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Abstract Some questions remain concerning the record-breaking 2013-2015 Northeast Pacific
marine heatwave (MHW) event: was it exceptional or merely the most pronounced of a group of similar
events, and was its intensity and multiyear duration driven by internal extratropical processes or did

the tropics play an important role? By analyzing the statistical behavior of the historical MHWSs within
the ERSST.v3 data set over the 1950-2019 period, we find that Northeast Pacific MHWSs occurred over a
continuum of intensities and durations, suggesting that these events are a recurrent Pacific phenomenon.
These statistics and corresponding composite evolution are dynamically reproduced by a large ensemble
simulation of a Pacific Linear Inverse Model, thereby providing a greater range of MHW expressions than
the short observational record alone. Consistent with the 2013-2015 event's evolution, we find that overall
the tropics influence MHWSs primarily by increasing their duration, while MHW intensity is related to the
initial extratropical anomalies.

Plain Language Summary Marine heatwaves (MHWs), analogous to heatwaves on land,
describe when the ocean temperature is abnormally warm for a prolonged period. In the Northeast Pacific
during 2013-2015, an exceptionally strong and long-lasting MHW occurred causing destructive ecosystem
impacts including massive mortality of fish and birds. Given the unusual nature of the event, it is of
considerable interest to ask whether it occurred largely naturally or whether it might have been impacted
by climate change. To address this question, we analyze historical MHWSs over the 1950-2019 period

and, since there may have been too few observed MHWs for comprehensive scientific understanding,
additionally construct a statistical model mimicking how Pacific ocean surface temperatures evolve

over time. In this manner, we create 2,000 “alternate histories” of what could have happened over the
1950-2019 period to provide enough MHWs for further analysis. Our findings suggest that Northeast
Pacific MHWs are an irregularly recurring natural phenomenon, whose duration is largely dependent on
interactions with the remote tropical Pacific but whose intensity depends primarily on local conditions
within the North Pacific. A 2013-2015 event could well have occurred without climate change, but our
model cannot entirely anticipate its prolonged severity.

1. Introduction

Marine heatwaves (MHWs) are extended periods of anomalously warm ocean temperatures and are often
classified based on their intensity and duration (Hobday et al., 2016, 2018). The most prolonged MHW of
the past 70 years, occurring during 2013-2015, covered a broad region of the Northeast Pacific, with local
maximum warming of 2.8°C (Bond et al., 2015; Di Lorenzo & Mantua, 2016), and did not end until after
the development in the tropics of a strong EI Nifio. Its ecosystem impacts were unprecedented, including
massive stranding, entanglement, and mortality of marine species and seabirds (Cavole et al., 2016; Jones
et al., 2018; Santora et al., 2020) and prolonged harmful algal blooms that closed major fisheries (McCabe
et al., 2016; Ryan et al., 2017; Sanford et al., 2019). This record-breaking event led to enhanced scrutiny of
many Northeast Pacific MHW aspects (Frolicher & Laufkotter, 2018; Holbrook et al., 2020), including their
severities (Hobday et al., 2016; Jacox et al., 2020; Scannell et al., 2016), tropical and extratropical driving
mechanisms (D. J. Amaya et al., 2020; Bond et al., 2015; Di Lorenzo & Mantua, 2016; Holbrook et al., 2019),
and predictability (Hu et al., 2017; Jacox et al. 2019).

XU ET AL.

1 of 10


https://orcid.org/0000-0002-4949-2208
https://orcid.org/0000-0001-5348-2312
https://orcid.org/0000-0002-3594-5472
https://orcid.org/0000-0002-1935-7363
https://doi.org/10.1029/2020GL090661
https://doi.org/10.1029/2020GL090661
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.ADVPRED
https://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9291.ADVPRED

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090661

Despite the record-breaking nature of the 2013-2015 event, there have been other intense Northeast Pacific
warm events before and since (e.g., D. Amaya et al., 2016; D. J. Amaya et al., 2020; Oliver et al., 2018). In
fact, prolonged oceanic warm events occur over a range of intensities and durations (Scannell et al., 2016).
However, the observational record may be too short either to represent the full spectrum of possible MHWs
or to differentiate what drives variations in MHW intensity and duration, including the relative roles of
tropical and extratropical processes.

We suggest that Northeast Pacific MHWSs may be viewed as a recurrent phenomenon of the Pacific basin
involving large-scale teleconnection dynamics, with the 2013-2015 MHW being a particularly strong reali-
zation within a continuum of MHW events. In this view, MHWs are neither unprecedented nor intrinsically
unpredictable in their dynamical evolutions, although some properties like maximum amplitude may be
(Hu et al., 2017). To demonstrate this, we diagnose Northeast Pacific MHWs using a Pacific-basin Linear In-
verse Model (LIM) (Penland & Sardeshmukh, 1995), an empirical-dynamical model derived from observed
anomaly covariances. The LIM is attractive for this purpose since it captures observed climate anomaly
evolution over extended periods (e.g., its seasonal forecasts are generally comparable with state-of-the-art
multimodel operational forecast; Newman & Sardeshmukh, 2017), yet its low dimensionality allows gen-
eration of long climate simulations suitable for hypothesis testing (e.g., Capotondi & Sardeshmukh, 2017;
Newman, Shin, et al., 2011). Here, we develop a LIM to produce a large ensemble simulation of tropical
and North Pacific sea surface temperature (SST) anomalies (SSTa), so that we may evaluate observed MHW
evolution against the much larger sample of simulated MHW events.

2. Data and Methods
2.1. Data

Monthly SST data from the 1950-2019 period were obtained from the National Oceanic and Atmospheric
Administration (NOAA) Extended Reconstruction SST, version 3 (ERSST.v3b; Smith et al. [2008]). SSTa
were constructed by temporally smoothing SST with a 3-month running mean, removing the monthly cli-
matology, and linearly detrending. The spatial resolution of SSTa was 2° X 2°.

2.2. LIM Climate Simulations

Numerous studies have shown how LIMs, stochastically-forced linear dynamical models constructed from
observations, realistically capture observed Pacific ocean seasonal anomaly evolution (e.g., Alexander
et al., 2008; Dias et al., 2019; Newman et al., 2016; Penland & Sardeshmukh, 1995; see also Newman &
Sardeshmukh, 2017 and references therein). The LIM is expressed as

dx

—=Lx+§ 1

m (€]
where the state vector x(t) is the climate anomaly, L is a linear dynamical operator, & is a vector of tem-
porally white noise, and ¢ is time. This simple linear model can be relevant when nonlinear processes act
more rapidly than linear processes (Hasselmann, 1976), such as when weather forces more slowly evolving
oceanic mixed layer thermal anomalies (Frankignoul & Hasselmann, 1977).

In this paper, x(t) represents SSTa within the region 110°E-60°W and 20°S-60°N. (Detailed LIM construc-
tion is in the Supplemental Material; see also Penland and Sardeshmukh [1995].) Although fully capturing
interannual-to-decadal SSTa variability requires including some measure of upper ocean heat content (e.g.,
Newman, Alexander, et al., 2011), our SST-only model captures the dominant seasonal climate dynamics
of interest here (Penland & Sardeshmukh, 1995), as the LIM predicts lag-covariance statistics that match
observations over 6-12 months lags (Figure S1).

Since the LIM is a dynamical model, lengthy climate simulations may be generated by integrating Equa-
tion 1 forwards in time, driven by white noise forcing with observationally constrained spatial structure
(see Supplemental Material for detailed stochastic integration; see also Penland and Matrosova [1994]). In
this manner, we generated a 2,000-member ensemble of 70-year-long segments; each may be considered
an “alternate history” of the past 70 years. This ensemble is analogous to other complex coupled climate
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model “large ensemble” simulations, used to explore common elements of observed climate phenomena
such as El Nifio-southern oscillation (ENSO) (e.g., Deser et al., 2018) and their potential dependence on
small available sample size. Similarly, we compare the relatively few observed MHW events to the large
number of simulated events in our ensemble, which all evolve consistent with observed dynamics and so
could have occurred (e.g., Newman, Shin, et al., 2011). Our large ensemble also allows determination of
those aspects of observed MHWs that the LIM cannot capture. We note again that this ensemble represents
the detrended SSTa; that is, we assume climate change drives the trend but does not otherwise significantly
impact detrended SSTa evolution.

3. Recurrence and Evolution of Northeast Pacific MHWs in Observations and
LIM

3.1. Composite Analysis of Observed Northeast Pacific MHWs

To diagnose Northeast Pacific MHWSs, including their observed and simulated evolution, we defined
a Northeast Pacific (“NEPac”) index (Figure 1(a)) by averaging SSTa within a representative region
(150°W-135°W, 35°N-46°N; inset in Figure 1(a)), our results were insensitive to this choice (also see dis-
cussion of Figure 1(d)). Following previous studies of oceanic (Hobday et al., 2016; Holbrook et al., 2019;
Scannell et al., 2016) and atmospheric (e.g., Dole & Gordon, 1983; Miller et al., 2020) persistent anomalies,
prolonged anomalously warm events were identified when the NEPac index exceeded a given temperature
amplitude threshold (“intensity”) and persisted above it for a given length of time (“duration”). Following
these and similar studies, we calculated the Intensity-Duration-Frequency (IDF) plot (Figure 1(b)), which
shows the frequency of anomalously warm events for varying intensity and duration thresholds. For exam-
ple, extremely warm events persisting for a short period are about as frequent as more prolonged but weaker
events.

We also examined sensitivity to the region chosen for the NEPac index. The mean duration of abnormally
warm events (>10) at each location within Northeast Pacific was 4-6 months (Figure 1(d)). That is, the
mean persistence of abnormally warm events in the Northeast Pacific is not too sensitive to the location, so
MHW duration may be represented using our NEPac index.

If we define Northeast Pacific MHWSs by choosing events staying above the 1o intensity threshold at least
5 months (blue circle in Figure 1(b)), there are 12 discrete MHW events over the past 70 years (gray bars
in Figure 1(a) and Table S1). Their composite evolution is shown in Figure 1(e). At t = —12 months (Fig-
ure 1(el)), the composite spatial pattern shows warm temperature anomalies extending zonally along 40°N
within the central North Pacific Current region. These warm anomalies extended eastward at t = —6 months
(Figure 1(e2)), intensifying until the NEPac index reached the 1o threshold at ¢ = 0 months (Figure 1(e3)).
While the Northeast Pacific warming persisted at t = +6 months (Figure 1(e4)), El Nifio conditions devel-
oped in the tropics, perhaps linked to the Northeast Pacific warming through the North Pacific Meridion-
al Mode (NPMM) (Chiang & Vimont, 2004) that is often identified as an ENSO precursor (Capotondi &
Sardeshmukh, 2015; Larson & Kirtman, 2014). At ¢t = +12 months (Figure 1(e5)), while El Nifio persisted,
the Northeast Pacific warming spread along the US West Coast, consistent with atmospheric teleconnec-
tions from the tropics (Alexander et al., 2002; Di Lorenzo & Mantua, 2016).

Note that the 1o-intensity/5-month-duration criterion splits the 2013-2015 MHW into three “events” (gray
bars in Figure 1(a) and Table S1). We tested whether the composite may be overly dominated by these
events, first by excluding all events occurring after 2012 from the composite, and then adding them back
(Figure S2), finding little impact on the composite MHW progression.

Figure 1(b) suggests no obvious, unique definition of an MHW event. Hobday et al. (2016) proposed using
the 90th percentile (~1.30) intensity threshold. One concern with the higher threshold is that it halves the
number of samples; to obtain the same sample size requires lowering the duration threshold to 3 months
(Figure S3(b)). We chose instead to reduce the intensity threshold while maintaining a longer duration
threshold. Still, the evolution of both composites is generally similar (Figure S3(e)), apart from the some-
what longer duration in our composite (Figure 1(e)), suggesting that our results are not sensitive to this
choice.
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Figure 1. Statistics and evolution of composite Northeast Pacific marine heatwaves (MHWSs) from observations and Linear Inverse Model (LIM) simulation.
(a) Northeast Pacific (NEPac) index, defined as the spatially averaged SST anomalies (SSTa) within the gray box (in the insert overlaid on the winter 2014

SSTa; in (d)). Gray bars mark events that both exceeded one standard deviation (1o) and persisted for >5 months. Dashed line marks the 1o intensity. (b, c)
Intensity-Duration-Frequency (IDF) plot derived from the (b) observed and (c) LIM-simulated NEPac time series, obtained by calculating the number of events
exceeding each intensity and duration threshold pair. Dashed lines represent frequency contours from 0.005 to 0.025 with an increment of 0.005. In (b), dots
mark observed values that are 95% significantly different from LIM. (d) Average duration (in months) of warm events exceeding 1o calculated at each grid point
of our domain. Shading denotes the observed average duration. Results of LIM simulation are generally similar except in the regions enclosed by gray contours
(at a 95% significance level). (el-e5, f1-f5) Composite Northeast Pacific MHW evolution based on (e) observations and (f) LIM simulation. The composite at

t = 0 months is calculated by averaging SSTa of all events, defined when the NEPac index first exceeds 1o and subsequently persists for at least 5 months. This
pair of intensity and duration thresholds is indicated by the blue circles in (b) and (c). Other maps represent lead and lag composites at t = +6, 12 months.
Gray dots in (e) show where the observed composite amplitude is 95% significantly different from the LIM simulation. Number of events inserted in (e, f)
represents mean events per 70 years.

3.2. Comparison to the LIM Simulation

We next evaluate how well observed MHWs are reproduced within the LIM simulation. The IDF plot de-
rived from the LIM-simulated NEPac time series (Figure 1(c)) matches the observed IDF plot (Figure 1(b)),
except for, for example, short (1-3 months) duration MHWs where the LIM event frequencies were 95%
significantly different from the observed (black dots in Figure 1(b); see Supplemental Material for signif-
icance tests), perhaps due to the 3-month running mean anomalies used to construct the LIM. Similarly,
the mean duration of abnormally warm events (>10) within the LIM simulation generally agrees well with
observations, except for some small regions indicated by gray dots in Figure 1(d). More generally, proba-
bility distribution and lag covariability statistics of the NEPac index derived from the LIM simulation are
consistent with observations (Figure S4). In sum, the LIM simulation reproduces the statistics of observed
MHWs over a continuum of intensities and durations, implying that it captures key MHW dynamics con-
sistent with observations.
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Figure 2. Statistics and evolution of LIM-simulated Northeast Pacific MHW composites with varying duration thresholds, and their relationship to ENSO
variability, for fixed intensity threshold 1c. (a) Probability distribution function (PDF) of durations for MHW events exceeding an intensity of 1o, starting at
5-month duration. (b) Composite evolution of Northeast Pacific MHWSs with varying duration thresholds: (b1) 6 months, (b2) 12 months, and (b3) 18 months,
all exceeding an intensity of 1o. Composite evolution from 6 months before to 24 months after the MHW initiation. (c) Nifio 3.4 index as a function of NEPac
index during the composite evolution of Northeast Pacific MHWSs, from —12 months to +24 months, where each line represents varying duration thresholds
ranging from 5 months (light green) to 20 months (blue). Number of events inserted in (a) and (b) represents mean events per 70 years.

Composite evolution of the LIM-simulated MHWs (Figures 1(f1)-1(f5)) also matches observations (Fig-
ures 1(e1)-1(e5)). The most notable difference is the LIM's significantly weaker amplitude in the Northwest
Pacific before t = 0 months. Other differences (e.g., in the Tropics prior to and at onset) are not 95% statis-
tically significant, tested against a Monte Carlo analysis of the LIM ensemble (see Supplemental Material).
On average, the ensemble LIM simulation contained about 8 MHW events for each 70-year-long ensemble
member, compared to 12 historical events over the past 70 years (with 11.1% of the 70-year-long realizations
having >12 events). Overall, the similar evolution between the observed and the simulated MHW compos-
ites suggests that MHWSs, as a phenomenon, share some common features in their evolution and that these
prolonged and spatially evolving warm events recur in the Pacific basin.

4. Characteristics of Northeast Pacific MHWSs Linked to the Tropical Pacific

In this section, we identify how differing tropical and extratropical dynamical contributions drive the con-
tinuum of MHWs captured by Figure 1(c). To do this, we explore the sensitivity of LIM composite MHWs
to different intensity and duration thresholds, by comparing composites where we vary one threshold while
fixing the other.

Figure 2 shows the sensitivity to duration, with intensity fixed at 1o. The probability distribution function
(PDF) of durations from all simulated MHW events exceeding the 1o intensity threshold and persisting at
least 5 months (Figure 2(a)) shows a notable fraction of long-lived MHWS (up to 53 months) in the LIM
simulation. From these simulated events, composite MHW evolution was determined for subsets with du-
rations >6 months (Figure 2(b1)), >12 months (Figure 2(b2)), and >18 months (Figure 2(b3)). We found
three key differences for longer versus shorter duration thresholds: (1) while the MHW onset intensity was
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Figure 3. Same as Figure 2, except for varying intensity thresholds for a fixed 6-month duration threshold.

similar regardless of the duration thresholds, the maximum MHW amplitude was greater for longer-lasting
MHWs, (2) the initial equatorial Pacific cold anomalies were stronger and persisted longer, and (3) the cen-
tral Pacific El Nifio was slower to develop, reaching greater peak amplitude at later lags (cf., t = +12 m for
Figure 2(b2) with t = +18 m for Figure 2(b3)). Also, as the duration threshold was increased, the composite
evolution became increasingly similar to the 2013-2015 MHW event.

The relationship between Northeast Pacific MHW evolution and ENSO development is seen by plotting the
composite evolution of the NEPac index against the corresponding Nifio 3.4 index (Figure 2(c)). Each curve
shows, for different duration thresholds (color shading), the concurrent evolution of these two indices, with
time running counter-clockwise from —12 to 24 months. Four distinctive phases of MHW evolution are
evident: (1) initial equatorial Pacific cold anomalies persist/strengthen as the MHW rapidly strengthens,
crossing the 1o threshold value at ¢ = 0 (open circles); (2) subsequently, El Nifio conditions develop, with
relatively little change in MHW amplitude; (3) El Nifio remains strong or even amplifies while the MHW
gradually weakens; and (4) El Nifio fades in the equatorial Pacific. These curves show that longer events
start with colder Nifio 3.4 values and (more slowly) develop warmer Nifio 3.4 values, compared to shorter
events, despite identical MHW intensity at ¢ = 0. Overall, these results suggest a key tropical role in driving
more persistent MHWSs in the Northeast Pacific (Joh & Di Lorenzo, 2017; Liguori & Di Lorenzo, 2018), cor-
roborating previous studies emphasizing how tropical teleconnections shaped the 2013-2015 MHW event
(Capotondi et al., 2019; Di Lorenzo & Mantua, 2016).

We next examine additional factors that might impact intensity without impacting duration. Figure 3 shows
results of varying intensity thresholds for fixed 6-month duration threshold. The PDF of intensities from the
simulated MHW events that persisted for >6-month duration and had an intensity >1c (Figure 3(a)) shows
that the LIM simulation could generate MHWs with amplitudes even greater than observed in the past
70 years (maximum intensity up to 4.8°C). Composite MHW evolution was then determined for subsets with
intensities >5/3c (Figure 3(b1)), >20 (Figure 3(b2)), and >7/3c (Figure 3(b3)). Unlike the results for fixed
intensity events of increasing duration, the evolving patterns of weaker and stronger events all look very
similar, apart from an overall increased amplitude throughout the Northeast Pacific. Initial cold anomalies
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(SON) 2014. (a4, b4, c4, d4) DJF 2015. (a5, b5, ¢5, d5) SON 2015.

in the equatorial Pacific were also almost identical (first and second rows of Figures 3(b1)-3(b3)), and the
maximum El Nifio warming occurred at about the same time (third and fourth rows of Figures 3(b1)-
3(b3)), albeit the El Nifio was generally warmer for higher MHW intensity thresholds. However, this relative
tropical magnitude increase was less than the relative NEPac intensity increase. Similarly, the NEPac versus
Nifio 3.4 indices evolution curves (Figure 3(c)) demonstrate that increased MHW intensity depended more
on the initial NEPac value than on the initial Nifio 3.4 value. Overall, these results suggest that, for a given
event duration, variations in MHW intensity may primarily result from initial conditions in the extratropics.

5. Implication for Understanding the 2013-2015 MHW Event

Finally, we evaluated how consistent the historic 2013-2015 MHW event is with the above LIM diagnosis,
starting by analyzing its evolution and corresponding 6-month-lead LIM prediction (see Supplemental Ma-
terial for LIM prediction). The observed evolution shows a large warm anomaly developing and then inten-
sifying within the Gulf of Alaska, concurrent with a strengthening La Nifia (Figures 4(al) and 4(a2)). The
warm SSTa subsequently spread eastward and along the entire Pacific North American coastal boundary,
along with a meridional mode structure and weak positive tropical SSTa (Figures 4(a3)-4(a4)). The event
ended with El Nifio developing in the equatorial Pacific (Figure 4(a5)). Note that this evolution featured
both long-lasting, record-breaking warm anomalies in Northeast Pacific and the delayed development of
strong El Nifio conditions. Based on our findings in Section 4, this extended duration may be largely attrib-
utable to the tropical variability, while the record-breaking intensity may be influenced by initial extratrop-
ical conditions.

The 6-month-lead LIM prediction patterns (Figures 4(b1)-4(b5)) track the observed evolution patterns
(Figures 4(al)-4(a5)) with significant spatial correlation skill (R = 0.6). Notably, the LIM predicted North
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Pacific offshore warming in spring 2013 (Figure 4(b1)) and the intensification of the anomalies in winter
2013/14 (Figure 4(b2)). The NPMM-like warm anomalies with weak El Nifio (Figures 4(b3) and 4(b,)) in
fall 2014 and winter 2014/15 and the emergence of El Nifio in fall 2015 (Figure 4b5) were also predicted.
Overall, these predictions again demonstrate the LIM's capability for capturing Pacific dynamics and sea-
sonal MHW evolution.

While the statistical behavior of the MHW composite was captured by the ensemble LIM simulation, perhaps
the 2013-2015 MHW event was too extreme for our simple stochastically forced linear model. Therefore,
we explored whether a subset of MHWs in the LIM simulation could be found that represented this single
historical event. Using an analog approach (e.g., Ding et al., 2018; Vandendool, 1994), we determined the 20
MHW events from the LIM simulation with the highest spatial and temporal correlation to the 2013-2015
MHW event over its entire 32 months evolution (see Supplemental Material). The composite of these “top-20”
analogs (Figures 4(c1)-4(c5)) shows a similar evolution pattern to the 2013-2015 event (R = 0.8). However,
the amplitudes are less extreme, suggesting the importance of noise to the evolution of any individual event.

Lastly, to evaluate whether our LIM ensemble was dependent upon possible climate change, we repeated
the analysis by constructing a new LIM from data only over the interval 1950-1989, and then ran a separate
ensemble LIM simulation. The “top-20” analog composite from the new ensemble LIM simulation (Fig-
ures 4(d1)-4(d5)) also captures the 2013-2015 event (R = 0.7), but its amplitudes are a little weaker, which
can only partly be explained by sampling (not shown). The overall similarity of both composites suggests
that the 2013-2015 event evolved in a manner consistent with Pacific climate dynamics prior to the emer-
gence of any visible climate change effects in the North Pacific. However, the pre-1990 LIM cannot entirely
capture such a prolonged period of high amplitudes, suggesting some potential climate change component
that remains to be quantified.

6. Conclusions

Our study explored Northeast Pacific warming events over a continuum of intensities and durations, in-
cluding the evolution of conditions as extreme as occurred during the 2013-2015 MHW, suggesting that
these events are a recurrent phenomenon of North Pacific dynamics. Using the ensemble LIM simulation,
we reproduced the statistics of observed MHWS, notably the relative frequencies of events with different
durations and intensities and their corresponding composite evolution. The LIM large ensemble was then
used to diagnose relative tropical and extratropical influences on MHW intensity and duration. We find that
greater MHW duration is linked to stronger La Nifia during the early stages of MHW evolution and to a
subsequently extended development of El Nifio, suggesting that the tropics play an important role in MHW
duration. In contrast, MHW intensity depends primarily on North Pacific initial conditions, suggesting that
MHW intensity may be largely driven by variability intrinsic to the extratropics. Both contributed to the
multiyear persistence and record-breaking intensity of the 2013-2015 MHW event.

We did not address the potential role of climate change since our study was performed on linearly detrend-
ed observations. However, our analysis does suggest that the mean changes in SST due to recent climate
trends in the North Pacific are not a necessary requirement to explain the evolution of an event like the
2013-2015 MHW. The analysis of the ensemble LIM analogs trained with data between 1950 and 1989 cap-
tures MHWs that are dynamically consistent with the 2013-2015 event. Nevertheless, climate change could
still have been a contributing factor, particularly for the prolonged severity of the 2013-2015 MHW which
is not fully captured by our analysis. Some recent studies (Laufkdtter et al., 2020; Oliver, 2019) suggest that
the main impact of climate change upon MHWs is through changing the mean rather than the variability,
which is consistent with our approach. We could also address this issue in the LIM framework by exploring
changes of the LIM itself, as done by Capotondi and Sardeshmukh (2017) for the tropical Pacific.

Data Availability Statement

Extended Reconstruction SST, version 3 (ERSST.v3b) data were obtained online from NOAA NCEI at
https://www1l.ncdc.noaa.gov/pub/data/cmb/ersst/v3b/netcdf/.
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