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Abstract

In the era of escalating climate change, understanding human impacts on marine heatwaves
(MHWSs) becomes essential. This study harnesses climate model historical and single forcing
simulations to delve into the individual roles of anthropogenic greenhouse gases (GHGs) and
aerosols in shaping the characteristics of global MHWs over the past several decades. The results
suggest that GHG variations lead to longer-lasting, more frequent, and intense MHWs. In contrast,
anthropogenic aerosols markedly curb the intensity and growth of MHWs. Further analysis of the
sea surface temperature (SST) probability distribution reveals that anthropogenic GHGs and
aerosols have opposing effects on the tails of the SST probability distribution, causing the tails to
expand and contract, respectively. Climate extremes such as MHWs are accordingly promoted and
reduced. Our study underscores the significant impacts of anthropogenic GHGs and aerosols on
MHWs, which go far beyond the customary concept that these anthropogenic forcings modulate
climate extremes by shifting global SST probabilities via modifying the mean-state SST.

1. Introduction

Marine heatwaves (MHWs) are prolonged periods of abnormally high sea surface temperatures (SSTs) that
occur in specific regions, analogous to heatwaves on land but with significant impacts on the marine
environment. Noteworthy MHW episodes have been observed in various regions in recent decades, such as
the Mediterranean Sea in 2003 (Olita et al 2007, Garrabou et al 2009), the Tasman Sea during 2015-2016
(Oliver et al 2017), and the Northeast Pacific in 2014 and 2019 (Bond et al 2015, Di Lorenzo and Mantua
2016, Amaya et al 2020, Chen et al 2021a, 2021b, Shi et al 2022). MHWSs have significant impacts on marine
ecosystems and associated economic activities (Mills et al 2013, Pershing et al 2018). They disrupt the
delicate balance within marine ecosystems by influencing the distribution and abundance of various species
(Kendrick et al 2019, Jacox et al 2020) such as corals (Hughes et al 2018, Eakin et al 2019), fish and marine
mammals (Sanford et al 2019). As a result, MHW:s can have cascading effects on the entire marine food web,
affecting predator-prey interactions and ecosystem functioning (Smale et al 2019, Guo et al 2022).
Understanding the dynamics and impacts of MHWs is essential for developing effective mitigation and
adaptation strategies to safeguard marine ecosystems, conserve vulnerable species, and sustain the well-being
of coastal communities in the face of ongoing climate change.

The escalating frequency and intensity of MHW events has triggered widespread concern, coinciding as
they do with the Earth’s rising temperature (Oliver et al 2018, 2019). This striking trend requires a nuanced
understanding of the multifaceted factors driving these phenomena. The complex dynamics of MHWS
encompass a confluence of contributing variables, such as atmosphere circulation (Chen et al 2014, 2015),
air-sea interactions (Schlegel et al 2021), ocean circulations (Elzahaby et al 2021, Ren and Liu 2021), climate
variability (Oliver et al 2018, Holbrook et al 2019, Ren et al 2023), Arctic amplification (Song et al 2023) and
anthropogenic climate change (Frolicher et al 2018, Oliver 2019, Oliver et al 2021, Barkhordarian et al 2022).

© 2024 The Author(s). Published by IOP Publishing Ltd
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Nevertheless, a gap exists in our comprehension on how individual anthropogenic perturbations, more
specifically, anthropogenic greenhouse gases (GHGs) and aerosols (Wang et al 2016, Li et al 2023) shape the
characteristics of MHWs. From the perspective of extreme values theory, it is apparent that GHG warming or
aerosol cooling can effectively shift the mean of global SST probability distribution and hence alter the tails
or the statistics of climate extremes such as MHWs (Oliver 2019, Xu et al 2022). Besides shifting the mean, it
remains unclear if anthropogenic GHGs and aerosols alter the shape of the probability distribution. To tackle
this scientific question, we examine the MHWs in climate model simulations driven by all anthropogenic
and natural forcings, as well as by anthropogenic GHGs in isolation and anthropogenic aerosols in isolation,
during the historical period from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The rest of
this paper is structured as follows: The second section will provide a detailed introduction to the observations
and model simulations used in the study, as well as the detection method for MHWs. The third section will
present the main research results. The fourth section will conclude the study and discuss the results.

2. Materials and methods

2.1. Observations and model simulations

For the analysis of observed MHW:s over global oceans (between 60° S and 60° N), we utilize the Daily
Optimum Interpolation SSTs version 2.1 dataset provided by the National Oceanic and Atmospheric
Administration (Reynolds et al 2007, Banzon et al 2016, Huang et al 2021). This dataset offers a spatial
resolution of 0.25° x 0.25° and covers the period from September 1, 1981. Our examination of observed
MHWs spans from 1982 to 2020, encompassing a comprehensive 39 yr time frame.

In addition to observations, we use data from 10 CMIP6 fully coupled climate models, which provide
daily SST outputs (table 1). Through these models, we use their historical simulations driven by the historical
variations of various climate forcings, such as anthropogenic GHGs and aerosols. Furthermore, we employ
their single forcing simulations (Gillett et al 2016) solely driven by anthropogenic GHGs (HIST-GHG) or
aerosols (HIST-AER). Here, to be consistent with observations, the period of model simulations we view is
also set as 1982—2020. For simplicity of discussion, this is referred to as ‘HIST". Single forcing experiments
end in 2020 for all the models apart from CESM2 that ends in 2014. The CESM2 single forcing experiments
are extended through 2020 using the corresponding simulations under the Shared Socio-economic Pathway
245 (SSP245) scenario, namely SSP245-GHG or SSP245-AER (table 2). Since the historical simulations of the
10 CMIP6 models end in 2014, we combine their historical simulations (1982—-2014) with their SSP245
simulations during 2015-2020 so as to be consistent with the scenario of their single forcing experiments.
Due to variations in the number of historical and SSP245 simulations for each model, we first calculated the
daily mean SST, then conducted MHW detection.

2.2. Detection of MHWs

To identify MHW events, we apply the definition proposed by Hobday et al (2016). A MHW occurs when a
daily SST surpasses the local daily threshold for at least five consecutive days. Thresholds are defined as the
90th percentile of the daily SST for the corresponding days during the 1982—2020 climatological period. For a
contiguous period of at least five consecutive days, if the SST remains above this threshold, it is classified as a
MHW event within a specific area. If there is a gap of less than three days between two successive periods of
elevated SST, they are considered as a single MHW event. This definition ensures that we capture sustained
and significant deviations from the seasonal SST patterns to identify and analyze MHWs accurately. It is
noteworthy that the daily SST climatology is distinct among the HIST, HIST-GHG and HIST-AER
simulations. For each simulation, the daily SST climatology is calculated. Hence, our methodology
eliminates the effect of mean-state SST differences on MHWs.

For both observations and model simulations, we establish the characteristics of MHWSs in terms of
frequency, duration, and intensity. Frequency refers to the count of events each year, duration signifies the
time interval between the start and end of an event, and intensity represents the peak intensity of each MHW,
which is the highest temperature anomaly over the duration of the event. For MHW frequency, duration, and
intensity, we first calculate the ensemble mean of each model and then compute the multi-model mean
among the ten models to minimize the effects of internal climate variability and model uncertainty on
MHWs.

2.3. Statistical significance tests

The statistical significances of the trends in MHW duration, frequency, and intensity for the multi-model
means of HIST, HIST-AER, and HIST simulations are tested with a 95% confidence level using the
Mann-Kendall non-parametric test. The p-values for the multi-model mean trends are shown in the
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Table 1. The 10 CMIP6 models and their ensemble historical and single forcing simulations used in the current study.

Model HIST HIST-GHG HIST-AER
ACCESS-CM2 r(1-10)ilp1fl r(1-3)ilp1fl r(1-3)ilplfl
ACCESS-ESM1-5 r(1-40)ilp1fl r(1-3)ilplfl r(1-3)ilp1fl
BCC-CSM2-MR r(1-3)ilplfl r(1-3)ilp1fl r(1-3)ilp1fl
CNRM-CM6-1 r(1-30)ilp1f2 r(1-3)ilp1f2 r(1-3)ilp1f2
CESM2 r(1-20)ilp1fl r(1-4)ilp1fl r(1-4)ilp1fl
CanESM5 r(1-20)ilp1fl r(1-10)ilp1fl r(1-10)ilp1fl
HadGEM3-GC31-LL r(1-4)ilplf3 r(1-3)ilplf3 r(1-3)ilplf3
IPSL-CM6A-LR r(1-30)ilp1fl r(1-6)ilp1fl r(1-6)ilp1fl
MRI-ESM2-0 r(1-20)ilp1fl r(1-5)ilp1fl r(1-5)ilp1fl
NorESM2-LM r(1-3)ilp1fl r(1-2)ilp1fl r(1-2)ilp1fl

Table 2. The ten CMIP6 models and their ensemble SSP245 and single forcing simulations over 2015-2020 used in the current study.

Model SSP245 SSP245-GHG SSSP245-AER
ACCESS-CM2 r(1-5)ilp1fl

ACCESS-ESM1-5 r(1-40)ilp1fl

BCC-CSM2-MR rlilplfl

CNRM-CM6-1 r(1-6)ilp1f2

CESM2 r(4,11,10)ilp1fl r(101-103)ilplfl  r(101-103)ilp1fl
CanESM5 r(1-10)ilp1fl

HadGEM3-GC31-LL  r(1-4)ilplfl

IPSL-CM6A-LR r(1-6, 10-15, 22, 25)ilp1fl

MRI-ESM2-0 r(1-5)ilplfl

NorESM2-LM r(1-2)ilplfl

following section. Furthermore, the mean-state differences between HIST-GHG and HIST, as well as
between HIST-AER and HIST, are tested at the 95% confidence level using the Student’s t-test.

3. Results

We start by examining the data from the last 39 years (1982-2020) of global MHW observations. The results
show that the average duration of MHW in most areas is around 14 d, with a frequency of 1.5-2 times a year.
However, long-lived events are evident in the tropical eastern Pacific, which can last for about 40 d. In
contrast to the observed MHW statistics, the CMIP6 historical simulations reveal MHW:s to have a longer
duration, a lower yearly average frequency, and comparatively milder intensity when contrasted with
observations (figure 1). This disparity between model and observation could be explained in part by
differences in daily SST climatology. Observations only have the unique realization of daily SST climatology
(Ren and Liu 2021, Ren et al 2023). The ensemble mean of daily-averaged SST climatology derived from the
CMIP6 model, on the other hand, is used to estimate the MHW attributes of the related model, which may
complicate the isolation of shorter duration MHW events.

While there are differences in the features of MHWSs between the observation and model simulations, our
analysis shows that these differences are negligible (figures 1(c), (f) and (i). This means that model
simulations effectively capture the predominant distribution patterns of MHWSs observed in the global
oceans over the past four decades. Employing an ensemble approach in model simulations assists in
mitigating the influence of climate variability and provides a more accurate representation of climate
warming within the context of daily SST climatology. The model ocean suggests that the most potent and
persistent MHW events predominantly transpire in the eastern tropical Pacific (figure 1(b)) with a lifespan
up to 38 d. MHW events lasting around 30 d are also observed in regions such as the Northeast Pacific,
Southwest Pacific, and select areas of the South Atlantic (figure 1(b)). Short-lived but intense MHW:S are
detected in the western boundary current extension, notably within the Gulf Stream and Kuroshio extension
(Chen et al 2014, Oliver et al 2018), averaging only around 23 d in duration with intensity reaching 3.7 °C
(figure 1(f)).

Next, we compare the MHWs in the HIST-GHG and HIST simulations. If only changes in GHGs are
considered, longer lasting and more intense MHW: are projected to occur more frequently over most of the
globe in the past 39 years (figures 2(a), (c) and (e)). Compared to HIST, MHWs of shorter duration are
expected to occur frequently in the eastern equatorial Pacific (figures 2(b), (d) and (f)), potentially
influenced by the El Nino Southern Oscillation (Holbrook et al 2019, Jacox et al 2022). During El Nino
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Figure 1. (a)—(c) MHW durations of (a) OISST v2.1 and (b) the multi-model ensemble mean of the HIST simulation averaged
over 1982-2020, and (c) the difference between HIST and OISST v2.1(HIST minus OISST v2.1). (d)—(f) Similar to (a)—(c) but for
annual mean MHW frequencies. (g)—(i) Similar to (a)—(c) but for MHW intensity.
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Figure 2. (a) MHW durations for the multi-model ensemble mean of the HIST-GHG simulation and (b) the difference between
the HIST-GHG and HIST simulations (HIST-GHG minus HIST) averaged over 1982-2020. (c), (d) similar to (a), (b) but for
annual mean MHW frequencies. (e), (f) similar to (a), (b) but for MHW intensity.

events, elevated SSTs in the eastern equatorial Pacific result in increased heat release into the atmosphere,
thereby affecting atmospheric circulation. This can lead to prolonged presence of hot air masses over the
ocean, strengthening the formation and duration of MHW:s (Sen Gupta et al 2020). Additionally, the increase

4




10P Publishing Environ. Res.: Climate 3 (2024) 015004 X Ren et al

_HIST-AER

60N 60N

30N 4 30N 4

30S o 30S Sy,

608 +——m——"—"7—"—m—"1"——"T"—""7"—"""T—T—T—T—T—F 60S
90E 120E 150E 180 150W 120W 90W 60W 30W 0 30E 60E 90E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 30E 60E 90E

0 5 10 15 20 25 30 35 40 -16 -8 0 8 16
MHW Duration (day) MHW Duration (days)

(HIST-AER d . HIST-AER minus HIST

60N

30N

30S 1

608 +——T——T—T—T— T T T T
90E 120E 150E 180 150W 120W 90W 60W 30W 0 30E 60E 90E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 30E 60E 90E

0 05 1 15 2 25 3 -08 -04 0 04 08
MHW Frequency (count) MHW Frequency (count)

(HIST-AER

60N

60N

30N 30N

30S 1 30S 1

60S +———T T T T T T —T T T T 60S T T T T T T T T T
90E 120E 150E 180 150W 120W 90W 60W 30W O 30E 60E 90E  90E 120E 150E 180 150W 120W 90W 60W 30W O 30E 60E 90E

0 04 08 12 16 2 -1.2 0.6 0 06 1.2
MHW Intensity (°C) MHW Intensity (°C)

Figure 3. (a) MHW durations for the multi-model ensemble mean of the HIST-AER simulation and (b) the difference between
the HIST-AER and HIST simulations (HIST-AER minus HIST) averaged over 1982-2020. (c), (d) similar to (a), (b) but for
annual mean MHW frequencies. (e), (f) similar to (a), (b) but for MHW intensity.

in GHGs may contribute to more frequent and intense El Nino events (Cai et al 2020). Similarly,
high-frequency MHWs are also found in the southern part of Africa (figure 2(f)), where the variability in
heat flux is closely linked to the Agulhas Return Current (Guo et al 2022).

In comparing global MHWs in HIST-AER and HIST simulations, we find that isolated aerosol forcing
significantly attenuates the intensity of MHWSs on a broad scale, inhibiting their growths (figure 3). In the
HIST-AER experiments, the frequency of MHWs in the eastern equatorial Pacific has markedly declined,
averaging a reduction of 34% compared to historical simulations (figures 3(c) and (d)). Furthermore, there
is a conspicuous decrease in MHW intensity in the mid-latitude ocean areas of the Northern Hemisphere,
especially in parts of the north Pacific and the northwest Atlantic, where the intensity has fallen to one third
of that in the historical simulation (figures 3(e) and (f)). This may be associated with the combined effects of
climatic variabilities such as the North Atlantic Oscillation and the Pacific Decadal Oscillation (Holbrook
et al 2019). The increase in anthropogenic aerosols may cause more solar radiation to be scattered back into
space, reducing incident surface solar radiation, and leading to atmospheric cooling (Dittus et al 2021). This
may have impacts on climate variability, including changes in SST (Wilcox et al 2015).

We further investigate the evolution patterns of global MHWSs under different climate change scenarios
from 1982 to 2020. In the HIST simulation, global MHWs exhibit a significant trend of longer duration
(9.93 £ 3.82 d/decade, p = 0.01), higher frequency (0.28 £ 0.17 count/decade, p = 0.01), and increased
intensity (0.09 £ 0.03 °C/decade, p = 0.01, figure 4, gray line), which is consistent with results from previous
studies (Oliver et al 2018, Holbrook et al 2020b). When only emissions of GHGs are considered, global
MHWs show significant upward trends of duration (10.13 % 2.78 d/decade, p = 0.01), frequency (0.06 = 0.04
count/decade, p = 0.02), and intensity (0.18 = 0.12 °C/decade, p = 0.01) over the past 39 years (figure 4,
orange line). On the contrary, anthropogenic aerosols, if serving as the only climate forcing, would generally
drive very small and insignificant declining trends of global MHW duration (—0.69 £ 0.21 d/decade,

p = 0.25), frequency (—0.01 & 0.01 count/decade, p = 0.37), and intensity (—0.01 £ 0.00 °C/decade,
p = 0.33, figure 4, blue line). The uncertainties in these trends are quantified using 1 standard deviation.

To delve deeper into the effects of individual anthropogenic forcing agents on MHWs, we undertook a
probability density function (PDF) analysis on the global mean SST anomaly. We calculate the daily SST
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Figure 4. Time series of globally (60°S—60°N) averaged MHW (a) duration, (b) annual mean frequency and (c) intensity for the

HIST (multi-model mean, dark gray; inter-model spread, light gray), HIST-GHG (multi-model mean, red; inter-model spread,
light red) and HIST-AER (multi-model mean, blue; inter-model spread, light blue) simulations during 1982—2020.

anomaly PDFs for ten climate model single forcing experiments and historical simulation spanning from
1982 to 2020, based on their respective average climatological states, using an interval of 0.02 °C (figure 5).
Our results demonstrate that anthropogenic forcings, either GHGs or aerosols, significantly alter the
probability of climate extreme events, especially in the changes in the kurtosis of the PDFs. Here, kurtosis
refers to the sharpness of the peak of a distribution or its ‘tailedness’ (the combined weight of the tails relative
to the center), indicating the frequency of outliers. It is calculated as:

k_,lqux’;“ﬂ (1)

where x denotes SST anomaly, k, o, and p denote the kurtosis, standard deviation, and mean of SST anomaly
PDF, and n denotes the sampling number.

According to equation (1), the kurtosis of the PDFs in the HIST-GHG experiment decreases by 1.21
compared to the HIST simulation, extending towards both the lower and upper tails, which implies that
continuous GHG emissions foster the occurrence of climate extremes such as MHWs. While in the
HIST-AER experiment, the PDF curves show a noticeable increase in steepness, with the kurtosis being 1.83
higher compared to the HIST simulation. Referenced to the 90th percentile threshold of the historical
simulation (gray dashed line in figure 5), this change in steepness implies aerosol effects alone inhibit climate
extremes such as MHWs. Note here, according to the strong kurtosis changes, anthropogenic GHGs and
aerosols can also exacerbate and mitigate cold climate extremes (i.e. the left-hand tail of distribution in
figure 5) like marine cold spells (Wang et al 2022, Yao and Wang 2022, Yao et al 2022).
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HIST-GHG and HIST and (b) between HIST-AER and HIST. Stippling indicates where the difference is insignificant at the 95%
confidence level of the Student’s t-test.

Based on the daily SST anomaly PDFs mentioned above, we estimate kurtosis-related warm extremes
using the 99th percentile SST anomalies, which are 3.49 °C, 3.74 °C, and 2.14 °C for the HIST, HIST-GHG,
and HIST-AER simulations, respectively. Therefore, for the temperatures of the warm extremes that can
reach, the kurtosis differences in the HIST-GHG and HIST-AER experiments result in increases of 0.25 °C
and decreases of 1.35 °C relative to the HIST simulation.

On the other hand,

mean-state SST differences exist between HIST-GHG and HIST simulations, as well

as between HIST-AER and HIST simulations. Relative to the HIST simulation, HIST-GHG and HIST-AER
experiment show anomalous global SST warming (figure 6(a)) and cooling (figure 6(b)) from 1982 to 2020,
with the exception of the North Atlantic warming/cooling hole region (Liu et al 2015, 2020, Liu and Fedorov
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Figure 7. SSTA PDF kurtosis of (a) OISST v2.1 and the multi-model ensemble means of the (b) HIST, (c¢) HIST-GHG, and (e)
HIST-AER simulations averaged over 1982—2020. Panels (d) and (f) shows the kurtosis differences (d) between HIST-GHG and
HIST and (f) between HIST-AER and HIST.

2019, Li et al 2023). Such mean-state global SST warming and cooling can cause PDFs to shift by 0.48 °C and
—0.70 °C, respectively. Our findings suggest that the effects of kurtosis on climate extremes are comparable
in magnitude to those caused by mean-state change.

Additionally, we look at the global pattern of kurtosis inferred from daily SST anomaly PDF at each
location over the period 1982-2020 for observation and model simulations. We find that the HIST
simulation can typically well capture the observed feature of large kurtosis in the central and eastern
equatorial Pacific as well as over oceans poleward than 30°N and 30°S (figures 7(a) and (b)). Compared to
the HIST simulation, the HIST-GHG (figures 7(c) and (d)) and HIST-AER experiments (figures 7(e) and
(f)) show smaller and larger kurtosis generally over a global scale, respectively, which is consistent with the
patterns of MHW difference discussed previously (figures 2(b), (d), (f) and 4(b), (d), (f)).

4. Discussions and conclusions

In this study, we identify the distinct roles of anthropogenic GHGs and aerosols on the frequency, intensity,
and duration of global MHW during the past 39 years based on CMIP6 historical simulation and associated
single forcing experiments. We find that anthropogenic GHGs and aerosols can modulate the shape of SST
probability distribution and hence the statistics of MHWSs. When only alterations in GHGs are considered,
the PDF of SST anomaly shows smaller kurtosis and more extended tails than the HIST simulation.
Correspondingly, MHWs display longer duration, larger frequency, and intensity over a global scale. On the
other hand, under the scenario that is driven only by human-induced aerosols, the PDF of SST anomaly
shows large kurtosis and less extended tails than the real-world case, and accordingly, global MHWs
commonly happen less frequently with smaller intensity and shorter durations over the past 39 years. We also
discover that the magnitude of kurtosis’s effects on climate extremes is comparable to that of mean-state
change.

Our study highlights the profound effects of anthropogenic GHGs and aerosols on global MHWs, which
are far beyond the perception that they simply act to shift the SST probability distribution by modifying
mean-state SST as a consequence of GHG warming and aerosol cooling. Our results are critically important
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for predicting future MHW events and formulating effective strategies for marine resource management and
climate adaptation. However, since daily outputs of surface heat flux, ocean advection and diffusion are not
available in the CMIP6 archives, we are unable to conduct oceanic mixed-layer heat budget analysis on a
daily scale to elucidate the physical mechanisms for GHG- and aerosol-driven MHWs. We will leave this for
future studies. Furthermore, many other human-induced climate change factors, such as stratospheric ozone
depletion and tropospheric ozone increase (Liu et al 2022), could influence the characteristics of global
MHW. These also require further consideration in future research.

Data availability statement

OISST v2.1 data are publicly available at: https://www.ncei.noaa.gov/products/optimum-interpolation-sst.
The data that support the findings of this study are openly available at the following URL/DOL: https://
esgf-node.llnl.gov/search/cmip6/.

Acknowledgments

This work is supported by grants to W L from U.S. NSF (AGS-2053121, OCE-2123422 and AGS-2237743).
W Land RJ A are supported by U.S. NSF AGS-2153486. W L is also supported by the Hellman Fellows Fund
as a Hellman Fellow.

Conflict of interest

The authors declare no competing financial interests.

ORCID iDs

Xianglin Ren ® https://orcid.org/0009-0003-4276-1051
Robert J Allen ® https://orcid.org/0000-0003-1616-9719

References

Amaya D J, Miller A J, Xie S and Kosaka Y 2020 Physical drivers of the summer 2019 North Pacific marine heatwave Nat. Commun. 11

Banzon V, Smith T M, Chin T M, Liu C and Hankins W 2016 A long-term record of blended satellite and in situ sea-surface temperature
for climate monitoring, modeling and environmental studies Earth Syst. Sci. Data 8 165-76

Barkhordarian A, Nielsen D M and Baehr J 2022 Recent marine heatwaves in the north Pacific warming pool can be attributed to rising
atmospheric levels of greenhouse gases Commun. Earth Environ. 3 131

Bond N A, Cronin M E, Freeland H and Mantua N 2015 Causes and impacts of the 2014 warm anomaly in the NE Pacific Geophys. Res.
Lett. 42 3414-20

Cai W, Ng B, Geng T, Wu L, Santoso A and McPhaden M ] 2020 Butterfly effect and a self-modulating El Nino response to global
warming Nature 585 68-73

Chen K, Gawarkiewicz G G, Lentz S J and Bane ] M 2014 Diagnosing the warming of the northeastern U.S. coastal ocean in 2012: a
linkage between the atmospheric jet stream variability and ocean response J. Geophys. Res. 119 218-27

Chen K, Gawarkiewicz G, Kwon Y O and Zhang W G 2015 The role of atmospheric forcing versus ocean advection during the extreme
warming of the northeast US continental shelf in 2012 J. Geophys. Res. 120 4324-39

Chen Z, ShiJ and Li C 2021a Two types of warm blobs in the Northeast Pacific and their potential effect on the El Nino Int. J. Climatol.
41 2810-27

Chen Z, Shi ], Liu Q Y, Chen H and Li C 2021b A persistent and intense warm blob event in Northeast Pacific during 2019-2020
Geophys. Res. Lett. 48 €2021GL093239

Di Lorenzo E and Mantua N 2016 Multi-year persistence of the 2014/15 North Pacific marine heatwave Nature Clim Change
6 1042-1047

Dittus A J, Hawkins E, Robson J I, Smith D M and Wilcox L J 2021 Drivers of Recent North Pacific Decadal Variability: The Role of
Aerosol Forcing Earth's Future 9

Eakin C M, Sweatman H P A and Brainard R E 2019 The 2014-2017 global-scale coral bleaching event: insights and impacts Coral Reefs
38 539-45

Elzahaby Y, Schaeffer A, Roughan M and Delaux S 2021 Oceanic circulation drives the deepest and longest marine heatwaves in the east
Australian current system Geophys. Res. Lett. 48 ¢2021GL094785

Frolicher T L, Fischer E M and Gruber N 2018 Marine heatwaves under global warming Nature 560 360—4

Garrabou J, Coma R, Bensoussan N, Bally M, Chevaldonné P, Cigliano M and Cerrano C 2009 Mass mortality in northwestern
Mediterranean rocky benthic communities: effects of the 2003 heat wave Glob. Change Biol. 15 1090-103

Gillett N P, Shiogama H, Funke B, Hegerl G, Knutti R, Matthes K, Santer B D, Stone D and Tebaldi C 2016 The detection and attribution
model intercomparison project (DAMIP v1.0) contribution to CMIP6 Geosci. Mod. Dev. 9 3685-97

Guo X et al 2022 Threat by marine heatwaves to adaptive large marine ecosystems in an eddy-resolving model Nat. Clim. Change
12 179-86

Hobday A J et al 2016 A hierarchical approach to defining marine heatwaves Prog. Oceanogr. 141 227-38

Holbrook N J et al 2019 A global assessment of marine heatwaves and their drivers Nat. Commun. 10 2624

Holbrook N J, Claar D C, Hobday A J, McInnes K L, Oliver E C J, Gupta A S and Zhang X 2020a ENSO-driven ocean extremes and their
ecosystem impacts El Nino Southern Oscillation in a Changing Climate (American Geophysical Union) pp 409-28

9


https://www.ncei.noaa.gov/products/optimum-interpolation-sst%E2%80%8C
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
https://orcid.org/0009-0003-4276-1051
https://orcid.org/0009-0003-4276-1051
https://orcid.org/0000-0003-1616-9719
https://orcid.org/0000-0003-1616-9719
https://doi.org/10.1038/s41467-020-15820-w
https://doi.org/10.5194/essd-8-165-2016
https://doi.org/10.5194/essd-8-165-2016
https://doi.org/10.1038/s43247-022-00461-2
https://doi.org/10.1038/s43247-022-00461-2
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1038/s41586-020-2641-x
https://doi.org/10.1038/s41586-020-2641-x
https://doi.org/10.1002/2013JC009393
https://doi.org/10.1002/2013JC009393
https://doi.org/10.1002/2014JC010547
https://doi.org/10.1002/2014JC010547
https://doi.org/10.1002/joc.6991
https://doi.org/10.1002/joc.6991
https://doi.org/10.1029/2021GL093239
https://doi.org/10.1029/2021GL093239
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1029/2021EF002249
https://doi.org/10.1007/s00338-019-01844-2
https://doi.org/10.1007/s00338-019-01844-2
https://doi.org/10.1029/2021GL094785
https://doi.org/10.1029/2021GL094785
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.1111/j.1365-2486.2008.01823.x
https://doi.org/10.5194/gmd-9-3685-2016
https://doi.org/10.5194/gmd-9-3685-2016
https://doi.org/10.1038/s41558-021-01266-5
https://doi.org/10.1038/s41558-021-01266-5
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1016/j.pocean.2015.12.014
https://doi.org/10.1038/s41467-019-10206-z
https://doi.org/10.1038/s41467-019-10206-z
https://doi.org/10.1002/9781119548164.ch18

10P Publishing

Environ. Res.: Climate 3 (2024) 015004 X Ren et al

Holbrook N J, Sen Gupta A, Oliver E C ], Hobday A J, Benthuysen ] A, Scannell H A, Smale D A and Wernberg T 2020b Keeping pace
with marine heatwaves Nat. Rev. Earth Environ. 1 482-93

Huang B, Liu C, Banzon V, Freeman E, Graham G, Hankins B, Smith T and Zhang H 2021 Improvements of the Daily Optimum
Interpolation Sea Surface Temperature (DOISST) Version 2.1 J. Clim. 34 2923-39

Hughes T P et al 2018 Global warming transforms coral reef assemblages Nature 556 492—6

Jacox M G, Alexander M A, Amaya D, Becker E, Bograd S J, Brodie S, Hazen E L, Pozo Buil M and Tommasi D 2022 Global seasonal
forecasts of marine heatwaves Nature 604 486-90

Jacox M G, Alexander M A, Bograd S J and Scott J D 2020 Thermal displacement by marine heatwaves Nature 584 82—86

Kendrick G A et al 2019 A systematic review of how multiple stressors from an extreme event drove ecosystem-wide loss of resilience in
an iconic seagrass community Front. Mar. Sci. 6 455

Li S, Liu W, Allen R J, Shi J-R and Li L 2023 Ocean heat uptake and interbasin redistribution driven by anthropogenic aerosols and
greenhouse gases Nat. Geosci. 16 695-703

Liu W and Fedorov A V 2019 Global impacts of Arctic sea ice loss mediated by the Atlantic meridional overturning circulation Geophys.
Res. Lett. 46 94452

Liu W, Fedorov A 'V, Xie S-P and Hu S 2020 Climate impacts of a weakened Atlantic meridional overturning circulation in a warming
climate Sci. Adv. 6 eaaz4876

Liu W, Hegglin M I, Checa-Garcia R, Li S, Gillett N P, Lyu K, Zhang X and Swart N C 2022 Stratospheric ozone depletion and
tropospheric ozone increases drive Southern Ocean interior warming Nat. Clim. Change 12 365-72

Liu W, Huang B, Thorne P W, Banzon V F, Zhang H M, Freeman E, Lawrimore J, Peterson T C, Smith T M and Woodruff S D 2015
Extended reconstructed sea surface temperature version 4 (ERSST. v4): part II. Parametric and structural uncertainty estimations
J. Clim. 28 931-51

Mills K E et al 2013 Fisheries management in a changing climate Oceanography 26 191-5

Olita A, Sorgente R, Natale S, Gabersek S, Ribotti A, Bonanno A and Patti B 2007 Effects of the 2003 European heatwave on the Central
Mediterranean Sea: surface fluxes and the dynamical response Ocean Sci. 3 273-89

Oliver E CJ et al 2018 Longer and more frequent marine heatwaves over the past century Nat. Commun. 9 1324

Oliver E CJ 2019 Mean warming not variability drives marine heatwave trends Clim. Dyn. 53 16539

Oliver E CJ et al 2019 Projected marine heatwaves in the 21st century and the potential for ecological impact Front. Mar. Sci. 6 734

Oliver E CJ, Benthuysen J A, Darmaraki S, Donat M G, Hobday A J, Holbrook N J, Schlegel R W and Sen Gupta A 2021 Marine
heatwaves Annu. Rev. Mar. Sci. 13 313—42

Pershing A J, Mills K E, Franklin B S, Dayton A M and Kennedy B T 2018 Evidence for adaptation from the 2016 marine heatwave in the
northwest Atlantic Ocean Oceanography 31 152-61

Ren X and Liu W 2021 The role of a weakened Atlantic meridional overturning circulation in modulating marine heatwaves in a
warming climate Geophys. Res. Lett. 48 ¢2021GL095941

Ren X, Liu W, Capotondi A, Amaya D and Holbrook N 2023 The Pacific decadal oscillation modulated marine heatwaves in the
northeast Pacific during past decades Commun. Earth Environ. 4 218

Reynolds R W, Smith T M, Liu C, Chelton D B, Casey K S and Schlax M G 2007 Daily high-resolution-blended analyses for sea surface
temperature J. Clim. 20 5473-96

Sanford E, Sones J L, Garcia-Reyes M, Goddard ] H R and Largier J L 2019 Widespread shifts in the coastal biota of northern California
during the 2014-2016 marine heatwaves Sci. Rep. 9 4216

Schlegel R W, Oliver E C J and Chen K 2021 Drivers of marine heatwaves in the northwest Atlantic: the role of air—sea interaction during
onset and decline Front. Mar. Sci. 8 627970

Sen Gupta A et al 2020 Drivers and impacts of the most extreme marine heatwave events Sci. Rep. 10 19359

ShiJ, Tang C, Liu Q, Zhang Y, Yang H and Li C 2022 Role of mixed layer depth in the location and development of the northeast Pacific
warm blobs Geophys. Res. Lett. 49 €2022GL098849

Smale D A et al 2019 Marine heatwaves threaten global biodiversity and the provision of ecosystem services Nat. Clim. Chang. 9 306—12

Song S-Y, Yeh S-W, Kim H and Holbrook N J 2023 Arctic warming contributes to increase in northeast Pacific marine heatwave days
over the past decades Commun. Earth Environ. 4 25

Wang H, Xie S-P and Liu Q 2016 Comparison of climate response to anthropogenic aerosol versus greenhouse gas forcing: distinct
patterns J. Clim. 29 5175-88

Wang Y, Kajtar ] B, Alexander L V, Pilo G S and Holbrook N J 2022 Understanding the changing nature of marine cold-spells Geophys.
Res. Lett. 49 €2021GL097002

Wilcox L J, Highwood E J, Dunstone N J and Smith D M 2015 The influence of anthropogenic aerosol on multi-decadal variations of
historical global climate Environ. Res. Lett. 10 094022

Xu T, Newman M, Capotondi A, Stevenson S, Di Lorenzo E and Alexander M A 2022 An increase in marine heatwaves without
significant changes in surface ocean temperature variability Nat. Commun. 13 7396

Yao Y and Wang C 2022 Marine heatwaves and cold-spells in global coral reef zones Prog. Oceanogr. 209 102920

Yao Y, Wang C and Fu Y 2022 Global marine heatwaves and cold-spells in present climate to future projections Earth’s Future
10 e2022EF002787

10


https://doi.org/10.1038/s43017-020-0068-4
https://doi.org/10.1038/s43017-020-0068-4
https://doi.org/10.1175/JCLI-D-20-0166.110.1175/JCLI-D-20-0166.s1
https://doi.org/10.1175/JCLI-D-20-0166.110.1175/JCLI-D-20-0166.s1
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41586-022-04573-9
https://doi.org/10.1038/s41586-022-04573-9
https://doi.org/10.1038/s41586-020-2534-z
https://doi.org/10.1038/s41586-020-2534-z
https://doi.org/10.3389/fmars.2019.00455
https://doi.org/10.3389/fmars.2019.00455
https://doi.org/10.1038/s41561-023-01219-x
https://doi.org/10.1038/s41561-023-01219-x
https://doi.org/10.1029/2018GL080602
https://doi.org/10.1029/2018GL080602
https://doi.org/10.1126/sciadv.aaz4876
https://doi.org/10.1126/sciadv.aaz4876
https://doi.org/10.1038/s41558-022-01320-w
https://doi.org/10.1038/s41558-022-01320-w
https://doi.org/10.1175/JCLI-D-14-00007.1
https://doi.org/10.1175/JCLI-D-14-00007.1
https://doi.org/10.5670/oceanog.2013.27
https://doi.org/10.5670/oceanog.2013.27
https://doi.org/10.5194/os-3-273-2007
https://doi.org/10.5194/os-3-273-2007
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1007/s00382-019-04707-2
https://doi.org/10.1007/s00382-019-04707-2
https://doi.org/10.3389/fmars.2019.00734
https://doi.org/10.3389/fmars.2019.00734
https://doi.org/10.1146/annurev-marine-032720-095144
https://doi.org/10.1146/annurev-marine-032720-095144
https://doi.org/10.5670/oceanog.2018.213
https://doi.org/10.5670/oceanog.2018.213
https://doi.org/10.1029/2021GL095941
https://doi.org/10.1029/2021GL095941
https://doi.org/10.1038/s43247-023-00863-w
https://doi.org/10.1038/s43247-023-00863-w
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.1038/s41598-019-40784-3
https://doi.org/10.1038/s41598-019-40784-3
https://doi.org/10.3389/fmars.2021.627970
https://doi.org/10.3389/fmars.2021.627970
https://doi.org/10.1038/s41598-020-75445-3
https://doi.org/10.1038/s41598-020-75445-3
https://doi.org/10.1029/2022GL098849
https://doi.org/10.1029/2022GL098849
https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.1038/s41558-019-0412-1
https://doi.org/10.1038/s43247-023-00683-y
https://doi.org/10.1038/s43247-023-00683-y
https://doi.org/10.1175/JCLI-D-16-0106.1
https://doi.org/10.1175/JCLI-D-16-0106.1
https://doi.org/10.1029/2021GL097002
https://doi.org/10.1029/2021GL097002
https://doi.org/10.1088/1748-9326/8/2/024033
https://doi.org/10.1088/1748-9326/8/2/024033
https://doi.org/10.1038/s41467-022-34934-x
https://doi.org/10.1038/s41467-022-34934-x
https://doi.org/10.1016/j.pocean.2022.102920
https://doi.org/10.1016/j.pocean.2022.102920
https://doi.org/10.1029/2022EF002787
https://doi.org/10.1029/2022EF002787

	Distinct anthropogenic greenhouse gas and aerosol induced marine heatwaves
	1. Introduction
	2. Materials and methods
	2.1. Observations and model simulations
	2.2. Detection of MHWs
	2.3. Statistical significance tests

	3. Results
	4. Discussions and conclusions
	References


