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MULTI-SCALE CLIMATE IMPACTS ON 

PACIFIC TRANSITION AREAS
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QUESTION:

How is climate change impacting PTAs?

Satellite Mean SSH 
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GOAL:

Identify ocean circulation indicators of 

“ecologically relevant” PTAs

Satellite Mean SSH 
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Satellite Mean SSH 
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Eddy Kinetic Energy 
from Satellite
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Chlorophyll-a variance 
from Satellite



North America
Asia

Australia

APPROACH

Covariability between SSH and CHLa to 

identify PTAs

Chlorophyll-a variance 
from Satellite
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SSH/CHLa point-wise 
correlation from Satellite

Gaube et al. 2014; 
McGillicuddy, 2016;



SSH/CHLa point-wise 
correlation from Satellite

Gaube et al. 2014; 
McGillicuddy, 2016;
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EDDY-SCALE   (> 300KM)
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SSH/CHLa point-wise 
correlation from Satellite

EDDY-SCALE   (> 300KM)
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SSH/CHLa point-wise 
correlation from Satellite

EDDY-SCALE   (> 300KM)
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Loggerhead sea turtles foraging
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Loggerhead sea turtles foraging

from Polovina talk
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PDO Cold Phase

Trajectories of Loggerhead from Japan

Ascani, Di Lorenzo, Polovina et al., 
Global Change Biology, 2016
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Trajectories of Leatherback Turtle

CHL-a mean EKE Total
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Trajectories of Leatherback Turtle

CHL-a mean EKE Total
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Species Richness

Hazem et al., Nature 
Climate Change, 2012 
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Seal Trajectories

Costa Lab
2003-2006 
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Seal Trajectories

Costa Lab
2003-2006 `



North America
Asia

Australia

CHLa frontal eddy-scale gradient

CHLa mean

Seal Trajectories
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We can use SSH/CHla covariance as indicators 

of “ecologically relevant” PTAs
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KOE
LARGE-SCALE   (> 300KM)
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Dominant Modes

Covariability SSH/CHLa

EOF 1

EOF 2

SSHa

SSHa

LARGE-SCALE   (> 300KM)
KOE

Shift in NPTZ

Intensification of NPTZ
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EOF 2

NPGO-type

EOF2
NPGO R=0.76

R=0.55

KOE
LARGE-SCALE   (> 300KM)

QUESTIONS 

How will climate change impact the 

LARGE-SCALE KOE dynamics?



Community Earth System Model 

CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5
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QUESTIONS 

How will climate change impact the 

LARGE-SCALE KOE dynamics?
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CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5

LARGE-SCALE   (> 300KM)

Climate Model Projections

QUESTIONS 

How will climate change impact the 

LARGE-SCALE KOE dynamics?
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CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5
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Climate Model Projections
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CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5
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CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5
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Hu et al. Nature, 2015; 
Hu et al. JGR, 2017



-240 -220 -200 -180 -160 -140 -120 -100 -80
-20

-10

0

10

20

30

40

50

60

-100

-50

0

50

100

Community Earth System Model 

CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5

Mean 1950-2000
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CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5
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CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5

Mean 1950-2000
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QUESTIONS 

How about changes in LARGE-SCALE variance in KOE?

difference 2050-2100 minus 1950-2000
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QUESTIONS 

How about changes in LARGE-SCALE variance in KOE?

difference 2050-2100 minus 1950-2000

NOTE 

We remove the anthropogenic signal first be removing 

the ensemble mean trajectory at each point.
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QUESTIONS 

How about changes in LARGE-SCALE variance in KOE?

difference 2050-2100 minus 1950-2000



-240 -220 -200 -180 -160 -140 -120 -100 -80
-20

-10

0

10

20

30

40

50

60

-100

-50

0

50

100

Community Earth System Model 

CESM Large-Ensemble (n=30) 
1920-2100 RCP8.5

Mean 1950-2000

-240 -220 -200 -180 -160 -140 -120 -100 -80
-20

-10

0

10

20

30

40

50

60

-100

-50

0

50

100

Mean 2050-2100

SSH

SSH

-240 -220 -200 -180 -160 -140 -120 -100 -80
-20

-10

0

10

20

30

40

50

60

-30

-20

-10

0

10

20

30

SSH
Variance

%
 change

QUESTIONS 

How about changes in LARGE-SCALE variance in KOE?

difference 2050-2100 minus 1950-2000
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QUESTIONS 

How about changes in LARGE-SCALE variance in KOE?

difference 2050-2100 minus 1950-2000

Stronger NPTZ and 

ENSO Variance
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APPROACH 

Decompose the KOE variance using EOFs/PCA analysis

LARGE-SCALE   (> 300KM)

difference 2050-2100 minus 1950-2000
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APPROACH 

Decompose the KOE variance using EOFs/PCA analysis

LARGE-SCALE   (> 300KM)

EOF 1 52% of SSH variance ensemble mean
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How does climate impact the EDDY-SCALE variance in the 

KOE?

EDDY-SCALE   (< 300KM)
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Multi-year persistence of the 2014/15

North Pacific marine heatwave

Emanuele Di Lorenzo1* and Nathan Mantua2

Between the winters of
2013/14 and 2014/15 during the strong North American drought, th

e northeast
Pacific exp

erienced

the largest marine heatwave
ever record

ed. Here we combine observatio
ns with an ensemble of climate model simulations

to show that teleco
nnections

between the North Pacific and the weak 2014/2015
El Niño linked the atmospheric forcing

patterns o
f this even

t. These teleconnec
tion dynamics from the extratropic

s to the tropics dur
ing winter 201

3/14, and
then

back to the extratropic
s during winter 201

4/15, are a key source of multi-year p
ersistence

of the North Pacific atm
osphere.

The correspond
ing ocean anomalies map onto known patterns of North Pacific decadal va

riability, s
pecifically

the North

Pacific Gyre Oscillation
(NPGO) in 2014 and the Pacific Decadal O

scillation (PDO) in 2015. A large ensemble of climate

model simulations pr
edicts that

the winter
variance of

the NPGO-
and PDO-like p

atterns inc
reases und

er greenho
use forcing

,

consistent
with other stud

ies sugges
ting an increase in

the atmospheric e
xtremes that lea

d to drought ov
er North America.

During the fall of 2013
a large warm temperature anomaly

developed
in the upper ocea

n along the axis of the
North

Pacific Cur
rent. As the

anomaly spread over a broa
d region

of the Gulf of Alaska (GOA) during the winter of 2013/14, it

reached a record-br
eaking amplitude wit

h sea surface
temperature

anomalies (SSTa) exceeding
three standard deviations

(⇠3 �C)

(Fig. 1a and Supplementary Fig. 1, see
Methods for

a description

of the datasets and definition
of the SSTa indices). T

he onset

and growth of this unu
sual water

mass anomaly is attribute
d to

forcing associated
with a persistent

atmospheric ridge over the

northeast P
acific

1 (Fig. 1b) th
at is conne

cted to the North
Pacific

Oscillation
(NPO), a leading pattern of atmospheric variability

2 .

Extreme amplitude and persistence
in the NPO pattern is also

implicated in
the record d

rought con
ditions that

a�ected Ca
lifornia

in the winter
of 2013/14

3–5 and its expressi
on is a known

precursor

of El Niño
conditions

6,7 . By the sum
mer and fall of 2014

, the warm

anomalies reache
d the Pacific

coastal bou
ndary of N

orth America,

and althoug
h the amplitude in th

e GOA and the nor
thern Califo

rnia

Current Sy
stem (CCS) were

reduced, re
cord-high SSTa were f

ound

in the regio
ns of southe

rn and Baja
California (

Fig. 1c). In
the winter

of 2014/15,
the SSTa ov

er the entir
e northeast

Pacific re-in
tensified,

exceeding
again the 3 �C threshold (Fig. 1e and Supplementary

Fig. 1). The
record-brea

king high-temperature an
d the multi-year

persistence
of this warm anomaly, here referred to as a marine

heatwave
8 , have had unpreceden

ted impacts on multiple trophic

levels of th
e marine ecosy

stem and socio-econ
omically important

fisheries. Associated
ecosystem

impacts included low primary

productivit
y9 , 11 new warm-water cope

pod species
to the north

ern

California C
urrent shel

f/slope regi
on10 , a massive influ

x of dead or

starving Ca
ssin’s aukle

ts (sea bird
s) onto Pac

ific Northw
est beaches

from October through December 2014
11 , a large whale unusual

mortality event in the western GOA in 2015
12 , and a California

sea lion unusual m
ortality event in California

from 2013–2015
13 .

Severe, neg
ative socio-econ

omic impacts resulted from the 2015

harmful algal bl
oom that extend

ed from southern California
to

southeast A
laska, the la

rgest ever re
corded

14 . Toxins pro
duced by th

e

extreme harmful algal blo
om contaminated shell

fish inWashington,

Oregon and California,
prompting prolo

nged closures for
valuable

shellfish fisheries. A
lthough the socio-econ

omic consequenc
es of

this climate event ne
ed to be fur

ther evalua
ted, it is pos

sible that th
e

northeast P
acific warm

anomaly of 2014–
15 is the most ecologic

ally

and econom
ically signif

icant marine heatw
ave on record.

Although previous studies
1,3,15–17 have documented the onset

and nature of the atmospheric variability
that forced

the winter

2013/14 SSTa, the dynamics underlying
the persistence

and re-

intensificat
ion of the anom

aly in 2015 are sti
ll unclear. T

he relative

role of ocea
n internal dy

namics versus d
irect atmospheric fo

rcing

in driving the
expression

of the 2015
SSTa has no

t been examined.

It is also unclear if t
he January

–February–
March (JFM) 2014 and

JFM 2015 SSTa patterns (Fig. 1a and e) are dynamically linked,

and if they are, how?
There is good evidence that atmospheric

teleconnect
ions of tro

pical origin
played a key role in the winter

2013/14 sea-level p
ressure anomalies (SLPa)

4,15–17 (Fig. 1b),
and

that the variance of this anomaly pattern may intensify under

greenhouse
forcing

3,4 , hence leading to more extremes in ocean

temperature an
d western US precipit

ation. This
raises the q

uestion

of whether
tropical/ext

ratropical t
eleconnecti

ons were al
so impor-

tant in driving the
exceptional

SSTa in the winter o
f 2014/15.

Atmospheric forcing of the marine heatwave

To understa
nd the role

of atmospheric fo
rcing in driving the

strong

North Pacific warm anomalies, we begin by inspecting
maps of

the seasonal ev
olution of SSTa and SLPa between JFM 2014 and

JFM 2015 (Fig. 1). T
he patterns of the peak SSTa in JFM 2014

and 2015 show important spa
tial di�eren

ces. Whereas in 2014 the

core SSTa a
re centred

in the GOA (Fig. 1a) an
d exhibit a N

PGO-

like expression
18 or Victoria Pattern

19 , in 2015 the largest war
m

anomalies are fur
ther to the

east and ex
tend along

the entire P
acific

North American coastal bou
ndary, rese

mbling the expression
of

the PDO
20 , also referred to as the ‘ARC’ patte

rn (Fig. 1e). T
hese

di�erences
in SSTa patter

ns are mirrored by a change in
the SLPa

patterns, w
hich exhibit a st

rong dipole
system in JFM 2014, typic

al

of the NPO
2 (Fig. 1b), a

nd a more pronounce
d single SLPa low

in 2015, resem
bling the express

ion of a deeper
and southeastw

ard

extended Aleutian Low (Fig. 1f). T
o measure the strength of the

2014 and 2015 anomaly patterns we
compute the av

erage SSTa
in
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Meridional Modes and Increasing Pacific Decadal

Variability Under Anthropogenic Forcing

Giovanni Liguori 1 and Emanuele Di Lorenzo1

1School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA

Abstract Pacific decadal variability has strong impacts on the statistics of weather, atmosphere extremes,

droughts, hurricanes, marine heatwaves, andmarine ecosystems. Sea surface temperature (SST) observations

show that the variance of the El Niño-like decadal variability has increased by ~30% (1920–2015) with a

stronger coupling between the major Pacific climate modes. Although we cannot attribute these trends to

global climate change, the examination of 30 members of the Community Earth System Model Large

Ensemble (LENS) forced with the RCP8.5 radiative forcing scenario (1920–2100) suggests that significant

anthropogenic trends in Pacific decadal variance will emerge by 2020 in response to a more energetic North

Pacific Meridional Mode (PMM)—a well-known El Niño precursor. The PMM is a key mechanism for

energizing and coupling tropical and extratropical decadal variability. In the LENS, the increase in PMM

variance is consistent with an intensification of the winds-evaporation-SST thermodynamic feedback that

results from a warmer mean climate.

Plain Language Summary Decadal variability modulates weather, droughts, hurricanes, and

marine heatwaves in the Pacific Ocean with dramatic societal and ecological impacts. Understanding how

decadal variability may change in a warming climate remains difficult to assess because of the limited

observational record and poor reproducibility of decadal dynamics in climate projection models. We

combine theory with available reanalysis products and a large climate model ensemble, to show that the

Pacific decadal variance increases under anthropogenic forcing as a result of stronger thermodynamic

coupling between ocean and atmosphere. Given that thermodynamic coupling is also increasing in other

ocean basins, this study provides a mechanistic framework to understand the amplification of climate

variability on global scales under anthropogenic forcing.

1. IntroductionUnderstanding how decadal variability of the Pacific may change in the future is of great interest because of

its direct and indirect impacts on ecosystems and weather, including ocean and atmosphere extremes

(Chavez et al., 2003; Di Lorenzo & Mantua, 2016; Gershunov & Barnett, 1998; Mantua et al., 1997; Roemmich

& Mcgowan, 1995). Previous studies examine changes in the Pacific decadal variability (PDV) of sea surface

temperatures (SSTs) in the context of Empirical Orthogonal Function (EOF), such as the Pacific Decadal

Oscillation (PDO; Mantua et al., 1997). While approaches such as these are useful for characterizing the

decadal state of the Pacific basin, they do not provide a mechanistic basis for exploring the sensitivity of

PDV to anthropogenic forcing.

Here we use a diagnostic framework of PDV that explains the dominant mode of low-frequency (>8 years)

SST variability over the Pacific basin (i.e., the El Niño–Southern Oscillation (ENSO)-like pattern (Zhang,

Wallace, & Battisti, 1997)) to explore the past and future changes in PDV across observational products and

the Community Earth System Model (CESM) Large Ensemble (LENS). This framework, proposed by Di

Lorenzo et al. (2015), decomposes the ENSO-like pattern into a growing, peak, and decaying phase. The

growth phase pattern is associated with ENSO precursor dynamics, such as North Pacific Meridional Modes

(PMM) (Alexander et al., 2010; Anderson, 2003; Chiang & Vimont, 2004; Zhang et al., 2014) (Figure 1c) and

the Trade Wind-induced Charging of the equatorial thermocline (Anderson et al., 2013). The peak phase is

associated with the development of ENSO and its teleconnections to the midlatitude (Figure 1d) with a hemi-

spherically symmetric SST footprint, which then decays in both tropics and extratropics (Figure 1e). This pro-

gression of events has an inherent timescale between 18 and 24 months and has been proposed as an

importantmechanism to explain the ENSO-like pattern of low-frequency variance (>8 years) (Di Lorenzo et al.,

2015). The advantage of this PDV diagnostic framework lies in the possibility of assessing the extent to which
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Increasing Coupling Between NPGO and PDO Leads
to Prolonged Marine Heatwaves
in the Northeast Pacific
Youngji Joh1 and Emanuele Di Lorenzo1
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Abstract The marine heatwave of 2014/2015 in the Northeast Pacific caused significant impacts on
marine ecosystems and fisheries. While several studies suggest that land and marine heatwaves may
intensify under climate change, less is known about the prolonged multiyear nature (~2 years) of the
Northeast Pacific events. Examination of reanalysis products and a 30-member climate model ensemble
confirms that prolonged multiyear marine heatwaves are linked to the dynamics of the two dominant modes
of winter sea surface temperature variability in the North Pacific, the Pacific Decadal Oscillation (PDO), and
the North Pacific Gyre Oscillation (NPGO). Specifically, we find a significant correlation between winter warm
NPGO anomalies and the following winter PDO arising from extratropical/tropical teleconnections. In the
model projections for 2100 under the RCP8.5 scenario, this NPGO/PDO 1 year lag correlation exhibits a
significant positive trend (~35%) that favors more prolonged multiyear warm events (>1°C) with larger
spatial coverage (~18%) and higher maximum amplitude (~0.5°C for events>2°C) over the Northeast Pacific.

Plain Language Summary Between the winters of 2014 and 2015 the Northeast Pacific
experienced the largest and longest marine heatwave ever recorded in the instrumental record. A
distinguishing feature of this event is themultiyear persistence of the ocean warm anomalies from one winter
to the other. By analyzing and comparing different reanalysis products and an ensemble of climate model
projections for 2100, we find that the observational trend for stronger winter to winter persistence of
anomalies in the Northeast Pacific is consistent with climate model projections under the RCP8.5 radiative
forcing scenario. We link this trend to an increase coupling between the two dominant modes of North
Pacific decadal variability.

1. Introduction

The 2013/2015 marine heatwave of the Northeast Pacific was characterized by the strongest ocean tempera-
ture extremes ever recorded in the North Pacific (Anderson et al., 2016; Baxter & Nigam, 2015; Bond et al.,
2015; Hartmann, 2015; Hobday et al., 2016; Peterson et al., 2016; Wang et al., 2014) and by an unusual persis-
tence that spanned the winters of 2013/2014 and 2014/2015 (Di Lorenzo &Mantua, 2016), culminating in one
of the strongest El Niño events of the twentieth century in the fall/winter of 2015/2016. The progression of
the event followed distinct spatial and temporal winter patterns in the ocean and atmosphere that
closely resemble the two dominant modes of variability of sea surface temperature and sea level pressure
anomalies (SSTa and SLPa). Specifically, the spatial structures of the January-February-March (JFM) SSTa in
2013/2014 and 2014/2015 are captured by the 2nd and 1st principal components of the North Pacific SSTa
(Di Lorenzo & Mantua, 2016) (Figure S1 in the supporting information). In the Northeast Pacific, these modes
are commonly referred to as the North Pacific Gyre Oscillation (NPGO) (Di Lorenzo et al., 2008) and the Pacific
Decadal Oscillation (PDO) (Mantua et al., 1997) (Figure S1). The similarity between the marine heatwave pat-
terns and the mode of Pacific decadal variability suggests that the statistics and persistence of these ocean
extremes are linked to the dynamics underlying the North Pacific modes.

Using historical reanalysis products and a climate model ensemble, this study provides a diagnostic of ocean
extremes statistics in past observations and in future model projections under the radiative forcing scenario
RCP8.5. The goal of this study is to (1) confirm the hypothesis that prolonged ocean extremes events follow
recurrent patterns with a transition from a winter NPGO-like pattern to PDO-like pattern in the following win-
ter and (2) examine how the coupling between these modes via tropical/extratropical teleconnections is
changing under a warmer climate favoring more prolonged winter to winter warm events.
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