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Abstract Marine heatwaves (MHWs) have caused devasting ecological and socioeconomic impacts
worldwide. Understanding the connection of regional events to large-scale climatic drivers is key for enhancing
predictability and mitigating MHW impacts. Despite the reported connection between MHWSs globally and El
Niflo—Southern Oscillation (ENSO), establishing statistically significant links between different types of ENSO
events and MHWs remains challenging due to the limited duration of observational data. Here, we use
10,000 years of simulations from a Linear Inverse Model (LIM) to address this issue. Our findings reveal
distinct connections between MHWs and ENSO, with diverging influences from different flavors of El Nifio and
La Nifia events. In addition, under long-lasting El Nifio conditions, the likelihood of MHW:s increases by up to
12-fold in the Indian and Pacific Oceans. This study highlights the global connections between ENSO diversity
and variations in MHW events.

Plain Language Summary Marine heatwaves (MHWs) are periods of prolonged, extremely warm
ocean temperatures that have caused widespread ecological and socioeconomic impacts worldwide. The
predictability of these events can be improved if we can find connections between regional events and larger
climatic drivers, such as El Nifio-Southern Oscillation (ENSO). Both the positive phase of ENSO, El Nifio, and
its negative phase, La Nifia, have been linked to MHWs in various parts of the world. However, not all El Nifio
and La Nifia events are the same, leading to uncertainty in the relationship between ENSO and MHWSs. Due to
the limited duration of the observational record, a major issue arises with the lack of examples of different types
of El Nifio and La Nifia events in observations. To overcome this challenge, we utilized 10,000 years of
simulated data from a near-global linear inverse model to generate many more samples of possible global ocean
temperature configurations. We find strong differences between regional MHWSs and different types of El Nifio
and La Nifia events. In some regions, the probability of MHWs is 12 times more likely under long-lasting El
Niflo events.

1. Introduction

Marine heatwaves (MHWs) are characterized by prolonged periods of anomalously warm ocean temperatures at a
given location (Hobday et al., 2016). In recent decades these extreme events have been the focus of many studies
due to their impacts on marine biodiversity and ecosystem services (Smale et al., 2019), as well as biological
(Smith et al., 2023) and socioeconomic systems (Smith et al., 2021). Gaining a comprehensive understanding of
the drivers influencing the occurrence of these thermal extremes is essential for assessing their predictability and
improving forecasting skill, which can aid marine resource managers in the development of proactive manage-
ment strategies (Holbrook et al., 2019, 2020).

El Nifio-Southern Oscillation (ENSO) is the leading driver of seasonal-to-interannual climate variability globally
(Lenssen et al., 2020; Neelin et al., 1998; Wallace et al., 1998), exerting substantial influence on climate patterns
and atmospheric circulation well beyond the tropical Pacific. There are several regions where MHWs have well
known connections with ENSO. The Western Australian region, for example, is strongly influenced by the
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Figure 1. Average SST anomalies during (a) EP El Nifio, (b) EP La Niiia, (¢c) CP El Nifio, and (d) CP La Nifia computed as
composite maps from the LIM simulations. The n-value represents the number of months in each of the composite maps.

poleward flowing warm water current known as the Leeuwin Current (Cresswell & Golding, 1980) which is
strengthened during La Nifia periods due to the enhancement of the easterly trade winds in the western equatorial
Pacific, resulting in increased transport of upper-ocean warm waters from the western Pacific to the eastern Indian
Ocean, via the Indonesian archipelago (Meyers, 1996). Associated with the very strong 2010/11 La Niiia event,
the Western Australia region experienced MHWs that were unprecedented for that time, lasting for more than
10 weeks and reaching around 5°C above normal (Pearce & Feng, 2013).

The Northeast Pacific is another region influenced by ENSO. Two notable MHWs, one during 2013-2015 (Bond
et al., 2015; Di Lorenzo & Mantua, 2016) and the other during 2019 (Amaya et al., 2020), generated large-scale
“warm blobs” in the Northeast Pacific that led to devastating impacts across the region, including prolonged
consequences for marine ecosystems along the US West Coast (Cheung & Frolicher, 2020; Wyatt et al., 2022).
While the onset of the 2013-2015 MHW was attributed to a resilient atmospheric ridge, which weakened the
climatological Aleutian Low and reduced surface winds, the event's evolution and prolonged duration was linked
to large-scale Pacific climate variability, particularly ENSO, via atmospheric teleconnections (Capotondi
et al., 2022; Ren et al., 2023; Xu et al., 2021). The 2019 event was also linked to the weakening of the North
Pacific High, which was partly driven by the conditions of the tropical Pacific Ocean (Amaya et al., 2020).
Holbrook et al. (2019) also highlighted this connection by showing that the number of MHW days in the northeast
Pacific nearly doubles during El Nifio periods and nearly halves during La Nifia periods.

ENSO comprises different flavors, distinguished by the spatial distribution of sea surface temperature (SST)
anomalies (Capotondi et al., 2015; Timmermann et al., 2018), which were associated to different impacts (e.g.,
Ashok et al., 2007) (Figure 1). Thus, the ENSO-MHW connection can be expected to also be affected by the
diversity of ENSO events. The canonical eastern Pacific (EP) El Nifio is characterized by warm SST anomalies in
the central and eastern equatorial Pacific (Figure 1a), whereas the central Pacific (CP) El Nifio is characterized by
warm SST anomalies in the central Pacific, but with little or no warming in the eastern Pacific (Kao & Yu, 2009;
Newman et al., 2011) (Figure 1c). In contrast, during La Nifia, warm anomalies are observed in the western
equatorial Pacific, with cold anomalies concentrated in the central region during CP La Nifias (Figure 1d) or in the
eastern Pacific during EP La Nifias (Figure 1b). There are also mixed ENSO patterns, which exhibit character-
istics of both EP and CP El Nifio/La Nifia types (Gen et al., 2010).

Previous studies (e.g., Capotondi et al., 2019; Capotondi et al., 2022), have shown a strong association of
Northeast Pacific MHWSs with SST anomalies in the central equatorial Pacific typical of CP El Nifio events. The
most intense MHW in Western Australia occurred in conjunction with the CP La Nifia of 2011-2012 (Feng
et al., 2013), also suggesting a sensitivity of Western Australia MHWS to the location of La Nifia SST anomalies.
However, understanding the influence of these different types of ENSOs on MHWs is complicated by the
relatively limited number of these events in the observational record, preventing the establishment of robust
statistical connections. Previous studies have helped to overcome this shortcoming using synthetic data from
linear inverse models (LIMs) (Penland & Magorian, 1993; Penland & Sardeshmukh, 1995). A LIM provides a
linear approximation to the underlying dynamics using observed data while characterizing the nonlinear and fast-
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decorrelating dynamics as stochastic forcings. This empirical model can be integrated forward in time to generate
extensive sets of simulated data, with statistical properties similar to those of the training observational data. The
value of these synthetic time series has been demonstrated in several previous studies (Capotondi & Sardesh-
mukh, 2017; Wang et al., 2023; Xu et al., 2022).

In this study, we utilize 120,000 months (10,000 years) of LIM simulation to explore global MHW statistics
during CP and EP El Nifio and La Nifia periods. We also investigate the differences in long- and short-lived ENSO
events and examine five key case study regions to assess specific teleconnections and impacts. By leveraging this
information, tailored strategies to mitigate risks and optimize resource utilization in anticipation of MHWs may
be developed.

2. Data and Methods
2.1. LIM Data

Long LIM simulations of SSTs from Xu et al. (2022) were used in this study (Xu, 2024). These LIM simulations
were generated based on averaged SST products spanning 60 years (1958-2017) from Hadley Center Sea Ice and
Sea Surface Temperature (HadISST) (Rayner et al., 2003), Extended Reconstructed Sea Surface Temperature
version 5 (ERSSTVS) (Huang et al., 2015), and Centennial in situ Observation-Based Estimates (COBE) (Ishii
et al., 2005). These simulations, with a horizontal resolution of 1° X 1°, span a record length of 120,000 months
(10,000 years) and exhibit statistical behaviors akin to observed SSTs (see Xu et al. (2022) for more information),
indicating the adequacy of the LIM-simulated data for our study. We have additionally tested the LIM's repre-
sentation of ENSO diversity against the HadISST product showing that the LIM simulates well the spatial pattern
of the two leading EOFs used to derive the CP and EP indices (Figure S3 in Supporting Information S1), the
patterns of the different ENSO flavors (compare Figure 1 with Figure S4 in Supporting Information S1) and the
distribution of ENSO indices (Figure S5 in Supporting Information S1). This is not surprising, as the LIM has
been extensively used for studies of ENSO diversity (e.g., Capotondi & Sardeshmukh, 2015; Newman
et al., 2011; Vimont et al., 2014).

2.2. ENSO Indices

Eastern Pacific (EP) and Central Pacific (CP) ENSO indices were derived using the methodology of Takahashi
et al. (2011). An empirical orthogonal function analysis was conducted on the LIM SST anomalies in the
equatorial Pacific region (10°S—10°N) (Figure S2 in Supporting Information S1) and the first and second principal
components (PC1 and PC2) were normalized and smoothed with a 1-2-1 filter to calculate the indices as follows:

EP index = (PC1 — PC2)A\/2
CP index = (PC1 + PC2)A/2.

When the index was sustained at values >+1 (<—1)°C for 5 months or greater, we considered this an El Nifio (La
Nifia) event, with all other periods deemed to be neutral. We also separated these events into groups depending on
their duration, with events lasting from 5 to 12 months classified as short-lived events and those lasting more than
one year classified as long-lasting events. The frequency distribution of the CP and EP El Nifio and La Nifia event
durations can be found in Figure S1 of Supporting Information S1.

2.3. MHW Metrics

As monthly data were analyzed, we considered any month with SST anomalies above the 95th percentile to be in a
MHW state, following the previous studies of Jacox et al. (2020) and Capotondi et al. (2022). MHWs were
computed for both long- and short-lasting EP and CP El Nifio and La Nifia events. The average intensity for MHW
events during each of the categories was computed as the difference between the average SST anomaly of the
events occurring during ENSO conditions and the average SST anomaly of events occurring during neutral
months. This allowed us to compute the increased intensity connected to the relevant ENSO flavor and category.
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We also considered the change in likelihood of a MHW occurrence during CP and EP El Nifio and La Nifia phases
by comparing the likelihood (proportion) of events during an ENSO phase with the likelihood of events during
neutral phases as in the equation:

Change in likelihood of MHW occurrence

_ Likelihood of events during ENSO phase — Likelihood of events during Neutral % 100
- Likelihood of events during Neutral

Only those results significant at >95% level using a student #-test (Student, 1908) were displayed. We accounted
for serial correlations of the SST anomalies by using the lag-1 autocorrelation (p) to find an effective sample size

(neff =n i%z), as in Marshall et al. (2014).

3. Results

Here, we first present the global spatial patterns of MHW intensity and likelihood of occurrence during short (5—
12 months) and long (413 months) lasting EP and CP EI Nifio and La Nifia events. Then, we describe the local
responses in several key regions of interest.

3.1. MHW Intensities

Here, we examine the changes in MHW intensity during El Nifio and La Nifia phases (including short- and long-
lasting events) relative to MHWs occurring during neutral years (Figure 2). In general, we found that El Nifio
(Figure 2 upper box) periods were associated with higher MHW intensities over a wider spatial domain compared
to La Nifia periods (Figure 2 lower box). During El Nifio periods, the strongest increases in MHW intensities were
unsurprisingly found in the Pacific Ocean, with values >+40.5°C. Strong signals were also found in the Indian and
Atlantic Oceans, where increases in the range 0.03°C-0.15°C (Figures 2a, 2b, 2e and 2f) are observed. During La
Nifia phases, MHW intensities up to +0.3°C above neutral states were found primarily in the western Pacific and
were more extensive for longer event durations (Figures 2g and 2h).

Notable differences are also evident between average MHW intensities during CP versus EP ENSO types in the
Pacific, Indian, and Atlantic Oceans. During CP El Nifio events (Figures 2a and 2e), MHWSs have increased
intensities of up to 0.15°C, along US and Canadian coastlines, extending into open ocean, with larger intensity
increase for longer events. This pattern becomes more confined to the coastlines during EP El Nifio events
(Figures 2b and 2f). In the Indian Ocean, large intensity changes are observed during both CP El Nifio (Figures 2a
and 2e) and EP El Nifio events (Figures 2b and 2f). However, these anomalies extend to the Western Australian
coast during EP El Nifio periods, while neutral/cold anomalies are seen along Western Australia during CP
events. In the tropical Atlantic, there are two pronounced bands of higher MHW intensity in the North and South
Atlantic during CP El Nifio (Figures 2a and 2¢) while only the band in the South Atlantic is seen during EP El
Niflo (Figures 2b and 2f). During CP La Nifia (Figures 2c and 2g), these bands of intensified MHWs are shifted
further poleward, while a decrease in MHW intensity is seen at lower latitudes. Moreover, it was found that CP La
Nifia events are associated with increased MHW intensity along the west coast of Australia (mean intensity
increase of 0.15°C), an increase that is not observed during EP La Nifia events, while a reduction in MHW mean
intensity of 0.1°C is seen in the northeast Pacific (Figures 2c and 2g).

There are also interesting differences in MHW characteristics when considering long-lasting (Figures 2e—2h) and
short-lasting (Figures 2a—2d) ENSO events. Overall, we observed a reinforcement of the spatial patterns obtained
with short-lasting ENSO events when considering long-lasting ENSO events, particularly in the Pacific and
Indian Oceans. The intensity difference between shorter and longer-lasting CP El Nifio events (Figure 2i) shows a
pattern in the Pacific reminiscent of a decadal mode of variability described by Capotondi et al. (2022), con-
necting Northeast Pacific and central equatorial Pacific SST anomalies. The relatively large increase in Pacific
MHW intensity during long-lasting CP events is consistent with the decadal component of CP ENSO variability
(Capotondi et al., 2020; Sullivan et al., 2016). Long-lasting El Nifio events (Figures 2e and 2f) are associated with
MHWs with intensities of +0.1°C in the southwest Atlantic Ocean, while long-lasting EP La Nifia (Figure 2h)
periods show MHWs with intensities of +0.1°C in the Mediterranean and North Atlantic. While the Hawaiian
Islands are not significantly impacted by MHWSs during shorter lived EP La Nifia periods (Figure 2d), during
long-lasting EP La Nifia events (Figure 2h), the meridional extent of MHWs increases in the North Pacific Ocean,
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Figure 2. Changes in MHW intensity (compared to neutral states) based on the different flavors of El Nifio (top box) and La Nifia (bottom box), CP and EP, at varying
durations, 5-12 months (a—d), and 13+ months (e-h), with the right column (i-1) showing the difference between long- and short-lasting events. Both red and blue color
shadings represent statistically significant values at >95% confidence level.

such that the Hawaiian Islands are impacted by MHWSs with intensity differences of +~0.2°C. Similarly, CP El
Nifios can affect the Hawaiian Islands due to the broader meridional scale of the tropical anomalies.

The patterns obtained with the LIM are generally consistent with those detected in observations (Figure S6 in
Supporting Information S1), although the differences in MHW statistics obtained using observational data exhibit
a larger amplitude, likely due to the smaller sample sizes for each type of event. However, while the patterns seen
in the LIM data are statistically significant at >95% confidence level for the entire globe, the differences seen in
observations are statistically significant only in specific regions for specific event types. This is the case, for
instance, in the Indian Ocean during CP, and especially EP, El Nifio periods (Figure 2 upper box and Figure S6 in
Supporting Information S1).

3.2. MHW Likelihood

ENSO also plays a significant role in the likelihood of MHWs in various regions around the world, either locally
in the tropical Pacific, or remotely through atmospheric teleconnections (Holbrook et al., 2019; Sen Gupta
et al., 2020). Here, we examine the changes in MHW likelihood during El Nifio and La Nifia phases relative to
MHWs occurring during neutral years (Figure 3). During El Nifio periods (Figures 3a—3d), we found an increase
in the likelihood of MHWs of up to 12 times in the central/eastern Pacific Oceans, depending on the CP

GREGORY ET AL.

Sof 11

858017 SUOLUWIOD 3A 111D 3(edldde 8Ly Aq pausenob afe sejoie YO ‘8sn Jo seinJ 10} Ariq1T 8ul|UO 3|1 UO (SUORIPLOD-pUe-SWB) LoD A8 | 1M Afe.q 1 BuUO//Sd1Y) SUORIPUOD pue SWe | 8Ly 88S " [1202/2T/S0] U0 A%iqi8uliuo A8|IM ‘NSNISENOA!E [BHod Aq 66€0TT 197202/620T 0T/I0p/W0o A3 1m Al jeuluo'sandnBe//sdny woiy pepeojumod ‘0z ‘v20g ‘L0086T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL110399

a) CP Nlno 5- 12M e) CP Nlna 5- 12M
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Increased likelihood of MHW

Figure 3. Changes in likelihoods (compared to neutral) of MHW occurrences during CP El Nifio events of shorter durations (a) and longer durations (b), EP El Niflo
events of shorter durations (c) and longer durations (d), CP La Nifia events of shorter durations (e) and longer durations (f) and EP La Niiia events of shorter durations
(g) and longer durations (h). Shadings represent statistically significant values at >95% confidence level.

(Figures 3a and 3b) or EP (Figures 3c and 3d) flavor. Off the Pacific North and South American coasts, MHWs
were found to be 1 to 6 times more frequent during both flavors of El Nifio (Figures 3a-3d), in agreement with
Carrasco et al. (2023). In the Indian Ocean, there is also a significant increase in MHW likelihood, with the ratio
amplified by a factor of 9-12 in the central Indian Ocean during CP El Nifio (Figures 3a and 3b). During EP Nifio
events (Figures 3c and 3d) the area of the Indian Ocean that has an increased likelihood of MHWs is larger, with
an increase over the East African coast up to a factor of 6. Thus, not only do MHWs become more intense during
El Nifio periods in some regions, but they also become significantly more frequent.

During La Nifia events (Figures 3e—3h), changes to MHW likelihoods lower compared to El Nifio periods. Here,
likelihoods of MHWs s in the western Pacific Ocean increase on average by 3—6 times, with smaller regions, such
as the Western Australian coastline, showing increased likelihood of up to 9 times during CP La Nifia events
(Figures 3e and 3f), slightly nearer to shore. MHWs in this region are strongly dependent on the type of La Nifia
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Figure 4. Global map with boxes around the five regions analyzed (a), and regionally averaged MHW intensity distributions during El Nifio (b) and La Nifa (c) phases
based on the different flavors, CP and EP, at varying durations of 5-12 months and 13+ months. The numbers above each violin identify the sample sizes for the given
event. The width of the violin indicates the frequency of a given value, while the inner box shows the quartiles of the distribution (d).

event, as an increase in MHW likelihood offshore of Western Australia does not occur during EP La Nifia events
(Figures 3g and 3h). As with the changes in intensity, we notice that the MHW likelihood increases in both
magnitude and spatial extent over some regions with the increased duration of ENSO events.

3.3. Regional Analysis

From the global analysis above, we selected five key regions that showed distinct differences in MHW statistics
either between El Nifio and La Nifia events, or between different El Nifio or La Nifia flavors. Figure 4a shows a
global map with boxes indicating the five regions: Western Australia, strongly affected by MHWs during CP La
Nifia but not EP La Nifia, the northeast Pacific, experiencing very high MHW intensity during both flavors of El
Niflo, the Hawaiian Islands, experiencing a high likelihood of MHW events during CP El Nifio and EP La Niilia,
the western Indian Ocean, having little to no MHW during La Nifia but a significant increase during both flavors
of El Nifio, and the eastern Indian Ocean, similarly experiencing a higher number of MHWs during El Nifio, but
also experiencing a number of events during EP La Nifia periods. For these regions, we calculated area averaged
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statistics to explore the regional relationships between MHW intensity and ENSO flavors. In Figures 4b and 4c,
the violin plots show the distribution of the area averaged MHW intensities based on ENSO flavor and duration.

In the Western Australia region, the highest average intensity events occurred during long-lasting CP La Nifia
events (134 months), with these phases also leading to the highest likelihood of MHW:s (422 events) (Figure 4c).
MHW events were least likely to occur in this region during CP El Nifio phases (Figure 4b). However, EP El Nifio
events can be seen to positively contribute to MHW events (total 268 events). The mechanism for this influence
does not appear to match that based on the Leeuwin Current extended flow, but it is rather associated with the
eastward extension of the warm region in the western Indian Ocean, which is impacted by El Nifio phases.

We also provide a quantitative comparison between the western and eastern Indian Ocean regions, with the violin
plots showing an increase in likelihood of MHW events in both regions and for all flavors of El Nifio (Figure 4b).
In contrast, during La Nifia periods, there is a notable absence of MHWs in the western Indian Ocean, while there
are 66 events in the eastern Indian Ocean during EP La Nifia events (Figure 4c).

MHWs in the Hawaiian box are more likely to occur during CP El Nifio, with the long-lasting El Nifio events
tripling this likelihood, from 180 to 481 events (Figure 4b). Interestingly, the number of MHW events occurring
during EP La Nifia (151 events during short-lived EP La Nifia and 101 during long-lived EP La Niifia events) is
greater than during EP El Nifio events (37 during short-lived El Nifio events and 33 during long-lived EP El Nifio
events), while almost no MHW events occurred around Hawaii during CP La Nifia (Figure 4c). As previously
noted, the broader meridional scale of the CP El Nifio events allows the associated SST anomalies to affect
Hawaii.

The northeast Pacific region has MHWSs of the greatest intensities of our selected regions, with peak values of
approximately +2.5°C (Figure 4b) during El Nifio periods. These MHW events were more likely to occur during
the longer lasting CP El Nifio (consistent with Capotondi et al., 2022), with 466 events (Figure 4b). La Nifia events
appear to decrease the likelihood of MHW occurrences in this region, with a negligible number of events noted
during CP La Niiia (Figure 4c). The duration of ENSO itself affects the intensity of these events, with longer
lasting events leading to MHWs of higher intensity, particularly during CP El Nifio events.

4. Discussion and Conclusions

In this study, we have used linear inverse model (LIM)-simulated ENSO events, of different flavors and
durations, to investigate their relationship with marine heatwaves (MHWs) across the globe. Previous studies
have also considered the connection between MHWs and different ENSO flavors. In their 2019 study,
Holbrook et al. showed that the percentage change of MHW days in the Western Australian region increased
during both canonical La Nifia periods, based on the Nifio 3.4 index, and Modoki La Nifia periods, a specific
type of CP La Nifia characterized by cooling in the central equatorial Pacific flanked by warming on either
side (Ashok et al., 2007). Zhang et al. (2017) also found SSTs in Western Australia to be strongly correlated
to Modoki La Nifia. This supports our findings of an increase in the likelihood (Figures 3e and 3f) and
intensities (Figures 2c and 2g) of MHWs in Western Australia during CP La Nifia events. Similarly,
Northeast Pacific MHWSs show a stronger association with CP EI Nifio events, especially those events lasting
more than 12 months, as previously suggested by Capotondi et al. (2019, 2022). However, while the limited
duration of observational or reanalysis data sets used in previous studies prevented a robust assessment of the
relationship between global MHWs and different ENSO types, our analysis allows the establishment of those
relationships with high statistical significance.

Here we show statistics calculated using several thousand El Nifio and La Nifia events of both CP and EP types,
and of different durations. This is made possible using data from a suite of LIM simulations (Xu et al., 2022)
providing alternative realizations of the observational record, consistent with observed system dynamics and
stochastic forcing. LIMs have proven useful in capturing changes in the state of ocean SSTs due to internal
variability (Alexander et al., 2008; Capotondi et al., 2022; Capotondi & Sardeshmukh, 2017; Newman
etal., 2016; Newman & Sardeshmukh, 2017) and statistics of ocean extremes such as MHWs (Wang et al., 2023;
Xu et al., 2021, 2022). However, there are some caveats. Most importantly, LIMs generate long-term Gaussian
statistics that are unable to capture the asymmetry between El Nifio and La Nifia phases (see Figure 1). Spe-
cifically, an El Nifio event with certain features holds an equal probability of occurrence to a La Nifia event with
the same features. Thus, our LIM cannot capture observed ENSO asymmetries, with El Nifio events tending to be
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more intense than La Nifia events, and La Nifia events exhibiting greater persistence than El Nifio events
(Martinez-Villalobos et al., 2019; Okumura & Deser, 2010). Additionally, the LIM used in this study does not
explicitly include seasonality, while still correctly capturing the phase relationships among different variables.
This could pose a problem in understanding MHW impacts as stressors of marine species may exhibit seasonal
influences. Coral bleaching events, for instance, are more likely to occur during summer months (Spillman &
Alves, 2009). However, since here we are considering concurrent associations between MHWs and ENSO, which
peaks in the boreal winter season, the explicit representation of the full seasonal cycle does not seem critical.

While a weak, positive correlation has been previously noted between SST anomalies around Hawaii and
ENSO (McKenzie et al., 2019), there is little known about this relationship. By considering the difference in
MHW intensity between CP and EP El Nifios (Figure 2), we note that the larger meridional scale in the
pattern of MHW intensity differences in Figure 2 (see also Yan et al., 1992) reaches the Hawaiian Islands
during CP El Nifios, indicative of MHW activity in that region. During EP El Nifios, a narrow band of
positive SST anomalies extending eastward to 180°E is observed along the equator, with very weak (between
—0.2 and 0.2 C) SST anomalies around the Hawaiian Islands (Figure 2). Our understanding of the impacts of
La Nifia events in this region is limited. However, we found indications of MHWSs around Hawaii during EP
La Nifia events as the band of enhanced MHW activity in the western Pacific extends all the way to Hawaii
(Figures 2 and 3).

Our regional analysis also highlighted the connection between the Indian and Pacific Oceans, with MHWs very
likely to co-occur in the Indian Ocean with El Nifio events (Figures 2—4). These findings are also supported by
previous studies, such as Holbrook et al. (2019), who showed ENSO to be the main driver of MHWs across much
of the tropical Indian Ocean. The Pacific Ocean can affect the Indian Ocean through atmospheric bridges and the
oceanic Indonesian Throughflow. For example, a positive Indian Ocean Dipole (IOD) often co-occurs with El
Nifio via changes in the Walker circulation (Wang et al., 2019), followed by a basin-wide warming (e.g., the
Indian Ocean basin mode (Basin Mode or IOBM)), which emerges during the next boreal spring and persists in
boreal summer (Xie et al., 2016). In turn, a warm Indian Ocean can also produce a La Nifia-like SST pattern in the
Pacific Ocean via atmospheric Kelvin waves (Wang et al., 2019). These complex ENSO-IOD/IOBM connections
increase the likelihood of MHW co-occurrences in the Pacific and Indian Oceans and are key factors to consider
for improving MHW prediction.

Finally, while ENSO is a well-known driver of warming in the Northeast Pacific, our analysis more specifically
relates the likelihood of occurrence and intensity of MHW:s in that region to the presence of CP El Nifio conditions
in the tropical Pacific, especially the longer-lasting conditions.

Recent research indicates that the duration and strength of El Nifio and La Nifia events may increase due to climate
change (Cai et al., 2015; Trenberth, 2020). The data generated by long LIM simulations produced several
thousand ENSO events of durations longer than 13 months, which offer valuable insights into their potential
impacts. Notably, our analysis indicates heightened likelihoods of more intense MHW3s associated with prolonged
ENSO events. Recent studies further suggest a potential increase in the frequency of prolonged La Nifia events
under future greenhouse-gas forcings (Geng et al., 2023). While these future scenarios remain unseen, exploring
such extraordinary ENSO events provides valuable insights into their potential implications. For instance,
analyzing the impact of a “triple dip” La Nifia event, akin to the 2020/21/22 occurrence, on MHWs aids in un-
derstanding extreme event dynamics that may become more frequent in the future.

Due to the potential predictability offered by ENSO for MHWSs (Holbrook et al., 2019, 2020), understanding
MHWSs under different ENSO conditions holds significant implications for marine resource management.
Discerning the details of MHW behavior across various ENSO phases can enhance the forecasting potential
of these extreme events, which is of vital importance for decision-making and for the design of adaptation
plans.
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