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shi!s observed during this long- lasting 
event could happen more frequently as 
global temperatures continue to rise. 
For instance, increased temperatures are 
expected to result in more numerous and 
longer-lasting HABs, which would have 
severe ecological and economic conse-
quences such as those observed during the 
WWA (Harvell et al., 1999; Sekula-Wood 
et al., 2011). Furthermore, increased tem-
peratures could change the geographic 
range of many species, which, as we have 
shown, can have profound rami#cations 
throughout the oceanic food web.

To better predict the changes that 
may occur with increasing ocean tem-
peratures requires better monitoring of 
phytoplankton, nutrients, and upwell-
ing along the entire coastline to develop a 

more cohesive understanding of how they 
change over time and to build a baseline 
of the region that can be used as a com-
parison for any future anomalies. 

CONCLUSIONS
$e WWA of 2013–2015 resulted in 
many changes in northeastern Paci#c 
ecosystems (Figure  5). Increased verti-
cal strati#cation due to the WWA along 
with decreased nutrient %ux to the sur-
face appeared to be responsible for the 
observed reduction in total phytoplank-
ton biomass. $is decrease in phyto-
plankton availability, along with elevated 
sea surface temperatures, caused signi#-
cant changes in zooplankton and marine 
invertebrate populations, with many spe-
cies shi!ing their distributions toward 

cooler, more northern waters. Sightings 
suggest that tropical invertebrates such 
as tuna crabs were followed north-
ward by their predators, tuna, which 
were in turn followed by their predators, 
sharks. Increased proportions of less- 
nutritious warm-water copepod species 
and decreased abundance of krill were 
observed in the WWA regions. $is loss 
of high-quality food caused population 
declines of many #sh and seabird spe-
cies and contributed to record marine 
mammal strandings. Concomitantly, the 
record-breaking concentration of DA 
during the persistent HAB was implicated 
in mass mortalities of several species and 
resulted in the closure of many #sheries. 
Economically, the e&ects of geographical 
shi!s and the HAB have led to millions of 
dollars in losses among #shing industries. 
$is is worrisome because the WWA may 
be a harbinger of things to come. As SSTs 
continue to rise with increasing global 
temperatures, many of the same scenar-
ios observed during the WWA may be 
repeated, with dramatic ecological and 
economic consequences. 
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FIGURE 5. Organisms observed to be positively and negatively impacted by the WWA. Negatively 
a!ected organisms are labeled as “Losers” (left column), while organisms positively a!ected are 
labeled as “Winners” (right column). Organisms are presented in both columns from lower (top of 
the column) to higher (bottom of the column) trophic levels. 

This content downloaded from 
             156.68.96.77 on Mon, 22 Mar 2021 15:22:24 UTC               

All use subject to https://about.jstor.org/terms

NASA Earth Observatory



Ecosystem consequences

Oceanography |  Vol.29, No.2282

shi!s observed during this long- lasting 
event could happen more frequently as 
global temperatures continue to rise. 
For instance, increased temperatures are 
expected to result in more numerous and 
longer-lasting HABs, which would have 
severe ecological and economic conse-
quences such as those observed during the 
WWA (Harvell et al., 1999; Sekula-Wood 
et al., 2011). Furthermore, increased tem-
peratures could change the geographic 
range of many species, which, as we have 
shown, can have profound rami#cations 
throughout the oceanic food web.

To better predict the changes that 
may occur with increasing ocean tem-
peratures requires better monitoring of 
phytoplankton, nutrients, and upwell-
ing along the entire coastline to develop a 

more cohesive understanding of how they 
change over time and to build a baseline 
of the region that can be used as a com-
parison for any future anomalies. 

CONCLUSIONS
$e WWA of 2013–2015 resulted in 
many changes in northeastern Paci#c 
ecosystems (Figure  5). Increased verti-
cal strati#cation due to the WWA along 
with decreased nutrient %ux to the sur-
face appeared to be responsible for the 
observed reduction in total phytoplank-
ton biomass. $is decrease in phyto-
plankton availability, along with elevated 
sea surface temperatures, caused signi#-
cant changes in zooplankton and marine 
invertebrate populations, with many spe-
cies shi!ing their distributions toward 

cooler, more northern waters. Sightings 
suggest that tropical invertebrates such 
as tuna crabs were followed north-
ward by their predators, tuna, which 
were in turn followed by their predators, 
sharks. Increased proportions of less- 
nutritious warm-water copepod species 
and decreased abundance of krill were 
observed in the WWA regions. $is loss 
of high-quality food caused population 
declines of many #sh and seabird spe-
cies and contributed to record marine 
mammal strandings. Concomitantly, the 
record-breaking concentration of DA 
during the persistent HAB was implicated 
in mass mortalities of several species and 
resulted in the closure of many #sheries. 
Economically, the e&ects of geographical 
shi!s and the HAB have led to millions of 
dollars in losses among #shing industries. 
$is is worrisome because the WWA may 
be a harbinger of things to come. As SSTs 
continue to rise with increasing global 
temperatures, many of the same scenar-
ios observed during the WWA may be 
repeated, with dramatic ecological and 
economic consequences. 

REFERENCES
Agha, M. 2014. Ocean scientists find unusual species 

o! California’s coast. The Sacramento Bee, 
December 13, 2014, http://www.sacbee.com/news/
state/california/article4473722.html.

Alaska Department of Fish and Game. 2014. Alaska 
Commercial Salmon Harvests — Exvessel Values. 
http://www.adfg.alaska.gov/static/fishing/PDFs/
commercial/table_2014_commercial_salmon_
harvest_values.pdf.

Allcock, L. 2014. Argonauta argo. The IUCN Red List 
of Threatened Species 2014: e.T163080A969616. 
http://dx.doi.org/10.2305/IUCN.UK.2014-3.RLTS.
T163080A969616.en. 

Allen, L.G., D.J. Pondella II, and M.H. Horn, eds. 2006. 
The Ecology of Marine Fishes: California and 
Adjacent Waters. University of California Press, 
Oakland, CA, 670 pp.

Atkinson, A., S.L. Hill, M. Barange, E.A. Pakhomov, 
D. Raubenheimer, K. Schmidt, S.J. Simpson, and 
C. Reiss. 2014. Sardine cycles, krill declines, and 
locust plagues: Revisiting ‘waspwaist’ food webs. 
Trends in Ecology and Evolution 29(6):309–316, 
http://dx.doi.org/10.1016/j.tree.2014.03.011.

Bailey, A. 2016. Guadalupe fur seal loses fight for life. 
Tofino-Ucluelet Westerly News, January 28, 2016, 
http://www.westerlynews.ca/news/366902351.html.

Bartholomew, G.A. 1967. Seal and sea lion popu-
lations of the California Islands. Pp. 229–244 in 
Proceedings of the Symposium on the Biology 
of the California Islands. R.N. Philbrick, ed., 
Santa Barbara Botanic Garden, Santa Barbara, CA. 

Bartlett, R.D., and P.P. Bartlett. 2009. Guide and 
Reference to the Snakes of Western North America 
(North of Mexico) and Hawaii. University Press of 
Florida, 304 pp.

Losers Winners
Subarctic copepods, krill
Lack of food reduced population, 
distribution moved northward

Market squid 2015–2016
Reduced in south as distribution 
moved far north

Dungeness crab and mussels
Fishery closed due to toxicity

Salmon
Warm temperatures decreased 
recruitment for some species

Seabirds, seals, and sea lions
Massive die-o!s due to lack of food

Baleen whales
Expected to decline due to lack of food

Toxic phytoplankton
Massive bloom closed important "sheries

Tropical, subtropical copepods
Northward range expansion with warm water

Market squid 2014–2015
Increased "shery in north caused by range expansion

Rock"sh
Increased recruitment in California

Tuna
Increased abundances along coast 
with increased sport "shing

Orcas
Increased birth rate caused by increased 
salmon abundances in some regions 
through population movements

Ground"sh
Potential loss of habitat due to hypoxia

FIGURE 5. Organisms observed to be positively and negatively impacted by the WWA. Negatively 
a!ected organisms are labeled as “Losers” (left column), while organisms positively a!ected are 
labeled as “Winners” (right column). Organisms are presented in both columns from lower (top of 
the column) to higher (bottom of the column) trophic levels. 

This content downloaded from 
             156.68.96.77 on Mon, 22 Mar 2021 15:22:24 UTC               

All use subject to https://about.jstor.org/terms

Cavole et al. (2016)

July 2015

NASA Earth Observatory



Decline in chlorophyll stocks

Whitney (2015)

pattern continued through January 2014, resulting in the weakest October–January zonal winds seen in
the NCEP record (averaging 1.6m s!1 from the west, well below the 1948–2012 average of 4.5 ± 1.3m s!1

over the area 45–50°N, 140–150°W). The southerly component was stronger (4.7m s!1) than average
(2.9 ± 1.5m s!1). Consequently, surface waters cooled less through fall and winter, creating a large pool of
warm water (~1.5× 106 km2) in the eastern SA and TZ regions. Near the center of this mass (41–45°N,
145–150°W), the temperature anomaly in January reached 3.5°C and was >1.5°C above any preceding year
on record (1948–2014). The warm pool has persisted through the summer of 2014 (Figure 1b).

Since winter winds are responsible for most of the nutrient supply to the TZ [Ayers and Lozier, 2010], satellite
data were used to assess impacts on winter chlorophyll a in the area affected by the wind and SST anomalies.
A region of low chlorophyll starting in January and persisting through June in the eastern Pacific TZ is clearly
identifiable in plots of chlorophyll a anomalies (Figure 1c). Thus, the focus of this analysis is on waters within
and adjacent to the TZ.

Between 130 and 150°W, monthly average chlorophyll a (2003–2013) delineate a ST region of low
phytoplankton biomass (avg = 0.066mgm!3), a TZ showing peak values of 0.33–0.39mgm!3 that migrate
northward as winter progresses into spring, and a SA region with consistent values (0.30mgm!3) from

a

b

c

d

e

f

Figure 1. (a) December 2013 wind (1000 mbar, arrows) and SST anomalies (color scale, 1971–2000 base period) for the NE Pacific. Scales for wind (map inset) and SST
(belowmap) are shown. The black rectangle delineates the region averaged in the following panel. (b)Monthly averaged sea surface temperatures (35–50°N, 130–170°W)
for 2002–2012 (standard deviations shown as error bars) and October 2013 to September 2014. (c) Chlorophyll a anomaly for January–May 2014, over the subtropical
and subarctic North Pacific, White regions over the ocean tend to be biased due to a lack of chlorophyll data caused by steep sun angle, cloud, or ice cover. Boxes
delineate regions in which chlorophyll anomalies are estimated in Table 1. (d) Average monthly chlorophyll a between 130 and 150°W, averaged from 2003 to 2013 for
the months January to June. The TZCF is denoted with a dashed line. (e) Chlorophyll a anomaly for 2014, compared with the 2003–2013 average, for the same area
shown in Figure 1d. (f) Chlorophyll a time series using SeaWiFS (dashed lines) and MODIS (solid lines) monthly averages at several latitudes in TZ1. Winter averages
(January–March, Δ) for 35°N show a decrease of 0.005mg chlm!3 yr!1 between 1998 and 2014 (solid black line, linear regression with r2 = 0.64).
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WHITNEY ©2015. American Geophysical Union. All Rights Reserved. 429

(TZ1)

Decline in phytoplankton biomass

July 2015

NASA Earth Observatory



July 2015

NASA Earth Observatory

NBOM

MODIS-A

DA-NOBM

Sequential DA of Chl, PIC, and 
aCDOM

NASA Ocean Biogeochemical Model (NOBM)



Main findings



Main findings

2015/16

2014

GOA: Mechanistically more interesting; 
Chlorophyll levels initially increase with 
the onset of the warm anomaly (The Blob), 
due to changes in the delivery of nutrients 
(silicate) and its impact on the dominant 
diatoms.

ENSO 3.4: More in line with 
expectations, but more dramatic; 
A decline of 40 % in mean surface 
chlorophyll was associated to a 
near full decline in diatoms.
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Results: Equatorial Pacific (ENSO 3.4)



ENSO 3.4: SST and biomass 
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ENSO 3.4: Biomass changes
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ENSO 3.4: Phytoplankton community changes
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Results: Gulf of Alaska (GOA)



GOA: Ecological re-arrangement (Fall 2014)
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Backup: Validation
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Backup: Marine heat waves globally

Frölicher and Laufkötter (2018) 



GOA: Biomass changes
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GOA: Phytoplankton community changes
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GOA: Phytoplankton community changes
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ENSO 3.4: Mechanisms
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ENSO 3.4: Biomass and community changes
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Backup: Top-Down controls

Grazing is applied to the individual phytoplankton functional 
groups proportionately to their relative abundances. This 

enables herbivore grazing to self-adapt the prevailing 
phytoplankton community. 

- … it’s all top-down driven


