate Change in Upwelling Systems 319

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



the mixed layer, which is projected to shoal system-wide. Combined with a weakly negative trend
in nutrient concentration at the base of the mixed layer, the ensemble mean nitrate flux [i.e., the
Biologically Effective Upwelling and Transport Index (BEUTI); see Jacox et al. 2018] is projected
to have a weak negative or no trend. These projections are relatively robust across the downscaled
Earth system models for the northern CalCS. In the southern CalCS, there is on average a weak
positive trend in Ekman transport and vertical velocity combined with a lower nutrient content
that renders upwelling less biologically effective (i.e., a declining nitrate flux into the euphotic
zone), though there is also a lack of agreement among models. Overall, the downscaled Earth sys-
tem models show a tendency for declining primary productivity (Pozo Buil et al. 2021) (Figure 5)
driven by these interacting factors, although there are significant model spread and uncertainty in
these projections.

Implications for Ecosystem Services

The ocean accounts for a notable part of nature’s contributions to people (NCP) (Brauman et al.
2020). Perhaps the most obvious component, especially in EBUSs, is the role of the ocean in
helping to meet the increasing demand for food to sustain the increasing world population. The
annual per capita consumption of fish has more than doubled since 1960 (Barange et al. 2018),
corresponding to an increase of 3.2% per annum in fish production for human consumption (UN
2016). The aquaculture sector has largely offset the resulting decline in the biomass of assessed
fish stocks in the wild (11% decline from 1977 to 2009; Worm et al. 2009). Further declines in
wild-caught fish are predicted in the future, depending on region, as a result of global warming
(Cheung et al. 2013). This will further increase the demand for fish production by means of aqua-
culture. A worrying aspect of this is that 70% of farmed finfish rely on artificial feeding (UN 2016,
chapter 12), much of which is currently dependent on fishmeal and oil derived from small pelagic
reduction fisheries in EBUSs (Shannon & Waller 2021). Thus, climate-ready fisheries manage-
ment will be even more important in the EBUSs if the global demand for fish as both food and
feed continues to increase.

Interactions among different NCPs are only starting to be explored in the EBUSs. Marshall
et al. (2017) used ecosystem models to explore the effects of ocean acidification on provision-
ing ecosystem services (fisheries) in the CalCS, for example. It remains for regulating and provi-
sioning NCPs to be more explicitly examined in EBUSs, and this should be a priority for future
research.

KEY QUESTIONS AND REMAINING UNCERTAINTIES

Significant advances in climate modeling over the past two decades have provided robust predic-
tions of climate-driven changes in EBUS dynamics, as summarized above. An important caveat is
that much of the existing literature—and therefore this review—has relied primarily on the Cou-
pled Model Intercomparison Project 5 (CMIP5) ensemble of climate models, while output from
CMIP6 models is now available and being more frequently presented in the literature. While
CMIP6 models have higher spatial resolution and revised model physics and biogeochemistry,
comparisons of CMIP5 and CMIP6 show similar projected trends in EBUS properties (e.g.,
alongshore winds, mixed-layer depth, and source-water properties).

Even with continuing model improvements, there remain a number of significant uncertainties
and unanswered questions in the field of EBUS studies (see the sidebar titled Questions for the
Future). Future studies will need to address these questions to better understand, project, and
adapt to climate-driven changes in the EBUSs.
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QUESTIONS FOR THE FUTURE

Upwelling Intensity and Phenology

� Will better resolution of atmospheric processes alter our expectations for future changes in upwelling?
� What are the times of emergence for poleward migration of the subtropical highs and changes in upwelling

intensity?
� How will the cross-shore structure of wind stress change?
� What is the direction of change in upwelling intensity in the equatorward EBUS regions?
� How will the timing and duration of the upwelling season change?
� How will changes in upwelling intensity and timing modulate upper-ocean warming and stratification?

Climate Modes and Extreme Events

� How will changes in the large-scale climate modes (e.g., the intensity, timing, and frequency of ENSO and
the Benguela El Niño, and their teleconnections) alter upwelling processes in the EBUSs?

� How will the properties and pathways of source waters to the EBUSs change? How will these changes impact
the properties of upwelled waters?

� How will the frequency and severity of extreme events (e.g., marine heatwaves, hypoxia, and acidification)
that affect EBUSs change?

Ecosystem Productivity, Structure, and Function

� How will the relative contributions of upwelling intensification, increasing stratification, and changing
source-water properties impact nutrient supply and productivity?

� Will phenological changes in upwelling dynamics lead to predator–prey mismatches?
� What are the implications of the export and sequestration of organic carbon within EBUSs?
� Will changes in biogeochemical properties (deoxygenation, acidification, and nutrient supply), combined with

changing upwelling dynamics, lead to more frequent attainment of critical biological thresholds?
� How will community structure, species distributions, and trophic interactions change?

Marine Ecosystem Services

� What are the most vulnerable ecosystem components to climate change in the EBUSs?
� How can ecosystem-based management and marine policy adapt to the projected ecological changes in the

EBUSs?

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

The authors thank all of the scientists who have contributed to EBUS studies over the years. S.J.B.
also thanks Kristy Kroeker for suggesting this review. The contribution of L.J.S. was supported
by the European Union Horizon 2020 project TRIATLAS (grant 817578). The contribution of
M.P.B. was supported by the NOAA Modeling, Analysis, Predictions, and Projections Program
(grant NA20OAR4310447).

www.annualreviews.org • Climate Change in Upwelling Systems 321

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



LITERATURE CITED

Abrahams A, Schlegel RW, Smit AJ. 2021. Variation and change of upwelling dynamics detected in the world’s
Eastern Boundary Upwelling Systems. Front. Mar. Sci. 29:626411

Agostini VN, Bakun A. 2002. ‘Ocean triads’ in the Mediterranean Sea: physical mechanisms potentially struc-
turing reproductive habitat suitability (with example application to European anchovy, Engraulis encrasi-
colus). Fish. Oceanogr. 11:129–42

Aguirre C, Rojas M, Garreaud RD, Rahn DA. 2019. Role of synoptic activity on projected changes in
upwelling-favourable winds at the ocean’s eastern boundaries.NPJ Clim. Atmos. Sci. 2:44

Arellano B,RivasD.2019.Coastal upwellingwill intensify along the BajaCalifornia coast under climate change
by mid-21st century: insights from a GCM-nested physical-NPZD coupled numerical ocean model.
J. Mar. Syst. 199:103207

Arístegui J, Barton ED, Álvarez-Salgado XA, Santos AMP, Figueiras FG, et al. 2009. Sub-regional ecosystem
variability in the Canary Current upwelling. Prog. Oceanogr. 83:33–48

Auad G, Miller A, Di Lorenzo E. 2006. Long-term forecast of oceanic conditions off California and their
biological implications. J. Geophys. Res. Oceans 111:C09008

Bakun A. 1990. Global climate change and intensification of coastal ocean upwelling. Science 247:198–201
Bakun A, Black BA, Bograd SJ, García-Reyes M, Miller AJ, et al. 2015. Anticipated effects of climate change

on coastal upwelling ecosystems. Curr. Clim. Change Rep. 1:85–93
Barange M, Bahri T, Beveridge MCM, Cochrane K, Funge-Smith S, Poulain F, eds. 2018. Impacts of cli-

mate change on fisheries and aquaculture: synthesis of current knowledge, adaptation and mitigation options. Fish.
Aquac. Tech. Pap. 627, Food Agric. Organ. UN, Rome

Barceló C,Ciannelli L, Brodeur RD. 2018. Pelagic marine refugia and climatically sensitive areas in an eastern
boundary current upwelling system.Glob. Change Biol. 24:668–80

Barton ED, Field DB, Roy C. 2013. Canary Current upwelling: more or less? Prog. Oceanogr. 116:167–78
Belmadani A,Echevin V,Codron F,Takahashi K, Junquas C. 2014.What dynamics drive future wind scenarios

for coastal upwelling off Peru and Chile? Clim. Dyn. 43:1893–914
Benazzouz A, Demarcq H, González-Nuevo G. 2015. Recent changes and trends of the upwelling intensity

in the Canary Current Large Marine Ecosystem. In Oceanographic and Biological Features in the Canary
Current Large Marine Ecosystem, ed. L Valdés, I Déniz-González, pp. 321–30. Paris: Intergov. Oceanogr.
Comm. UN Educ. Sci. Cult. Organ.

Bindoff NL, Cheung WWL, Kairo JG, Arístegui J, Guinder VA, et al. 2019. Changing ocean, marine ecosys-
tems, and dependent communities. In IPCC Special Report on the Ocean and Cryosphere in a Changing
Climate, ed. H-O Pörtner, DC Roberts, V Masson-Delmotte, P Zhai, M Tignor, et al., pp. 447–587.
Cambridge, UK: Cambridge Univ. Press

Blamey LK, Shannon LJ, Bolton JJ, Crawford RJ, Dufois F, et al. 2015. Ecosystem change in the southern
Benguela and the underlying processes. J. Mar. Syst. 144:9–29

Bode A,ÁlvarezM,Ruíz-VillarrealM,VarelaMM.2019.Changes in phytoplankton production and upwelling
intensity off A Coruña (NW Spain) for the last 28 years.Ocean Dyn. 69:861–73

Bograd SJ, Castro CG, Di Lorenzo E, Palacios DM, Bailey H, et al. 2008. Oxygen declines and the shoaling
of the hypoxic boundary in the California Current.Geophys. Res. Lett. 35:L12607

Bograd SJ, Checkley DM Jr.,WoosterWS. 2003. CalCOFI: a half century of physical, chemical and biological
research in the California Current System.Deep-Sea Res. II 50:2349–54

Bograd SJ, Schroeder ID, Jacox MG. 2019. A water mass history of the Southern California current system.
Geophys. Res. Lett. 46:6690–98

Bograd SJ, Schroeder ID, Sarkar N, Qiu X, Sydeman WJ, Schwing FB. 2009. The phenology of coastal up-
welling in the California Current.Geophys. Res. Lett. 36:L01602

Bonino G, Di Lorenzo E, Masina S, Iovino D. 2019. Interannual to decadal variability within and across the
major Eastern Boundary Upwelling Systems. Sci. Rep. 9:19949

Bonino G, Lovecchio E, Gruber N, Münnich M, Masina S, Iovino D. 2021. Drivers and impact of the sea-
sonal variability of the organic carbon offshore transport in the Canary upwelling system. Biogeosciences
18:2429–48

322 Bograd et al.

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



Boyer TP, Garcia HE, Locarnini RA, Zweng MM, Mishonov AV, et al. 2018.World Ocean Atlas 2018. Data
Set, Natl. Cent. Environ. Inf., Natl. Oceanogr. Atmos. Adm.,Washington, DC. https://accession.nodc.
noaa.gov/NCEI-WOA18

Brady RX, Alexander MA, Lovenduski NS, Rykaczewski RR. 2017. Emergent anthropogenic trends in
California Current upwelling.Geophys. Res. Lett. 44:5044–52

Brauman KA, Garibaldi LA, Polasky S, Aumeeruddy-Thomas Y, Brancalion PH, et al. 2020. Global trends in
nature’s contributions to people. PNAS 117:32799–805

Carr ME, Kearns EJ. 2003. Production regimes in four Eastern Boundary Current systems. Deep-Sea Res. II
50:3199–221

Casabella N, Lorenzo MN, Taboada JJ. 2014. Trends of the Galician upwelling in the context of climate
change. J. Sea Res. 93:23–27

Chamorro A, Echevin V, Dutheil C, Tam J, Gutiérrez D, Colas F. 2021. Projection of upwelling-favorable
winds in the Peruvian upwelling system under the RCP8.5 scenario using a high-resolution regional
model. Clim. Dyn. 57:1–16

Chan F, Barth JA, Lubchenco J, Kirincich A, Weeks H, et al. 2008. Emergence of anoxia in the California
Current large marine ecosystem. Science 319:920

Chavez FP,MessiéM.2009.A comparison of eastern boundary upwelling ecosystems.Prog.Oceanogr.83:80–96
Checkley DM Jr., Asch RG, Rykaczewski RR. 2017. Climate, anchovy, and sardine.Annu. Rev.Mar. Sci. 9:469–

93
Checkley DM Jr., Barth JA. 2009. Patterns and processes in the California Current System. Prog. Oceanogr.

83:49–64
Cheresh J, Fiechter J. 2020. Physical and biogeochemical drivers of alongshore pH and oxygen variability in

the California Current System.Geophys. Res. Lett. 47:e2020GL089553
CheungWW,WatsonR,PaulyD.2013. Signature of ocean warming in global fisheries catch.Nature 497:365–

68
Chevallier A, Stotz W, Ramos M, Mendo J. 2021. The Humboldt Current Large Marine Ecosystem

(HCLME), a challenging scenario for modelers and their contribution for themanager. InMarine Coastal
Ecosystems Modelling and Conservation, ed. M Ortiz, F Jordán, pp. 27–51. Cham, Switz.: Springer

City of Monterey. 2022. Cannery row. City of Monterey. https://cityofmonterey.oncell.com/en/300-
cannery-row-97652.html

Conejero C, Dewitte B, Garçon V, Sudre J,Montes I. 2020. ENSO diversity driving low-frequency change in
mesoscale activity off Peru and Chile. Sci. Rep. 10:17902

Cordeiro Pires A, Nolasco R, Rocha A, Ramos AM, Dubert J. 2016. Climate change in the Iberian Upwelling
System: a numerical study using GCM downscaling. Clim. Dyn. 47:451–64

CropperTE,HannaE,BiggGR.2014.Spatial and temporal seasonal trends in coastal upwelling offNorthwest
Africa, 1981–2012.Deep-Sea Res. I 86:94–111

Cury PM, Bakun A, Crawford RJM, Jarre A, Quiñones RA, et al. 2000. Small pelagics in upwelling systems:
patterns of interaction and structural changes in “wasp-waist” ecosystems. ICES J. Mar. Sci. 57:603–18

Cury PM, Boyd IL, Bonhommeau S, Anker-Nilssen T, Crawford RJ, et al. 2011. Global seabird response to
forage fish depletion—one-third for the birds. Science 334:1703–6

Demarcq H. 2009. Trends in primary production, sea surface temperature and wind in upwelling systems
(1998–2007). Prog. Oceanogr. 83:376–85

Dewitte B, Vazquez-Cuervo J, Goubanova K, Illig S,Takahashi K, et al. 2012. Change in El Niño flavours over
1958–2008: implications for the long-term trend of the upwelling off Peru.Deep-Sea Res. II 77:143–56

Ding H, Alexander MA, Jacox MG. 2021. Role of geostrophic currents in future changes of coastal upwelling
in the California Current System.Geophys. Res. Lett. 48:e2020GL090768

Dunn RJH, Stanitski DM,CobronN,Willett KM, eds. 2018.Global climate.Bull. Am.Meteorol. Soc. 99:S5–68
Dussin R, Curchitser EN, Stock CA, Van Oostende N. 2019. Biogeochemical drivers of changing hypoxia in

the California Current ecosystem.Deep-Sea Res. II 169–70:104590
Eby LA,Crowder LB,McClellan CM,Peterson CH,PowersMJ. 2005.Habitat degradation from intermittent

hypoxia: impacts on demersal fishes.Mar. Ecol. Prog. Ser. 291:249–62
Echevin V,GévaudanM,Espinoza-MorriberónD,Tam J,AumontO, et al. 2020. Physical and biogeochemical

impacts of RCP8.5 scenario in the Peru upwelling system. Biogeosciences 17:3317–41

www.annualreviews.org • Climate Change in Upwelling Systems 323

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://accession.nodc.noaa.gov/NCEI-WOA18
https://cityofmonterey.oncell.com/en/300-cannery-row-97652.html


Essington TE,Moriarty PE, Froehlich HE,Hodgson EE,Koehn LE, et al. 2015. Fishing amplifies forage fish
population collapses. PNAS 112:6648–52

Fiechter J, Pozo Buil M, Jacox MG, Alexander MA, Rose KA. 2021. Projected shifts in 21st century sardine
distribution and catch in the California Current. Front. Mar. Sci. 8:685241

Foreman MGG, Pal B, Merryfield WJ. 2011. Trends in upwelling and downwelling winds along the British
Columbia shelf. J. Geophys. Res. Oceans 116:C10023

Franco AC,GruberN,FrölicherTL,Kropuenske ArtmanL.2018.Contrasting impact of futureCO2 emission
scenarios on the extent of CaCO3 mineral undersaturation in the Humboldt Current System. J. Geophys.
Res. Oceans 123:2018–36

Fréon P, Arístegui J, Bertrand A, Crawford RJ, Field JC, et al. 2009. Functional group biodiversity in Eastern
Boundary Upwelling Ecosystems questions the wasp-waist trophic structure. Prog. Oceanogr. 83:97–106

FuW, Randerson JT,Moore JK. 2016. Climate change impacts on net primary production (NPP) and export
production (EP) regulated by increasing stratification and phytoplankton community structure in the
CMIP5 models. Biogeosciences 13:5151–70

García-Reyes M, Largier J. 2010. Observations of increased wind-driven coastal upwelling off central
California. J. Geophys. Res. Oceans 115:C04010

García-ReyesM,SydemanWJ, SchoemanDS,Rykaczewski RR,Black BA, et al. 2015.Under pressure: climate
change, upwelling and eastern boundary upwelling ecosystems. Front. Mar. Sci. 2:109

Garçon V, Dewitte B, Montes I, Goubanova K. 2019. Land-sea-atmosphere interactions exacerbating ocean
deoxygenation in Eastern Boundary Upwelling Systems (EBUS). InOcean Deoxygenation: Everyone’s Prob-
lem, ed. D Laffoley, JM Baxter, pp. 155–70. Gland, Switz.: IUCN

Garnesson P, Mangin A, Fanton d’Andon O, Demaria J, Bretagnon M. 2019. The CMEMS GlobColour
chlorophyll a product based on satellite observation: multi-sensor merging and flagging strategies.Ocean
Sci. 15:819–30

Gillett NP, Fyfe JC. 2013. Annular mode changes in the CMIP5 simulations.Geophys. Res. Lett. 40:1189–93
Gómez-Gesteira M, deCastro M, Álvarez I, Lorenzo MN,Gesteira JLG, Crespo AJC. 2008. Spatio-temporal

upwelling trends along the Canary upwelling system (1967–2006). Ann. N.Y. Acad. Sci. 1146:320–37
Goubanova K, Echevin V, Dewitte B, Codron F, Takahashi K. 2011. Statistical downscaling of sea-surface

wind over the Peru–Chile upwelling region: diagnosing the impact of climate change from the IPSL-
CM4 model. Clim. Dyn. 36:1365–78

Grados C,Chaigneau A, Echevin V,Dominguez N. 2018.Upper ocean hydrology of the Northern Humboldt
Current System at seasonal, interannual and interdecadal scales. Prog. Oceanogr. 165:123–44

Gutiérrez D, Bouloubassi I, Sifeddine A, Purca S, Goubanova K, et al. 2011. Coastal cooling and increased
productivity in the main upwelling zone off Peru since the mid-twentieth century. Geophys. Res. Lett.
38:L07603

Hauri C,GruberN,VogtM,Doney SC,Feely RA, et al. 2013. Spatiotemporal variability and long-term trends
of ocean acidification in the California Current System. Biogeosciences 10:193–216

Hazen EL, Jorgensen S, Rykaczewski RR, Bograd SJ, Foley DG, et al. 2013. Predicted habitat shifts of Pacific
top predators in a changing climate.Nat. Clim. Change 3:234–38

Helly JJ, Levin LA. 2004. Global distribution of naturally occurring marine hypoxia on continental margins.
Deep-Sea Res. I 51:1159–68

Hersbach H, Bell B, Berrisford P, Hirahara S, Horányi A, et al. 2020. The ERA5 global reanalysis. Q. J. R.
Meteorol. Soc. 146:1999–2049

Howard EM, Frenzel H, Kessouri F, Renault L, Bianchi D, et al. 2020. Attributing causes of future climate
change in the California Current System with multimodel downscaling.Glob. Biogeochem. Cycles 34:6646

Hu ZM, Guillemin ML. 2016. Coastal upwelling areas as safe havens during climate warming. J. Biogeogr.
43:2513–14

Hutchings L, Augustyn CJ, Cockcroft A, Van der Lingen C, Coetzee J, et al. 2009a. Marine fisheries moni-
toring programmes in South Africa. S. Afr. J. Sci. 105:182–92

Hutchings L, Pitcher GC, Probyn TA, Bailey GW. 1995.The chemical and biological consequences of coastal
upwelling. In Upwelling in the Ocean: Modern Processes and Ancient Records, ed. CP Summerhayes, K-C
Emeis, MV Angel, RL Smith, B Zeitzschel, pp. 65–82. Chichester, UK: Wiley

324 Bograd et al.

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



Hutchings L, Roberts MR, Verheye HM. 2009b. Marine environmental monitoring programmes in South
Africa: a review. S. Afr. J. Sci. 105:94–102

IPCC (Intergov. Panel Clim. Change). 2014. Climate Change 2014: Impacts, Adaptation and Vulnerability,
Vol. 2: Regional Aspects. Cambridge, UK: Cambridge Univ. Press

Jacox MG, Bograd SJ, Hazen EL, Fiechter J. 2015. Sensitivity of the California Current nutrient supply to
wind, heat, and remote ocean forcing.Geophys. Res. Lett. 42:5950–57

Jacox MG, Edwards CA. 2011. Effects of stratification and shelf slope on nutrient supply in coastal upwelling
regions. J. Geophys. Res. Oceans 116:C03019

Jacox MG, Edwards CA, Hazen EL, Bograd SJ. 2018. Coastal upwelling revisited: Ekman, Bakun, and im-
proved upwelling indices for the U.S. West Coast. J. Geophys. Res. Oceans 123:7332–50

Jacox MG, Hazen EL, Bograd SJ. 2016. Optimal environmental conditions and anomalous ecosystem re-
sponses: constraining bottom-up controls of phytoplankton biomass in the California Current System.
Sci. Rep. 6:27612

Jacox MG,Moore AM, Edwards CA, Fiechter J. 2014. Spatially resolved upwelling in the California Current
System and its connections to climate variability.Geophys. Res. Lett. 41:3189–96

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, et al. 1996. The NCEP/NCAR 40-year reanalysis
project. Bull. Am. Meteorol. Soc. 77:437–71

Kämpf J, Chapman P. 2016. Upwelling Systems of the World: A Scientific Journey to the Most Productive Marine
Ecosystems. Cham, Switz.: Springer

Kessouri F,McWilliams JC, Bianchi D, Sutula M,Renault L, et al. 2021. Coastal eutrophication drives acidifi-
cation, oxygen loss, and ecosystem change in a major oceanic upwelling system. PNAS 118:e2018856118

Lachkar Z. 2014. Effects of upwelling increase on ocean acidification in the California and Canary Current
Systems.Geophys. Res. Lett. 41:90–95

Lamont T, Barlow RG,KyewalyangaMS. 2014. Physical drivers of phytoplankton production in the southern
Benguela upwelling system.Deep-Sea Res. I 90:1–16

Lamont T, García-Reyes M, Bograd SJ, Van Der Lingen CD, Sydeman WJ. 2018. Upwelling indices for
comparative ecosystem studies: variability in the Benguela Upwelling System. J. Mar. Syst. 188:3–16

Lemos RT, Pires HO. 2004. The upwelling regime off the west Portuguese coast, 1941–2000. Int. J. Climatol.
24:511–24

Lentz SJ, Chapman DC. 2004. The importance of nonlinear cross-shelf momentum flux during wind-driven
coastal upwelling. J. Phys. Oceanogr. 34:2444–57

Li H, Kanamitsu M, Hong S-Y, Yoshimura K, Cayan DR, et al. 2014. Projected climate change scenario over
California by a regional ocean-atmosphere coupled model system. Clim. Change 122:609–19

LiW, Li L, TingM,Deng Y, Kushnir Y, et al. 2013. Intensification of the Southern Hemisphere summertime
subtropical anticyclones in a warming climate.Geophys. Res. Lett. 40:5959–64

Lluch-Cota SE,Hoegh-Guldberg O,Karl D, Pörtner H-O, Sundby S,Gattuso J-P. 2014.Uncertain trends in
major upwelling ecosystems. In Climate Change 2014: Impacts, Adaptation, and Vulnerability,Part A:Global
and Sectoral Aspects, ed. CB Field, VR Barros, DJ Dokken, KJ Mach, MDMastrandrea, et al., pp. 149–52.
Cambridge, UK: Cambridge Univ. Press

Lockerbie EM, Shannon LJ. 2019. Toward exploring possible future states of the southern Benguela. Front.
Mar. Sci. 6:380

Lopes JF, Ferreira JA, Cardoso AC, Rocha AC. 2014. Variability of temperature and chlorophyll of the Iberian
Peninsula near costal ecosystem during an upwelling event for the present climate and a future climate
scenario. J. Mar. Syst. 129:271–88

Lourenço CR,Zardi GI,McQuaid CD, Serrão EA,PearsonGA, et al. 2016.Upwelling areas as climate change
refugia for the distribution and genetic diversity of a marine macroalga. J. Biogeogr. 43:1595–607

Lu J, Vecchi GA, Reichler T. 2007. Expansion of the Hadley cell under global warming. Geophys. Res. Lett.
34:L06805

Mackas DL, Strub PT, Thomas AC, Montecino V. 2006. Eastern regional ocean boundaries pan-regional
overview. In The Sea: Ideas and Observations on Progress in the Study of the Seas, Vol. 14: The Global Coastal
Ocean: Interdisciplinary Regional Studies and Syntheses, ed. AR Robinson, R Brink, pp. 21–60. Cambridge,
MA: Harvard Univ. Press

www.annualreviews.org • Climate Change in Upwelling Systems 325

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



Madigan DJ, Carlisle AB, Dewar H, Snodgrass OE, Litvin SY, et al. 2012. Stable isotope analysis challenges
wasp-waist food web assumptions in an upwelling pelagic ecosystem. Sci. Rep. 2:654

Marchesiello P, Estrade P. 2010. Upwelling limitation by onshore geostrophic flow. J. Mar. Res. 68:37–62
Marshall KN, Kaplan IC, Hodgson EE,Hermann A, Busch DS, et al. 2017. Risks of ocean acidification in the

California Current food web and fisheries: ecosystem model projections.Glob. Change Biol. 23:1525–39
McGregor HV, Dima M, Fischer HW,Mulitza S. 2007. Rapid 20th-century increase in coastal upwelling off

northwest Africa. Science 315:637–39
Mignot J, Mejia C, Sorror C, Sylla A, Crépon M, Thiria S. 2020. Towards an objective assessment of climate

multi-model ensembles – a case study: the Senegalo-Mauritanian upwelling region. Geosci. Model Dev.
13:2723–42

Miranda PMA, Alves JMR, Serra N. 2013. Climate change and upwelling: response of Iberian upwelling to
atmospheric forcing in a regional climate scenario. Clim. Dyn. 40:2813–24

Monterey Bay Aquar. 2022. About us. Monterey Bay Aquarium. https://www.montereybayaquarium.org/
about-us

Montes I, Schneider W, Colas F, Blanke B. 2011. Subsurface connections in the Eastern Tropical Pacific
during La Niña 1999–2001 and El Niño 2002–2003. J. Geophys. Res. Oceans 116:C12022

Narayan N, Paul A, Mulitza S, Schulz M. 2010. Trends in coastal upwelling intensity during the late 20th
century. Ocean Sci. 6:815–23

Oerder V, Colas F, Echevin V, Codron F, Tam J, Belmadani A. 2015. Peru-Chile upwelling dynamics under
climate change. J. Geophys. Res. Oceans 120:1152–72

Ortega-Cisneros K, Cochrane KL, Fulton EA, Gorton R, Popova E. 2018. Evaluating the effects of cli-
mate change in the southern Benguela upwelling system using the Atlantis modelling framework. Fish.
Oceanogr. 27:489–503

Oyarzún D, Brierley CM. 2019. The future of coastal upwelling in the Humboldt Current from model pro-
jections. Clim. Dyn. 52:599–615

Pardo P, Padín X, Gilcoto M, Farina-Busto L, Pérez F. 2011. Evolution of upwelling systems coupled to the
long term variability in sea surface temperature and Ekman transport. Clim. Res. 48:231–46

Parrish RH. 2000. A Monterey sardine story. JB Phillips Hist. Fish. Rep. 1:2–4
Pauly D, Christensen V. 1995. Primary production required to sustain global fisheries.Nature 374:255–57
Petatán-Ramírez D, Ojeda-Ruiz MÁ, Sánchez-Velasco L, Rivas D, Reyes-Bonilla H, et al. 2019. Potential

changes in the distribution of suitable habitat for Pacific sardine (Sardinops sagax) under climate change
scenarios.Deep-Sea Res. II 169:104632

Pickett MH, Paduan JD. 2003. Ekman transport and pumping in the California Current based on the US
Navy’s high-resolution atmospheric model (COAMPS). J. Geophys. Res. Oceans 108:3327

Pikitch EK, Rountos KJ, Essington TE, Santora C, Pauly D, et al. 2014. The global contribution of forage
fish to marine fisheries and ecosystems. Fish Fish. 15:43–64

Pinsky ML, Reygondeau G, Caddell R, Palacios-Abrantes J, Spijkers J, Cheung WW. 2018. Preparing ocean
governance for species on the move. Science 360:1189–91

Pitcher GC, Aguirre-Velarde A, Breitburg D, Cardich J, Carstensen J, et al. 2021. System controls of coastal
and open ocean oxygen depletion. Prog. Oceanogr. 197:102613

Pozo Buil M, Jacox MJ, Fiechter J, Alexander MA, Bograd SJ, et al. 2021. Dynamically downscaled ensemble
projections for the California Current System. Front. Mar. Sci. 8:612874

Reinstedt RA. 1978.Where Have All the Sardines Gone? Carmel, CA: Ghost Town
Rixen T, Lahajnar N, Lamont T, Koppelmann R, Martin B, et al. 2021. Oxygen and nutrient trapping in the

southern Benguela Upwelling System. Front. Mar. Sci. 8:730591
Roemmich D,McGowan J. 1995. Climatic warming and the decline of zooplankton in the California Current.

Science 267:1324–26
Rykaczewski RR, Checkley DM Jr. 2008. Influence of ocean winds on the pelagic ecosystem in upwelling

regions. PNAS 105:1965–70
Rykaczewski RR,Dunne JP. 2010. Enhanced nutrient supply to the California Current Ecosystem with global

warming and increased stratification in an earth system model.Geophys. Res. Lett. 37:L21606

326 Bograd et al.

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.montereybayaquarium.org/about-us


Rykaczewski RR, Dunne JP, Sydeman WJ, García-Reyes M, Black BA, Bograd SJ. 2015. Poleward displace-
ment of coastal upwelling-favorable winds in the ocean’s eastern boundary currents through the 21st
century.Geophys. Res. Lett. 42:6424–31

SAH (Soc. Archit. Hist.). 2022. Cannery Row. SAH Archipedia. https://sah-archipedia.org/buildings/CA-
01-053-0015

Santora JA, Schroeder ID, Bograd SJ, Chavez FP, Cimino MA, et al. 2021. Pelagic biodiversity, ecosystem
function, and services.Oceanography 34(2):16–37

Santos F, deCastro M,Gómez-Gesteira M, Álvarez I. 2012a. Differences in coastal and oceanic SST warming
rates along the Canary upwelling ecosystem from 1982 to 2010. Cont. Shelf Res. 47:1–6

Santos F,Gómez-GesteiraM,deCastroM,Álvarez I. 2012b.Differences in coastal and oceanic SST trends due
to the strengthening of coastal upwelling along the Benguela Current System. Cont. Shelf Res. 34:79–86

Seabra R, Varela R, Santos AM, Gómez-Gesteira M,Meneghesso C, et al. 2019. Reduced nearshore warming
associated with eastern boundary upwelling systems. Front. Mar. Sci. 6:104

ShannonLJ,Ortega-CisnerosK,LamontT,WinkerH,CrawfordR, et al. 2020.Exploring temporal variability
in the southern Benguela ecosystem over the past four decades using a time-dynamic ecosystem model.
Front. Mar. Sci. 7:540

Shannon LJ,Waller LJ. 2021. A cursory look at the fishmeal/oil industry from an ecosystem perspective.Front.
Ecol. Evol. 9:245

Smith JA, Muhling B, Sweeney J, Tommasi D, Pozo Buil M, et al. 2021. The potential impact of a shifting
Pacific sardine distribution on US West Coast landings. Fish. Oceanogr. 30:437–54

Snyder MA, Sloan LC,Diffenbaugh NS, Bell JL. 2003. Future climate change and upwelling in the California
Current.Geophys. Res. Lett. 30:1823

SousaMC,Álvarez I, deCastroM,Gómez-GesteiraM,Dias JM. 2017a. Seasonality of coastal upwelling trends
under future warming scenarios along the southern limit of the Canary upwelling system. Prog. Oceanogr.
153:16–23

Sousa MC, deCastro M, Álvarez I, Gómez-Gesteira M,Dias JM. 2017b.Why coastal upwelling is expected to
increase along the western Iberian Peninsula over the next century? Sci. Total Environ. 592:243–51

Sousa MC,Ribeiro A,Des M,Gómez-Gesteira M, deCastroM,Dias JM. 2020.NW Iberian Peninsula coastal
upwelling future weakening: competition between wind intensification and surface heating. Sci. Total
Environ. 703:134808

Steinbeck J. 1945. Cannery Row. New York: Viking
Strub PT,Combes V,Shillington FA,PizarroO.2013.Currents and processes along the eastern boundaries. In

Ocean Circulation and Climate: A 21st Century Perspective, ed. G Siedler, SM Griffies, J Gould, JA Church,
pp. 339–84. Oxford, UK: Academic

Sydeman WJ, García-Reyes M, Schoeman D, Rykaczewski RR, Thompson SA, et al. 2014. Climate change
and wind intensification in coastal upwelling ecosystems. Science 345:77–80

Sydeman WJ, Santora JA, Thompson SA, Marinovic B, Di Lorenzo E. 2013. Increasing variance in North
Pacific climate relates to unprecedented ecosystem variability off California.Glob. Change Biol. 19:1662–
75

Sylla A, Mignot J, Capet X, Gaye AT. 2019.Weakening of the Senegalo-Mauritanian upwelling system under
climate change. Clim. Dyn. 53:4447–73

Taboada FG, Stock CA,Griffies SM,Dunne J, John JG, et al. 2019. Surface winds from atmospheric reanalysis
lead to contrasting oceanic forcing and coastal upwelling patterns.Ocean Model. 133:79–111

Tim N, Zorita E, Hünicke B. 2015. Decadal variability and trends of the Benguela upwelling system as simu-
lated in a high-resolution ocean simulation.Ocean Sci. 11:483–502

Tim N, Zorita E, Hünicke B, Yi X, Emeis KC. 2016. The importance of external climate forcing for the
variability and trends of coastal upwelling in past and future climate.Ocean Sci. 12:807–823

Ueber E, MacCall A. 1992. The rise and fall of the California sardine empire. In Climate Variability, Climate
Change and Fisheries, ed. MH Glantz, pp. 31–48. Cambridge, UK: Cambridge Univ. Press

UN. 2016.The First Global Integrated Marine Assessment: World Ocean Assessment I. Cambridge,UK: Cambridge
Univ. Press

Vaquer-Sunyer R, Duarte CM. 2008. Thresholds of hypoxia for marine biodiversity. PNAS 105:15452–57

www.annualreviews.org • Climate Change in Upwelling Systems 327

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://sah-archipedia.org/buildings/CA-01-053-0015


Varela R, Álvarez I, Santos F, Gómez-Gesteira M. 2015. Has upwelling strengthened along worldwide coasts
over 1982–2010? Sci. Rep. 5:10016

Varela R, Lima FP, Seabra R, Meneghesso C, Gómez-Gesteira M. 2018. Coastal warming and wind-driven
upwelling: a global analysis. Sci. Total Environ. 639:1501–11

Varela R, Rodríguez-Díaz L, deCastro M, Gómez-Gesteira M. 2022. Influence of Canary upwelling system
on coastal SST warming along the 21st century using CMIP6 GCMs.Glob. Planet. Change 208:103692

Wang D, Gouhier TC, Menge BA, Ganguly AR. 2014. Intensification and spatial homogenization of coastal
upwelling under climate change.Nature 518:390–94

Watermeyer KE, Gregr EJ, Rykaczewski RR, Shannon LJ, Suthers IM, Keith DA. 2020. Upwelling zones. In
The IUCN Global Ecosystem Typology 2.0: Descriptive Profiles for Biomes and Ecosystem Functional Groups, ed.
DA Keith, JR Ferrer-Paris, E Nicholson, RT Kingsford, p. 140. Gland, Switz.: IUCN

Worm B,Hilborn R, Baum JK, Branch TA, Collie JS, et al. 2009. Rebuilding global fisheries. Science 325:578–
85

Xiu P, Chai F, Curchitser EN, Castruccio FS. 2018. Future changes in coastal upwelling ecosystems with
global warming: the case of the California Current System. Sci. Rep. 8:2866

Young JW,Hunt BP, Cook TR, Llopiz JK, Hazen EL, et al. 2015. The trophodynamics of marine top preda-
tors: current knowledge, recent advances and challenges.Deep-Sea Res. II 113:170–87

328 Bograd et al.

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



MA15_TOC ARjats.cls September 22, 2022 14:27

Annual Review of
Marine Science

Volume 15, 2023Contents

From Stamps to Parabolas
S. George Philander � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Gender Equity in Oceanography
Sonya Legg, Caixia Wang, Ellen Kappel, and LuAnne Thompson � � � � � � � � � � � � � � � � � � � � � � � � � �15

Sociotechnical Considerations About Ocean Carbon Dioxide Removal
Sarah R. Cooley, Sonja Klinsky, David R. Morrow, and Terre Satterfield � � � � � � � � � � � � � � � � � �41

Oil Transport Following the Deepwater Horizon Blowout
Michel C. Boufadel, Tamay Özgökmen, Scott A. Socolofsky,
Vassiliki H. Kourafalou, Ruixue Liu, and Kenneth Lee � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �67

Marshes and Mangroves as Nature-Based Coastal Storm Buffers
Stijn Temmerman, Erik M. Horstman, Ken W. Krauss,
Julia C. Mullarney, Ignace Pelckmans, and Ken Schoutens � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �95

Biological Impacts of Marine Heatwaves
Kathryn E. Smith, Michael T. Burrows, Alistair J. Hobday, Nathan G. King,
Pippa J. Moore, Alex Sen Gupta, Mads S. Thomsen, Thomas Wernberg,
and Dan A. Smale � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 119

Global Fisheries Science Documents Human Impacts on Oceans:
The Sea Around Us Serves Civil Society in the Twenty-First Century
Dirk Zeller, Maria L.D. Palomares, and Daniel Pauly � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 147

Exchange of Plankton, Pollutants, and Particles Across
the Nearshore Region
Melissa Moulton, Sutara H. Suanda, Jessica C. Garwood, Nirnimesh Kumar,
Melanie R. Fewings, and James M. Pringle � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 167

Nuclear Reprocessing Tracers Illuminate Flow Features and
Connectivity Between the Arctic and Subpolar North Atlantic
Oceans
Núria Casacuberta and John N. Smith � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 203

The Arctic Ocean’s Beaufort Gyre
Mary-Louise Timmermans and John M. Toole � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 223

A
nn

u.
 R

ev
. M

ar
. S

ci
. 2

02
3.

15
:3

03
-3

28
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

N
at

io
na

l O
ce

an
ic

 &
 A

tm
os

ph
er

ic
 A

dm
in

is
tr

at
io

n 
(N

O
A

A
) 

- 
SE

A
T

T
L

E
 o

n 
08

/0
1/

23
. S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 



MA15_TOC ARjats.cls September 22, 2022 14:27

Modes and Mechanisms of Pacific Decadal-Scale Variability
E. Di Lorenzo, T. Xu, Y. Zhao, M. Newman, A. Capotondi, S. Stevenson,
D.J. Amaya, B.T. Anderson, R. Ding, J.C. Furtado, Y. Joh, G. Liguori, J. Lou,
A.J. Miller, G. Navarra, N. Schneider, D.J. Vimont, S. Wu, and H. Zhang � � � � � � � � � 249

Global Quaternary Carbonate Burial: Proxy- and Model-Based
Reconstructions and Persisting Uncertainties
Madison Wood, Christopher T. Hayes, and Adina Paytan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 277

Climate Change Impacts on Eastern Boundary Upwelling Systems
Steven J. Bograd, Michael G. Jacox, Elliott L. Hazen, Elisa Lovecchio,
Ivonne Montes, Mercedes Pozo Buil, Lynne J. Shannon, William J. Sydeman,
and Ryan R. Rykaczewski � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 303

Quantifying the Ocean’s Biological Pump and Its Carbon Cycle
Impacts on Global Scales
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