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Multi-year persistence of the 2014/15
North Pacific marine heatwave

Emanuele Di Lorenzo™ and Nathan Mantua?

Between the winters of 2013/14 and 2014/15 during the strong North American drought, the northeast Pacific experienced
the largest marine heatwave ever recorded. Here we combine observations with an ensemble of climate model simulations
to show that teleconnections between the North Pacific and the weak 2014/2015 El Niiio linked the atmospheric forcing
patterns of this event. These teleconnection dynamics from the extratropics to the tropics during winter 2013/14, and then
back to the extratropics during winter 2014/15, are a key source of multi-year persistence of the North Pacific atmosphere.
The corresponding ocean anomalies map onto known patterns of North Pacific decadal variability, specifically the North
Pacific Gyre Oscillation (NPGO) in 2014 and the Pacific Decadal Oscillation (PDO) in 2015. A large ensemble of climate
model simulations predicts that the winter variance of the NPGO- and PDO-like patterns increases under greenhouse forcing,
consistent with other studies suggesting an increase in the atmospheric extremes that lead to drought over North America.

developed in the upper ocean along the axis of the North

Pacific Current. As the anomaly spread over a broad region
of the Gulf of Alaska (GOA) during the winter of 2013/14, it
reached a record-breaking amplitude with 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). The onset
and growth of this unusual water mass anomaly is attributed to
forcing associated with a persistent atmospheric ridge over the
northeast Pacific' (Fig. 1b) that is connected to the North Pacific
Oscillation (NPO), a leading pattern of atmospheric variability’.
Extreme amplitude and persistence in the NPO pattern is also
implicated in the record drought conditions that affected California
in the winter of 2013/14” and its expression is a known precursor
of El Nifio conditions®”. By the summer and fall of 2014, the warm
anomalies reached the Pacific coastal boundary of North America,
and although the amplitude in the GOA and the northern California
Current System (CCS) were reduced, record-high SSTa were found
in the regions of southern and Baja California (Fig. 1¢). In the winter
of 2014/15, the SSTa over the entire northeast Pacific re-intensified,
exceeding again the 3°C threshold (Fig. le and Supplementary
Fig. 1). The record-breaking high-temperature and the multi-year
persistence of this warm anomaly, here referred to as a marine
heatwave®, have had unprecedented impacts on multiple trophic
levels of the marine ecosystem and socio-economically important
fisheries. Associated ecosystem impacts included low primary
productivity’, 11 new warm-water copepod species to the northern
California Current shelf/slope region'’, a massive influx of dead or
starving Cassin’s auklets (sea birds) onto Pacific Northwest beaches
from October through December 2014", a large whale unusual
mortality event in the western GOA in 2015, and a California
sea lion unusual mortality event in California from 2013-2015".
Severe, negative socio-economic impacts resulted from the 2015
harmful algal bloom that extended from southern California to
southeast Alaska, the largest ever recorded". Toxins produced by the
extreme harmful algal bloom contaminated shellfish in Washington,
Oregon and California, prompting prolonged closures for valuable

D uring the fall of 2013 a large warm temperature anomaly

shellfish fisheries. Although the socio-economic consequences of
this climate event need to be further evaluated, it is possible that the
northeast Pacific warm anomaly of 2014-15 is the most ecologically
and economically significant marine heatwave on record.

Although previous studies"*”™” have documented the onset
and nature of the atmospheric variability that forced the winter
2013/14 SSTa, the dynamics underlying the persistence and re-
intensification of the anomaly in 2015 are still unclear. The relative
role of ocean internal dynamics versus direct atmospheric forcing
in driving the expression of the 2015 SSTa has not been examined.
It is also unclear if the January-February-March (JEM) 2014 and
JEM 2015 SSTa patterns (Fig. la and e) are dynamically linked,
and if they are, how? There is good evidence that atmospheric
teleconnections of tropical origin played a key role in the winter
2013/14 sea-level pressure anomalies (SLPa)**"" (Fig. 1b), and
that the variance of this anomaly pattern may intensify under
greenhouse forcing™, hence leading to more extremes in ocean
temperature and western US precipitation. This raises the question
of whether tropical/extratropical teleconnections were also impor-
tant in driving the exceptional SSTa in the winter of 2014/15.

Atmospheric forcing of the marine heatwave

To understand the role of atmospheric forcing in driving the strong
North Pacific warm anomalies, we begin by inspecting maps of
the seasonal evolution of SSTa and SLPa between JFM 2014 and
JEM 2015 (Fig. 1). The patterns of the peak SSTa in JEM 2014
and 2015 show important spatial differences. Whereas in 2014 the
core SSTa are centred in the GOA (Fig. 1a) and exhibit a NPGO-
like expression'® or Victoria Pattern'’, in 2015 the largest warm
anomalies are further to the east and extend along the entire Pacific
North American coastal boundary, resembling the expression of
the PDO?, also referred to as the ARC’ pattern (Fig. 1le). These
differences in SSTa patterns are mirrored by a change in the SLPa
patterns, which exhibit a strong dipole system in JEM 2014, typical
of the NPO* (Fig. 1b), and a more pronounced single SLPa low
in 2015, resembling the expression of a deeper and southeastward
extended Aleutian Low (Fig. 1f). To measure the strength of the
2014 and 2015 anomaly patterns we compute the average SSTa in
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Figure 1| Evolution of seasonal NOAA SSTa and NCEP SLPa during 2014 and 2015. a,b, January-February-March (JFM) 2014 SSTa and SLPa, respectively.
¢, d, October-November-December (OND) 2014 SSTa and SLPa, respectively. e f, JFM 2015 SSTa and SLPa, respectively. The blue box in a denotes region
used to compute the GOA SSTa index. The red box in e denotes region used to compute the ARC SSTa index. The mean position and direction of the North
Pacific Current (NPC) and gyre circulation in the North Pacific Ocean is indicated with the grey arrows in panel a. Std: units of standard deviation.

the regions centred around the peak anomalies (Fig. 1a, blue box for
2014 pattern; Fig. 1e, red box for the 2015 pattern). We refer to these
indices as the GOA SSTa index (shown in Fig. 2c) and the ARC SSTa
index (shown Fig. 2d). With these definitions, the GOA and ARC
SSTa indices (Fig. 2¢,d) clearly capture the 2014 and 2015 anomalies
as the largest SSTa ever recorded (>3 °C) (see also Supplementary
Fig. 1), and reveal that the peak anomalies shifted from the central
GOA in 2014 to the coastal GOA and CCS in 2015. The winter
(JEM) variability captured by these targeted indices is identical to the
first two principal components of JEM SSTa in the northeast Pacific,
with correlations of R > 0.9 (Supplementary Fig. 2, see Methods),
and is consistent with the JEM NPGO and PDO variability, with
correlations of R > 0.7 (Supplementary Fig. 2).

To quantify to what extent the SSTa in 2014 and 2015 are
forced by changes in the atmosphere, we derive temporal indices
for the SLPa forcing patterns that were active during the 2014
and 2015 events; we refer to these as SLPa GOA and ARC indices
(Fig. 2a,b) (see Methods for indices definitions). Inspection of the
cross-correlation function between the SLPa and SSTa indices shows

a maximum correlation when the SLPa are leading the SSTa by one
to three months (see Supplementary Fig. 3), confirming that in the
northeast Pacific the large-scale ocean SSTa are being forced by
the atmosphere**. This forcing and response relationship is tested
by reconstructing the GOA and ARC SSTa indices using a simple
one-dimensional (1D) auto-regressive model (AR-1) forced by the
corresponding SLPa indices (see Methods). A comparison of the
observed and the AR-1 reconstructed SSTa indices (Fig. 2e,f) reveals
high skill in capturing the strong peaks of 2014 for the GOA index
(Fig. 2e) and of 2015 for the ARC index (Fig. 2f). The AR-1 model
also exhibits skill in capturing the long-term variability of the GOA
SSTa index (R =0.72) and ARC SSTa index (R = 0.83), demon-
strating that these ocean and atmospheric patterns of variability are
recurrent in this region (for example, NPGO-like and PDO-like).

Multi-year persistence of warm anomalies

We have shown that both the 2014 and 2015 SSTa patterns can
be reconstructed independently using direct atmospheric forcing
functions. This suggests that ocean internal processes may not have
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Figure 2 | Temporal variability of GOA and ARC patterns. a,b, Indices of the SLPa forcing derived from the GOA 2014 (a) and ARC 2015 (b) forcing
patterns anomalies (see Fig. 1 panels b and f). ¢,d, Indices measuring the SSTa pattern for JFM 2014 (¢, GOA SSTa index) and JFM 2015 (d, ARC SSTa
index). e f, Reconstructions of the GOA (e) and ARC (f) SSTa indices using an auto-regressive model forced by the SLPa GOA index (a) and the SLPa ARC
index (b) time series, respectively. The correlation skill is significant above the 99% level. Std: units of standard deviation.

played a key role in persisting and evolving the record amplitude of
the SSTa through 2015. For example, the mean ocean gyre advection
of the 2014 anomaly (Fig. la) from the central GOA towards the
North American coastal region may not have been important in
shaping the expression of the 2015 SSTa (Fig. le). This raises an
important question of whether the multi-year persistence of the
SSTa expressions of 2014 and 2015 are dynamically linked, or if they
occurred independently by random chance.

To establish the statistical relationship between the SSTa
expressions of JEM 2014 and JFM 2015, we examine the temporal
and spatial cross-correlation between the GOA and ARC SSTa
indices (Fig. 3). The cross-correlation function is computed for the
1980-2012 data to exclude the strong 2014/15 event. At lag 0 month
(Fig. 3a), the two indices share significant correlation (R =0.7)
because the areas used to define the GOA and ARC indices overlap
in the Alaskan gyre region. As we inspect the lead/lag relationships
at 1 year (for example, 12 months lead/lag in Fig. 3a) we find
that the cross-correlation function is not symmetric, but instead
shows a lobe with significant correlation (R = 0.4) when the
GOA pattern leads the ARC pattern (right hand side of Fig. 3a).
In contrast, the ARC pattern never leads significantly the GOA
pattern. Inspection of the spatial structure of the SSTa leading to
the ARC pattern (Fig. 3b-d) reveals the emergence of an El Nino
expression (6 months lead) in the tropics during the progression
from the GOA (12 month lead) to the ARC pattern. Consistent
with this lead/lag relationship, a composite analysis of JFM SSTa
events reveals that the ARC SSTa pattern typically emerges after a
strong GOA SSTa event (Supplementary Fig. 1). Strong consecutive
multi-year warm events in the historical record are evident in

1957/58, 1962/63, 1991/1992 and 2014/15. Given that the SSTa
indices were reconstructed with high skill using local atmospheric
forcing, this lead/lag relationship suggests that the atmospheric
dynamics, and tropical-subtropical interactions, are an important
source of the year-to-year memory, persistence and evolution of the
anomaly from the GOA to the ARC pattern.

Large-scale climate mechanisms

Building on previous understanding of the large-scale climate tele-
connections of the Pacific Ocean, we use the climate hypothesis
of Di Lorenzo et al” to examine the dynamics underlying the
statistical link between the 2014 and 2015 warm anomalies, and the
emergence of multi-year warming events. Inspection of the SSTa for
2014 and 2015 reveals that the anomalies evolved from an NPGO-
like pattern in JFEM 2014 (Fig. 1la, GOA) to a PDO-like pattern
in 2015 (Fig. le, ARC), with a weak (~1°C) but still significant
El Nifio expression in the fall of 2014 (Fig. 1c, d black bounding
box). This progression of patterns is consistent with the statistical
evolution of the SSTa that leads to the ARC pattern (Fig. 3). Previous
studies report that the winter JEM 2014 atmospheric forcing pattern
is connected to the NPO (for example, the NPGO forcing) and
to precursor dynamics of El Nifio>*”****. One of these precursors
is linked to the southern lobe of the NPO-like SLPa pattern of
2014 (Fig. 1b), which acts to reduce the speed of the subtropical
northeasterly trade winds, which in turn reduce evaporation and in-
crease the local SST. The positive SST anomalies can further reduce
the winds and initiate a positive thermodynamic feedback between
the ocean and atmosphere known as the winds-evaporation-SST
(WES) feedback®. This thermodynamic coupled feedback activates
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Figure 3 | Lead and lag relationship between SSTa indices for the GOA and
ARC patterns. a, Cross-correlation function between the GOA and ARC
SSTa indices. b-d, Regression maps between ARC SSTa indices and SSTa at
0, 6 and 12 month lead showing how the GOA SSTa pattern (b) typically
evolves into an EL Nifio (¢) followed by the ARC SSTa pattern (d). Black
boxes define the areas used to define the GOA (b) and ARC (d)

SSTa indices.

the so-called meridional modes”*, which propagate and amplify
the SSTa from the subtropics into the central equatorial Pacific,
where the positive SSTa favour the development of El Nifio** (Fig. 4,
blue path). Once El Nifio feedbacks are activated along the Equa-
tor, the re-arrangement of tropical convection excites atmospheric
Rossby waves in the higher troposphere, which, in the case of an
eastern Pacific El Nifo, establish atmospheric teleconnections to the
extratropics that inject variance onto the Aleutian Low in the next
boreal fall/winter season®. Changes in the Aleutian Low drive the
oceanic expression of the PDO™' (Fig. 4, red path).

Evolution of the North Pacific Warm Anomaly 2014-2015

Extratropics

Aleutian Low North Pacific Oscillation
Atmosphere Atmosphere
- L
. . s ‘ North Pacific
4 . i Pagilsilliif::al o \ Gyre Oscillation
~ .
ARC Pattern Ocean GOA Pattern Ocean
Winter (JFM) Winter GFVD| Y
2015 2014

Extratropical
teleconnections

A&

ENSO
Fall (OND) 2014

(e

Figure 4 | Climate hypothesis to explain the generation, evolution and
persistence of the North Pacific warm anomaly between the winters of
2013/14 and 2014/15.
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Although the schematic of Fig. 4 provides a set of deterministic
dynamics to explain the statistical link between the North Pacific
SSTa of 2014 and 2015, these teleconnection dynamics, and their
spatial expressions, are strongly affected by noise in the coupled
system. This implies that in any given year the signal associated
with the teleconnections may result in a weak or enhanced response
of the coupled system. Therefore, it is important to quantify to
what extent the tropically forced teleconnections contributed to
the strengthening of the North Pacific atmospheric forcing of the
JEM 2015 SSTa. We also emphasize that the use of statistical
patterns of oceanic and atmospheric variability in the schematic are
meant to provide guidance on the nature of the dynamics of the
ocean response to atmospheric forcing and of the Pacific climate
teleconnections. However, at any given time the coupled system
is best represented as a continuum, where the Aleutian Low/PDO
and NPO/NPGO represent specific patterns of high interannual and
interdecadal variance.

The role of ENSO teleconnections

Over the period of October-November-December (OND) 2014 the
tropical Pacific was characterized by SSTa of ~1°C with a spatial
expression characteristic of El Niflo-Southern Oscillation (Fig. 1c).
The OND 2014 SLPa also showed a broad area of negative anomalies
between Hawaii and western North America that is consistent with
a pattern typical of past El Nifio events, suggesting that tropical
teleconnections may have impacted the SLPa forcing of the SSTa in
OND 2014 and JFM 2015.

To quantify what fraction of the northeast Pacific SLPa of OND
2014 and JEM 2015 was forced by teleconnections originating in the
tropics, we examine the 50-member ensemble mean SLPa from the
International Centre for Theoretical Physics (ICTP) Atmospheric
General Circulation Model (AGCM) simulations forced with
observed tropical SSTa from 1980-2015 (see Methods). We find
that the ensemble average of the SSTa reconstructions inferred from
the AGCM output lead to an overall significant skill (R=0.56) in
capturing the variability of the ARC SSTa index. According to this
simple model reconstruction, tropical teleconnections account for
~50% (~1.5°C) of the peak anomalies of the ARC SSTa index
in JEM 2015 (~3°C) (Fig. 5a). The 50-member ensemble also
includes nine simulations that produce the extreme atmospheric
forcing required to account for the observed record-high SSTa in
2015 (Fig. 5b). These results offer strong evidence that tropical
forcing contributed significantly in making the JEM 2015 SSTa
a record-high event, and in persisting and evolving the extreme
northeast Pacific SSTa from 2014 to 2015. Without the contribution
from tropical teleconnections, the JEM 2015 SSTa would probably
have fallen within the historical range of variability of the northeast
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a [ ARC SSTa index | JFM 2015 Pacific. The skill from the AGCM is consistent with that of a
~3°C simple observationally based model that uses the OND SSTa in the
tropics to predict the following winter JEM SLPa variability in the
extratropics (R=0.60, Supplementary Fig. 4).
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Figure 5 | Fraction of ARC SSTa driven by tropical teleconnections. a, ARC  Supplementary Fig. 2). Specifically, PC2/EOF2 tracks the 2014 GOA
SSTa index (red line) and reconstruction of ARC SSTa (black line) using the  pattern (for example, NPGO-type), whereas PC1/EOF1 tracks the
tropically forced AGCM simulations (grey bars are 1standard deviation 2015 ARC pattern (for example, PDO-type). The ensemble means
from the ensemble spread) (see Methods). The time series are in units of of EOF1 and EOF2 in the CESM-LE map almost exactly onto
standard deviations (std), the size of the anomalies are also reported on the  the EOFs extracted from the NOAA SSTa observational reanalysis
right y axis. b, Distribution of JFM SSTa for 2015 from the AGCM ensemble (R > 0.9, compare Fig. 6 panels a and b versus ¢ and d). The strong
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Figure 6 | Changes in the variance of North Pacific climate patterns associated with the northeast Pacific marine heatwaves. a-d, EOF1 (PDO-type, ARC
pattern) (a,c) and EOF2 (NPGO-type, GOA pattern) (b,d) of JFM SSTa in the CESM-LE (a,b) and NOAA ERSSTa v3 SSTa (c,d). For the CESM-LE, EOFs are
computed for each of the 30 simulations and the ensemble mean is presented. The amount of variance explained by each mode is reported in the bottom
of the panels. e, Running standard deviation calculated over 20 years for the PC1and PC2 of each ensemble member. The black line represents the
ensemble mean, while the grey lines mark the one standard deviation of the ensemble spread. The same analysis is done for the one realization of the
observed PC1and PC2 of JFM SSTa. Before analyses of the CESM-LE data, a quadratic trend has been removed at each grid point of the SSTa for each of the
30 simulations to avoid artificial changes in variance associated with the trend.
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patterns associated with the 2014/15 marine heatwave are expected
to change in the future. According to the CESM-LE, the variances
of PC1 and PC2 increase significantly under greenhouse forcing, by
~7% and ~16% (Fig. 6e), suggesting that the PDO- and NPGO-
type variance is increasing in a warmer climate. Unfortunately, the
single observational records available for the PC1 (for example, SSTa
ARC JFM index) and PC2 (for example, SSTa GOA JEM index)
are too short to attribute observational significance to this finding
(Fig. 6e). Other studies™ that evaluated the statistics of simulated
GOA SST from CMIPS5 pre-industrial control and historical forcing
experiments also found that anthropogenic forcing has increased the
risk for observing regional SSTa extremes similar to those of 2014 by
a factor of five over natural variability alone.

To date, no clear mechanism has been identified to explain the
projected intensification of the NPO/NPGO-type activity. Given
that the NPO is linked to the activity of meridional modes and
their thermodynamic coupling between ocean and atmosphere, it is
possible that, as the mean surface temperatures of the tropical and
subtropical Pacific continue to rise, the thermodynamic feedbacks
(for example, WES) may intensify. This would lead to enhanced
variance of the NPO system, leading to stronger atmospheric and
SST anomalies in the extratropics, and stronger SSTa in the tropics.
The stronger SSTa in the tropics could account for an intensification
of the EI Nifio response to the NPO, leading to an enhanced coupling
between tropics and extratropics, and between the NPGO-like and
PDO-like variability. Testing mechanistic hypothesis such as these in
models of ranging complexity may allow for more robust estimates
of how the statistics of ocean extremes in the northeast Pacific are
influenced by greenhouse forcing.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Sea surface temperature (SST) and sea-level pressure (SLP) datasets. To
reconstruct the ocean and atmospheric variability associated with the northeast
Pacific warm anomalies we use the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstruction SST, version 3 (ERSST.v3)
product™. The data are available on a 2° X 2° horizontal grid globally for the
period 1880 to the present. Monthly mean SLP data and anomalies are taken from
the National Centers for Environmental Prediction-National Center for
Atmospheric Research reanalysis product’ and exist on a 2.5° X 2.5° horizontal
grid globally. We analyse the data over the period to 1980-2015. Anomalies for
both SST and SLP are constructed by removing the mean monthly climatology
computed over the period 1980-2015. A linear trend is removed from the SST and
SLP anomalies at each grid point.

Definition of oceanic SSTa indices. The strength of the 2014 and 2015 anomaly
patterns is measured by taking the average SSTa in the regions centred around the
peak anomalies in the GOA region (Fig. 1a, blue box for 2014 pattern) and along
the Pacific North American boundary, also referred to as the ARC’ (Fig. 1e, red box
for the 2015 pattern). We refer to these indices as the GOA SSTa index (Fig. 2¢) and
the ARC SSTa index (Fig. 2d), respectively. The winter average
January-February-March (JEM) values of these indices are also reported for the
entire ERSST.v3 period 1880-2015 in Supplementary Fig. 1.

Definition of atmospheric SLPa indices. To construct indices of the atmospheric
forcing functions of the marine heatwave, we project the full SLPa field,

SLPa (x,y,t), on the SLPa patterns for JEM 2014 and JEM 2015, respectively, over
the forcing region of the central and eastern North Pacific [180° W 100° W; 10° N
62° N] (Fig. 1b and f, black boxes).

SLPa Indexgos (t) = / / SLPajpyons (%,y) SLPa(x, y,t)dxdy (1)

SLPa Index e (1) = / / SLPajpyn015 (x,y) SLPa(x, y,t)dxdy )

This procedure allows us to generate historical time series for the strength of the
atmospheric forcing patterns that were important in driving the 2014 and the 2015
SSTa patterns, respectively (Fig. 2a,b).

Auto-regressive model to reconstruct SSTa. We reconstruct the GOA and ARC
SSTa indices using a simple 1D auto-regressive model forced by the corresponding
SLPa indices,

dSSTalIndex (t) dSSTalndex (t)
————— —oaSLPalndex () — — (3)

dt T

where o is a scaling factor associated with the forcing term and 7 is a damping
timescale associated with the dissipation term. This simple 1D auto-regressive
model of order 1 (AR-1) has been widely used to reconstruct ocean response to
atmospheric forcing in the North Pacific*"*', and is consistent with previous
findings documenting how northeast Pacific SSTa variability over 1900 to 2012 was
driven by atmospheric forcing that alters surface heat flux, Ekman transport, and
entrainment into the ocean mixed layer”. Following these previous studies, we
estimate the damping timescale for the SSTa indices from the e-folding timescale of
their auto-correlation function T = 8 months. Before running the model, we
normalize the SLPa indices by their standard deviations and set the scaling factor
a=1. This leads to SSTa reconstructions in units of standard deviations.

AGCM ensemble modelling. To diagnose the role of tropically generated
atmospheric teleconnections in forcing atmospheric anomalies over the region of
the northeast Pacific anomaly, we use an ensemble of coupled ocean—-atmosphere
modelling experiments conducted with the International Center for Theoretical
Physics (ICTP) Atmosphere General Circulation Model (AGCM) coupled to a 50 m
slab ocean. This AGCM, also known as SPEEDY, uses eight vertical layers and T30
horizontal resolution. Climatological heat fluxes corrected through observations
are prescribed to account for ocean heat transport. The physical parameterizations
of the model are described by Molteni*, and prior applications of this
configuration can be found in Bracco et al.”’. To reconstruct the fraction of North
Pacific atmospheric variability forced by the tropics we prescribed de-trended SSTa
from 1980 to 2015 in a narrow region along the entire tropical belt (12° S-12° N) as
a surface boundary condition to drive a 50-member ensemble of the ICTP AGCM
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with the slab ocean. Away from this tropical region, interactive fluxes between the
AGCM and the slab ocean are implemented to determine the SSTa field. By
examining the ensemble mean SLPa from the 50 members, we effectively remove
all contributions of stochastic forcing from the North Pacific SLPa and identify the
SLPa variance that is driven by tropical forcing. This approach and model have
been used in previous studies that diagnose the role of El Nifo teleconnections in
the extratropics™.

The ensemble mean of SLPa over the North Pacific effectively removes all
contributions of extratropical stochastic forcing and retains only the portion of
North Pacific SLPa variability that is driven by tropical atmospheric
teleconnections forced by the tropical SSTa boundary conditions. The spread in the
ensemble provides a measure for the combined influences of stochastic forcing and
the tropical-origin forced teleconnections. Using the same approach as described
for the observational analyses, we reconstruct the North Pacific SLPa forcing index
by projecting the AGCM SLPa field, SLPa,gcy (%, ,t), onto the OND 2014 SLPa
pattern of the North Pacific in the regi01!1\80°—100° W; 10°-62° N) (black box in
Fig. 1f). We use the OND 2014 pattern, SLPaoxmo14_acem (X5 ), to capture the
variability associated with the fall SSTa-forced teleconnections in the AGCM
because OND is the time when the El Nifo-like SSTa is strongest in the tropics
(black boxes in Fig. 1c,d).

S/L\Pa Indexccs (1) = / /SL/FaONmom,AGCM (x)y)S/LEiAGCM (%, t)dXd)’ (4)

The SLPa Indexccs (£) captures the fraction of tropically forced variability of the
atmospheric pattern responsible for the winter 2014/15 SSTa along the North
American coastal boundary. We now use the AGCM-derived atmospheric forcing
index from each ensemble member to force the AR-1 model (equation (3)) and
reconstruct the time variability of the ARC SSTa index (Fig. 5).

CESM-LE ensemble data archive. We use output of the first 30 members of the
Community Earth System Model (CESM) Large Ensemble simulations from
1920-2100 under the RCP8.5 greenhouse scenario available at
https://www2.cesm.ucar.edu/models/experiments/LENS*. The 30-member
ensemble uses historical radiative forcing for the period 1920-2005 and RCP8.5
radiative forcing thereafter. The simulation uses a 1-degree latitude/longitude
version of CESM1(CAMS5).

Empirical orthogonal functions (EOFs) of winter SSTa. The first two EOFs and
principal components (PCs) of winter (JEM) SSTa over the northeast Pacific

(180° W-110° W; 10° N-62° N) are computed for the CESM-LE over the period
1920-2100 and for the ERSST.v3 reanalysis over the period 1920-2015. Before the
computation of the EOFs, a linear and quadratic trend is removed at each grid
point from the SSTa data. In the CESM-LE, the EOFs and PCs are computed for
each of the 30 ensemble members. The ensemble average of the EOF1 and EOF2
spatial patterns are then computed (Fig. 6a,b). After computation of the EOFs we
further verify that no significant trends exist in the PCs. The same EOFs approach
is used on the available observations (Fig. 6¢,d). The correlation between the
observed (ERSST.v3) and modelled (CESM-LE) spatial patterns of EOF1 and EOF2
is highly significant (R=0.94 and R=0.92). Given that the observed PC2/EOF2
and PC1/EOF1 closely track the GOA and ARC patterns (Supplementary Fig. 2),
we use the CESM-LE EOFs and PCs to characterize the changes in variance of the
northeast Pacific marine heatwave patterns under greenhouse forcing.
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