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Abstract: Marine heatwaves (MHWs) can significantly impact marine ecosystems and socio-
economic systems, and their severity may increase with global warming. Nevertheless,
research on the onset and decline rates of MHWs remains limited, and their historical
and future variations are not yet fully understood. This study, therefore, analyzes the
spatiotemporal characteristics of MHW onset and decline rates by using historical and
future sea surface temperature data from OISSTv2.1 and CMIP6. The results indicate that
during the historical period from 1982 to 2014, MHW onset and decline rates were higher
in eddy-active mid-latitude current systems and the western tropical region but lower in
subtropical gyres. A remarkably high correlation (0.94) exists between the onset and decline
rates; regions with higher onset rates also tend to have higher decline rates. Approximately
49.69% of the global ocean exhibits an increasing trend in MHW onset rates, with significant
increases observed in the Eastern Equatorial Pacific. Meanwhile, 92.87% of oceanic regions
exhibit an increase in decline rates. Looking ahead to the future (2015~2100), both the
SSP245 and SSP585 scenarios display consistent spatial patterns of MHW onset and decline
rates. The Kuroshio-Oyashio Extension, Gulf Stream, Antarctic Circumpolar Current, and
Brazil-Malvinas Confluence regions exhibit relatively higher onset and decline rates. Under
the SSP585 scenario, both the onset and decline rates of MHWs are higher than those under
the SSP245 scenario. This indicates that as global warming intensifies, more extreme MHWs
are likely to occur. This finding indicates that it is necessary to pay attention to the rate of
global warming when mitigating its potential impacts.

Keywords: marine heatwaves; onset and decline rates; future projection; CMIP6

1. Introduction
Global climate change, particularly rising seawater temperatures, is having a profound

impact on marine living ecosystems (hereafter referred to as marine ecosystems) [1–6] and
is expected to intensify as human activities continue [7]. A key consequence of this warming
trend is the increase in extreme events like marine heatwaves (MHWs). MHWs are defined
by anomalously elevated sea surface temperatures (SSTs). Given their significant and
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often destructive impacts on marine ecosystems, MHWs have swiftly emerged as a crucial
research topic in physical oceanography, as their increasing frequency and intensity pose
growing threats to marine life [8–13]. Since 1925, the frequency of MHWs has risen by 34%,
their duration has increased by 17%, and the total number of days has grown by 54% [14].
Projections indicate that by the end of the 21st century, both the frequency and duration of
MHWs will continue to rise, with more than 50% of the ocean potentially experiencing a
permanent MHW state [15–19].

MHWs are a powerful disturbance factor with widespread impacts on marine ecosys-
tems, including shifts in species distribution, large-scale biological mortality, and changes
to food web dynamics and species interactions [20–26]. One of the most well-documented
effects of MHWs is coral reef degradation. Between 2014 and 2017, prolonged and de-
structive MHWs affected over half of the world’s coral reef areas [27,28]. For instance, the
MHWs around the Great Barrier Reef from 2016 to 2017 caused widespread coral bleaching,
leading to significant coral mortality [29]. Similarly, in the Caribbean, MHWs coincided
with coral bleaching events [30]. These events not only result in the loss of coral cover but
also disrupt the delicate ecological balance of coral reefs, impacting species that depend on
these habitats for food, shelter, and reproduction.

MHWs trigger coral bleaching by causing the expulsion of symbiotic dinoflagel-
lates (zooxanthellae), which are essential for coral health [31–34]. The elevated tempera-
tures during MHWs can exceed corals’ thermal tolerance, leading to rapid mortality from
overheating [35]. Prolonged coral bleaching usually results in coral death, leading to ecosys-
tem degradation and biodiversity loss [36]. Additionally, MHWs often cause significant
changes in species distribution, composition shifts, and ecosystem restructuring [37–39].
The loss of coral reef complexity directly reduces biodiversity and species richness, with
broader impacts on fisheries and tourism. In summary, frequent and intense MHWs dis-
rupt marine ecosystems, weaken key ecosystem services, and result in socio-economic
consequences [4].

Previous studies have used “degree heating weeks” (DHW) to describe accumulated
thermal stress intensity [40,41]. However, DHW fails to accurately capture intense and
abrupt MHWs, which can cause severe coral bleaching. The same DHW value can lead to
different coral bleaching responses. Research shows that for some species, the warming
rate from onset to peak has a greater influence on bleaching severity than DHW [42–44]. In
an experiment by Sahin et al. [45], two MHW warming rates—slow (0.5 ◦C/day) and rapid
(1 ◦C/day)—were simulated. The study found that rapidly warming MHWs had a more
significant negative impact on staghorn corals. Additionally, the onset and decline rates of
MHWs affect the persistence and recovery of marine organisms post-event [46,47], as well
as community composition [48,49]. In summary, understanding these rates is essential for
evaluating the full impact of MHWs on marine ecosystems and for developing effective
management strategies.

Current research on MHWs primarily focuses on characteristics such as frequency,
duration, intensity, cumulative intensity, and cumulative days [50–52]. However, the
onset and decline rates of MHWs can have distinct effects on marine organisms [45,53],
making it essential to quantify both historical patterns and future trends. Understanding
the magnitude and spatial distribution of MHW onset and decline rates is essential for
assessing potential ecological risks, guiding effective marine conservation and management
strategies, and supporting informed climate-related decision-making. By comprehensively
quantifying these rates across the global oceans, this study aims to enhance our understand-
ing of MHW dynamics and explore the possible mechanisms and impacts of these rates in
a changing climate.
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This study is structured as follows: Section 2 details the data and methods, including
the use of OISSTV2.1 and CMIP6 model data, as well as the definitions of MHWs and their
onset and decline rates. Section 3 presents the research results, highlighting the spatial
distribution and variation in MHW onset and decline rates during the historical period,
followed by projections for future trends. These projections are essential for understanding
the potential evolution of MHWs. Section 4 presents the discussion, while Section 5
provides a summary of the key findings.

2. Materials and Methods
2.1. OISST V2.1

In this study, the NOAA Optimum Interpolation Sea Surface Temperature product,
Version 2.1 (OISST V2.1), is used for MHW detection. With a spatial resolution of 1/4◦ and
daily temporal resolution, OISST V2.1 integrates observations from multiple platforms,
including satellites, ships, buoys, and Argo floats [54,55]. The dataset, spanning from 1
September 1981 to the present, has been extensively used in both regional and global MHW
studies [14,17,18,56–67] and has been repeatedly validated for MHW-related research. In
this research, OISST V2.1 data is used to identify MHWs during the historical period from
1982 to 2014.

2.2. CMIP6

In this study, CMIP6 (Coupled Model Intercomparison Project Phase 6) multi-model
data is used to assess future trends in MHW onset and decline rates. CMIP6 is a crucial
platform for global climate simulation, utilizing multiple climate models to predict future
changes in the atmosphere, oceans, and ice sheets [56,68–74]. The data integrates Repre-
sentative Concentration Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs) to
enable more realistic future scenario simulations [75]. For this study, we focus on two sce-
narios: SSP245 (moderate future emission) and SSP585 (high future emission) to represent
moderate and high warming pathways, respectively [76]. The simulations span from 2015
to 2100.

To ensure consistent MHW detection, we use the historical simulation data (1982~2014)
as a baseline for identifying MHWs in the future period (2015~2100). All data are interpo-
lated onto a 0.5◦ × 0.5◦ grid. Given the variability in CMIP6 model performance for MHW
detection [16,17], careful model selection is essential. In this study, we adopt the models
used by Yao and Wang [63] (Table 1), whose research shows that the data from these four
models can well simulate the future changes in MHWs to detect future MHWs and analyze
their onset and decline rates.

Table 1. CMIP6 Model Data Used in This Study.

Model Institution (Country) Mean
Resolution (km)

Grid Number
(Lon × Lat)

AWI-CM-1-1-MR AWI (Germany) 25 unstructured grid
GFDL-CM4 NOAA-GFDL (USA) 25 1440 × 1080
GFDL-ESM4 NOAA-GFDL (USA) 50 720 × 576

MPI-ESM1-2-HR DKRZ (Germany) 50 802 × 404

2.3. Definition and Characteristics of Marine Heatwaves

This study uses the MHW definition and related characteristic calculations proposed
by Hobday et al. [43] to analyze MHWs. An MHW is identified when the daily SST exceeds
the 90th percentile of the climate state for at least five consecutive days. If the gap between
two events is no more than two days, they are considered a continuous MHW. The 90th
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percentile climate threshold is determined as follows: Using SST data from 1982 to 2014,
SSTs are ranked within an 11-day window centered on each day (ignoring the year), and the
SST at the 90th percentile of this distribution is selected. These values are then smoothed
with a 31-day sliding average to obtain the final threshold [19,43,56]. The climate state
threshold is calculated as the average SST within an 11-day window centered on the target
day, using data from 1982 to 2014, and smoothed with a 31-day sliding average.

The onset rate of MHWs represents the change in intensity from the start until the
peak, while the decline rate describes the intensity change from the peak to the end of the
event (Figure 1). These rates are defined based on the day before the MHW exceeds the
threshold at the onset and the day after it falls below the threshold at the end, rather than
the first and last days of the event. The calculation formula is as follows:

Ronset =
Imax − (T(ts−1)− Tm(ts−1))

tmax − ts−1
(1)

Rdecline =
Imax − (T(te+1)− Tm(te+1))

te+1 − tmax
(2)
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Figure 1. Schematic of marine heatwave onset/decline rate definition. The blue curve represents the
climatological threshold, the magenta dashed line indicates the threshold for marine heatwaves, and
the black curve shows the sea surface temperature. The green and red X marks denote the start and
end times of the marine heatwave, respectively.

In this context, Imax represents the maximum intensity of the MHW, which occurs at
time tmax, T(ts−1) and T(te+1) are the SSTs on the day before the onset of MHW (ts−1) and
the day after the end of MHW (te+1), respectively Tm(t) represents the climate temperature
on day t. To clarify how MHW onset and decline rates are calculated, Figure 1 shows the
features of a MHW at an arbitrary grid point (62.875◦E, 62.625◦N) from 24 April (t0) to 29
April 1983 (t5). This event lasted for 6 days, with a maximum intensity of 1.03 ◦C, an onset
rate of 0.22 ◦C/day, and a decline rate of 0.13 ◦C/day.



Remote Sens. 2025, 17, 1362 5 of 20

3. Results
3.1. Spatial Distribution of Marine Heatwave Onset and Decline Rates in Historical Periods

Figure 2 illustrates the global spatial distribution of MHW onset and decline rates
during the 1982–2014 historical period. The overall pattern closely aligns with previous
studies using 1982–2018 data [53]. Both onset (Figure 2a) and decline rates (Figure 2b)
are higher in eddy-active mid-latitude current systems such as the KOE, GS, BMC, ACC,
and WTP. In contrast, lower values are observed in the subtropical gyres, including the
NPG, NAG, SIG, SPG, and SAG. Please refer to the Abbreviations Section for the meanings
of these abbreviations. Notably, the spatial patterns of MHW onset and decline rates are
highly similar, with a spatial correlation of 0.94, indicating that areas with high (or low)
onset rates tend to have correspondingly high (or low) decline rates.
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Figure 2. Spatial distribution of the onset/decline rates of MHWs during the historical period
(1982~2014). Panel (a) shows the onset rate distribution, while panel (b) presents the decline rate
distribution. The abbreviations in the figure represent the following regions: WTP (western tropi-
cal oceans: 50–200◦E, 12◦S–12◦N), subtropical gyres (including the North Pacific gyre: 160–230◦E,
15–30◦N; North Atlantic gyre: 290–330◦E, 15–33◦N; Southern Indian Ocean gyre: 45–105◦E, 35–15◦S;
South Pacific gyre: 220–280◦E, 35–2◦S; South Atlantic gyre: 325–358◦E, 25–2◦S), and mid-latitude
main current systems (including the Kuroshio-Oyashio Extension: 140–205◦E, 33–49◦N; Gulf Stream:
290–330◦E, 35–50◦N; Brazil-Malvinas Confluence: 300–355◦E, 52–35◦S; Antarctic Circumpolar Cur-
rent: shifting polewards linearly from 55–38◦S at 5◦E to 65–50◦S at 260◦E).

In contrast to the study by Oliver et al. [14], the spatial distribution of MHW onset and
decline rates shows a strong consistency with the patterns of MHW intensity and duration.
For example, in eddy-energy-rich regions such as the mid-latitude main current systems
(KOE, GS, BMC, and ACC), higher MHW intensity and shorter durations coincide with
rapid onset and decline rates. This suggests that in these regions, sea-surface heat is quickly
introduced and dissipated through air-sea exchanges, or the residence time of warm waters
is relatively brief. This is particularly true for western boundary current systems, where
previous studies have shown that enhanced advection causes warmer eddies to move
rapidly, leading to the swift onset and decline of MHWs [53,77].

The average onset rate of MHWs is 0.21 ± 0.22 ◦C/day, while the average decline rate
is 0.18 ± 0.19 ◦C/day. Globally, the 95th percentile onset and decline rates are 0.68 ◦C/day
and 0.56 ◦C/day, respectively. In terms of probability, approximately 90.47% of onset rates
and 93.53% of decline rates fall between 0 and 0.50 ◦C/day. Notably, the onset rate tends to
be higher than the decline rate, indicating that MHWs generally develop more rapidly than
they dissipate.

During the historical period, regions where the decline rate exceeds the onset rate
account for only 26.83% of the global area, primarily in the northwestern Pacific marginal
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seas (e.g., Sea of Japan, Bohai Sea, Yellow Sea, East China Sea, South China Sea) and
the Mediterranean. The highest onset and decline rates, 0.69 ◦C/day and 0.64 ◦C/day,
respectively, are observed in the GS. Based on the laboratory findings of Sahin et al. [45],
the rapid onset and intensification of MHWs in the Gulf Stream may result in more severe
consequences for marine ecosystems compared to other regions, potentially leading to
disruptions in fisheries and coastal tourism industries in the region.

Figure 3 presents boxplots of MHW onset and decline rates across ten representative
oceanic regions from 1982 to 2014. In all regions, the onset rate is generally faster than
the decline rate. The WTP region shows the largest difference, with average and median
onset rates of 0.29 ◦C/day and 0.22 ◦C/day, respectively, while the average and median
decline rates are 0.24 ◦C/day and 0.18 ◦C/day, 0.05 ◦C/day and 0.04 ◦C/day lower than
the onset rates. In contrast, the SIG region has the smallest difference, with average and
median onset rates of 0.21 ◦C/day and 0.15 ◦C/day, and average and median decline rates
of 0.20 ◦C/day and 0.14 ◦C/day, showing only a 0.01 ◦C/day difference. This suggests a
nearly symmetric onset and decline process in the SIG region, indicating that future MHW
decay can be symmetrically forecast based on its development. Table 2 provides the specific
values for MHW onset and decline rates in these ten regions.
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Figure 3. Boxplots of the onset/decline rates of MHWs during the historical period (1982~2014),
where the red boxplots represent the onset rates, and the blue boxplots represent the decline rates.
The rectangular areas indicate the interquartile range (from the 25th to the 75th percentile), with
the horizontal line inside the rectangle representing the median. The dashed lines above and below
the rectangle indicate the range of one standard deviation. The red, green, and blue shaded areas
represent tropical regions, subtropical gyres, and mid-latitude main current systems, respectively.
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Table 2. Typical Values of Marine Heatwave Onset and Decline Rates in Representative Regions
during the Historical Period (1982~2014) *.

Region Max
(◦C/day)

Min
(◦C/day)

Mean
(◦C/day)

Median
(◦C/day)

First
Quartile
(◦C/day)

Third
Quartile
(◦C/day)

WTP
3.79 1.50 × 10−4 0.29 0.22 0.13 0.38
3.36 4.97 × 10−4 0.24 0.18 0.11 0.30

NPG
3.18 3.69 × 10−3 0.21 0.14 0.08 0.25
3.27 6.41 × 10−4 0.18 0.13 0.08 0.22

NAG
3.26 5.76 × 10−4 0.22 0.15 0.08 0.26
3.54 7.62 × 10−5 0.20 0.14 0.08 0.25

SIG
3.50 3.70× 10−3 0.21 0.15 0.09 0.25
5.19 1.84 × 10−3 0.20 0.14 0.09 0.24

SPG
4.82 2.48 × 10−4 0.20 0.14 0.08 0.25
2.98 9.19 × 10−5 0.17 0.12 0.07 0.21

SAG
2.75 2.82 × 10−3 0.18 0.12 0.07 0.21
2.59 1.86 × 10−3 0.16 0.12 0.07 0.20

KOE
4.35 1.33 × 10−4 0.32 0.22 0.12 0.40
4.62 2.37 × 10−4 0.27 0.19 0.11 0.34

GS
4.68 4.05 × 10−3 0.32 0.22 0.13 0.40
7.08 3.51× 10−3 0.29 0.21 0.12 0.36

BMC
3.83 4.03 × 10−4 0.30 0.21 0.12 0.38
6.33 4.20 × 10−4 0.24 0.17 0.10 0.30

ACC
4.50 2.21 × 10−4 0.25 0.17 0.097 0.32
5.61 5.36 × 10−7 0.20 0.14 0.082 0.25

* The red shaded area corresponds to the marine heatwave onset rate values, while the blue shaded area
corresponds to the marine heatwave decline rate values.

3.2. Spatiotemporal Distribution of Changes in Onset and Decay Rates of Marine Heatwaves
During the Historical Period

Figure 4 shows the spatial distribution of trends in the onset and decline rates of
MHWs from 1982 to 2014. For the onset rate (Figure 4a), 49.69% of the global ocean exhibits
an increasing trend, with an average value of 4.34 × 10−6 ± 1.30 × 10−3 ◦C/day/decade.
The large standard deviation relative to the mean indicates that the trend in MHW onset
rates is not significant in many regions. Statistically significant trends at the 95% confidence
level are mainly concentrated in the Eastern Equatorial Pacific Ocean. The most pronounced
increasing trends are observed in the Eastern Equatorial Pacific, Northeast Pacific, WTP,
Tropical Atlantic, GS, and BMC, suggesting that MHWs in these areas are beginning
more rapidly.

When compared to the high-value regions of MHW onset rates in Figure 2a, there
is not a complete overlap with areas showing increasing trends. Regions such as the GS,
BMC, WTP, and Tropical Atlantic exhibit both high onset rates and significant positive
trends, making them potential hotspots for future MHW events. In contrast, the northern
Atlantic and ACC regions show a clear decline in MHW onset rates over time. When
it comes to the decline rate of MHWs (Figure 4b), its spatial distribution is markedly
different from that of the onset rate. The global average trend of the decline rate is
6.61 × 10−4 ± 4.72 × 10−4 ◦C/day/decade. Impressively, 92.87% of oceanic regions ex-
hibit positive decline rates. This indicates that in the vast majority of these regions, MHWs
have been declining more rapidly over the historical period.
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Figure 4. Spatial distribution of trends in the onset and decline rates of marine heatwaves during the
historical period (1982–2014). Panel (a) shows the trend in onset rates, while panel (b) highlights the
trend in decline rates. The black dotted areas in the figure represent the positions that pass the 95%
confidence level. The data in the figure are smoothed with a 2◦ × 2◦ window.

The historical data reveals a significant difference in the trends of annual average MHW
onset and decline rates, as shown in Figure 5. The onset rate exhibits a clear decreasing
trend (p < 0.01), declining from an average of 0.28 ◦C/day in 1982 to 0.20 ◦C/day in
2014, with an average decrease of 9.71 × 10−3 ± 5.43 × 10−3 ◦C/day/decade. In contrast,
the decline rate shows no significant trend (p = 0.76), with a much smaller decrease of
8.89 × 10−4 ± 45.03 × 10−4 ◦C/day/decade. Despite these differences, the fluctuation in
the decline rate strongly correlates with the onset rate, with a time-correlation coefficient of
0.80. This suggests that years with a faster onset rate also tend to have a faster decline rate.
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Figure 5. Interannual variation trends of the onset and decline rates of marine heatwaves during
the historical period (1982~2014). The red and blue curves represent the globally averaged annual
mean values of the onset and decline rates, respectively, while the red and blue dashed lines show
the linear fit of the interannual variation trends for the onset and decline rates. The trend is estimated
using Sen’s Slope Estimator within the 95% confidence interval, and the significance of the p-values is
assessed using the Mann-Kendall trend test.

Both the onset and decline rates were notably higher during 1982~1984 and in 2000,
which may be linked to the strong El Niño events in those years. These events significantly
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influenced the inter-annual variability of MHW intensity [14]. The mechanisms through
which ENSO affects MHW onset and decline rates remain an important area for future
research, although this will not be addressed in the current study. Meanwhile, the Indian
Ocean Dipole, North Atlantic Oscillation, and other large-scale oscillations may also play a
significant role in influencing these rates [78,79].

3.3. Spatial Distribution Features of MHW Onset and Decline Rates in Future

This study examines changes in MHW onset and decline rates during the future period
(2015~2100) using the ensemble average of the four CMIP6 models recommended by Yao
and Wang [63] (Table 1). Under both the SSP245 (Figure 6a,c) and SSP585 (Figure 6b,d)
scenarios, the spatial patterns of MHW onset and decline rates remain largely consistent.
Regions such as the KOE, GS, ACC, and BMC exhibit significantly higher MHW onset
and decline rates compared to other areas, consistent with historical patterns (Figure 2).
However, compared to the historical period, the spatial extent of high-value regions has
significantly decreased. This change may be due to the ensemble averaging, which reduces
variability and highlights the main trends more clearly.
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Figure 6. Spatial distribution of marine heatwave onset rates (a,b) and decline rates (c,d) under the
SSP245 (a,c) and SSP585 (b,d) scenarios in the future period (2015~2100). The abbreviated markings
in the figure are the same as those in Figure 2.

In the WTP region, which had high MHW onset and decline rates during the historical
period, these rates are significantly lower under both the SSP245 (Figure 6a) and SSP585
(Figure 6b) scenarios. The average onset rate is 0.09 ± 0.01 ◦C/day, and the average
decline rate is 0.09 ± 0.02 ◦C/day (Table 3). In contrast, regions with low MHW onset
and decline rates in the historical period, such as NPG, NAG, SIG, SPG, and SAG, will
maintain similarly low values in the future. Table 3 presents the average values and
standard deviations for the ten sub-regions shown in Figure 6.
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Table 3. Mean Values of Marine Heatwave Onset and Decline Rates in Representative Regions during
the Future Period (2015~2100).

Region SSP245 Onset
(◦C/day)

SSP585 Onset
(◦C/day)

SSP245 Decline
(◦C/day)

SSP585 Decline
(◦C/day)

WTP 0.09 ± 0.01 0.09 ± 0.01 0.09 ± 0.02 0.09 ± 0.02
NPG 0.09 ± 0.02 0.09 ± 0.01 0.08 ± 0.03 0.08 ± 0.03
NAG 0.07 ± 0.02 0.07 ± 0.02 0.07 ± 0.03 0.07 ± 0.03
SIG 0.10 ± 0.01 0.10 ± 0.01 0.11 ± 0.03 0.10 ± 0.03
SPG 0.08 ± 0.03 0.08 ± 0.03 0.08 ± 0.04 0.08 ± 0.03
SAG 0.06 ± 0.01 0.06 ± 0.01 0.06 ± 0.02 0.06 ± 0.02
KOE 0.13 ± 0.05 0.12 ± 0.05 0.14 ± 0.04 0.14 ± 0.04
GS 0.16 ± 0.05 0.15 ± 0.05 0.17 ± 0.05 0.17 ± 0.05

BMC 0.13 ± 0.08 0.13 ± 0.08 0.13 ± 0.07 0.13 ± 0.07
ACC 0.10 ± 0.05 0.10 ± 0.05 0.10 ± 0.04 0.10 ± 0.04

Figure 7a,b shows the differences between MHW onset and decline rates in the future
period, calculated as the onset rate minus the decline rate. The spatial distribution pat-
terns of this difference are nearly identical under both the SSP245 (Figure 7a) and SSP585
(Figure 7b) scenarios, indicating consistent patterns of MHW onset and decline rates across
different warming scenarios. In the equatorial eastern Pacific cold tongue region and along
the coast, a prominent negative value distribution is observed, indicating that the decline
rate exceeds the onset rate, meaning MHWs develop slowly but decay rapidly. In contrast,
a widespread positive distribution is seen in the mid-latitude regions on both sides of the
cold tongue, including the NPG, SPG, SAG, ACC, KOE, and GS areas, where the onset rate
exceeds the decline rate, suggesting that MHWs occur quickly but decay slowly. Under
the SSP245 scenario, negative values (where the onset rate is slower than the decline rate)
account for 56.76% of the grids (Figure 7a). However, in the SSP585 scenario, negative
values represent a smaller proportion, accounting for 49.46% of the grids (Figure 7b).
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Figure 7. Spatial distribution of the difference between marine heatwave onset and decline rates
under different scenarios in the future period (2015~2100). Panels (a,b) show the difference between
onset and decline rates under SSP245/SSP585 scenarios (onset rate minus decline rate). Panels
(c,d) illustrate the difference between onset and decline rates under the SSP585 scenario and the
corresponding SSP245 scenario (SSP585 minus SSP245).
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The differences in future MHW onset rates (Figure 7c) and decline rates (Figure 7d)
under the SSP585 and SSP245 scenarios show that as warming intensifies, future MHWs
become more extreme, with both onset and decline rates accelerating. The rate of change in
MHW dynamics is especially pronounced in regions with high eddy kinetic energy, such as
the KOE, GS, ACC, and BMC, compared to other areas.

3.4. Spatiotemporal Characteristics of Future Trends in MHW Onset and Decline Rates

Figure 8 illustrates the spatial distribution of trends in MHW onset rates (Figure 8a,c) and
decline rates (Figure 8b,d) under the SSP245 (Figure 8a,b) and SSP585 (Figure 8c,d) scenarios
for the future period (2015~2100). Most regions show a gradual increase in MHW onset rates,
with 84.99% of grid points under the SSP245 scenario (Figure 8a) and 82.14% under the SSP585
scenario (Figure 8c). In the SSP245 scenario, slight decreases are observed in the northern
part of the SPG, the central NPG, and the polar regions. These areas, with lower onset rates
(Figure 6), reflect the decreasing trend observed in the historical period (Figure 4), suggesting
that MHWs will continue to occur at slower rates in the future. While the trends in MHW onset
rates are generally similar across both scenarios, the SSP585 scenario shows smaller values
compared to SSP245, with a difference of less than zero at 54.64% of grid points (Figure 8e).
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Figure 8. Spatial distribution of the MHW onset and decline rate trends under the SSP245 and SSP585
scenarios for the future period (2015~2100). Panels (a,b) correspond to the SSP245 scenario, panels
(c,d) correspond to the SSP585 scenario. Panels (a,c) show marine heatwave onset rates, while panels
(b,d) show decline rates. Panels (e,f) show the differences in marine heatwave onset and decline rates
between the SSP585 and SSP245 scenarios. The gray dotted areas in the sub-figures (a–d) represent
the positions where the confidence level exceeds 95% in the results of at least two models. The data
in the figure are smoothed with a 2 × 2◦ window.
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For the decline rate, the SSP245 (Figure 8b) and SSP585 (Figure 8d) scenarios reveal
distinct spatial distribution patterns. Under the SSP245 scenario, positive trends in decline
rates are concentrated in the northern Indian Ocean, along the Chinese coast, the equatorial
Pacific, and in the GS, ACC, and KOE regions. In the SSP585 scenario, this positive trend
extends further to cover the SPG region and much of the Atlantic. Both scenarios show
similar spatial distributions of negative trends in MHW decline rates, with a weakening of
MHW decline rates in the central North Pacific (NPG region) and polar regions. Unlike the
trends in MHW onset rates, the decline rate trend is generally more pronounced under the
SSP585 scenario, with 55.46% of grid points showing this pattern (Figure 8f).

By comparing Figures 5 and 9, it is evident that the annual changes in MHW onset
and decline rates from 2015 to 2100 differ significantly from the historical period. Under
the SSP245 scenario, the future MHW decline rate consistently exceeds the onset rate, with
average values of 0.11 ◦C/day for the decline rate and 0.10 ◦C/day for the onset rate. In
the SSP585 scenario, the decline rate remains higher than the onset rate until around 2080,
after which the onset rate surpasses the decline rate. Overall, both the average onset and
decline rates for MHWs in the future period are 0.10 ◦C/day.
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Figure 9. Interannual variation trends of the onset and decline rates of marine heatwaves during the
future period (2015~2100). Panel (a) corresponds to the SSP245 scenario, while panel (b) corresponds
to the SSP585 scenario. The red and blue curves represent the globally averaged annual mean values
of the onset and decline rates, respectively, while the red and blue dashed lines show the linear fit of
the interannual variation trends for the onset and decline rates. The trend is estimated using Sen’s
Slope Estimator within the 95% confidence interval, and the significance of the p-values is assessed
using the Mann-Kendall trend test.

In terms of trends, the average MHW decline rate decreases under both scenarios.
Specifically, the decline rate is 6.05 × 10−4 ± 1.02 × 10−4 ◦C/day/decade under the SSP245
scenario and 1.45 × 10−3 ± 0.18 × 10−3 ◦C/day/decade under the SSP585 scenario, both
passing the 99% confidence level test. The average onset rate shows a slight decline under
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the SSP245 scenario, with a rate of 5.16 × 10−5 ± 8.80 × 10−5 ◦C/day/decade, but this
does not pass the confidence level test (p = 0.39). In contrast, under the SSP585 scenario, the
MHW onset rate shows an increasing trend of 4.75 × 10−4 ± 1.67 × 10−4 ◦C/day/decade,
passing the 99% confidence level test. By comparing the historical and future periods, the
trend of the onset rate exhibits a significant difference, regardless of whether it is under
SSP245 or SSP585, while the trend of the decline rate does not show a significant difference
between the historical and future periods. After 2080, both MHW onset and decline rates
exhibit greater fluctuations, likely due to the increasing permanence of MHWs by the end
of the century, which reduces the data sample size [19].

4. Discussion
MHWs, as extreme events, have profound impacts on the marine environment, af-

fecting everything from individual organisms to entire ecosystems. These impacts arise
from the sudden onset, intensity, persistence, and recurrence of MHWs [80]. The onset and
decline rates of MHWs reflect the abruptness and variability of these events. Faster onset
rates lead to rapid and intense disruptions to marine ecosystems, while the decline rate
governs the environmental changes following peak intensity, indicating both the persis-
tence of thermal forcing and the long-term effects on ecosystems. Studies on other extreme
events, such as typhoons and droughts, have already systematically analyzed their rapid
development processes [81,82]. Similarly, understanding the sudden onset of MHWs is
crucial for anticipating and mitigating the potential environmental impacts of increasingly
frequent and intense MHWs in the future.

The regional differences in the onset and decline rates of MHWs are related to vari-
ations in their driving mechanisms. In tropical regions, MHWs are primarily linked
to ENSO [78,83]. Under El Niño conditions, clearer skies, enhanced air-sea heat flux,
weakened winds, advection, and reduced vertical mixing contribute to prolonged MHW
durations in the eastern equatorial Pacific, resulting in lower onset and decline rates. In
mid-latitude regions, large-scale atmospheric anomalies often precede MHWs [84–86].
Blocking highs reduce cloud cover, enhance solar radiation, and suppress surface winds,
leading to hot, dry conditions. These factors collectively decrease sensible and latent heat
loss while increasing solar radiative heating, fostering the rapid onset of MHWs. Moreover,
the sustained influence of high-pressure systems stabilizes ocean stratification, potentially
delaying MHW decline. In western boundary current regions, highly dynamic mesoscale
eddies redistribute heat both vertically and horizontally, accelerating the warming and
cooling phases of MHWs. Strong frontal zones created by these currents further amplify
local SST anomalies, driving rapid fluctuations in MHW intensity. As a result, these regions,
characterized by high MHW intensity, often experience faster onset and decline rates.

As an indicator reflecting the abrupt and persistent nature of MHWs, the onset and
decline rates can reflect the extent of their ecological and socio-economic impacts. A rapid
onset can impose sudden thermal stress on marine organisms such as corals, fish, and
shellfish, potentially triggering mass mortality events and disrupting ecosystem stability
and food web dynamics. Conversely, a slow decline may extend exposure to extreme
temperatures, delaying recovery and leading to long-term shifts in species composition.
For fisheries and aquaculture, abrupt warming events can result in habitat degradation,
declining fish stocks, and economic losses for coastal communities. In contrast, a prolonged
decline may slow the recovery of affected industries, extending economic challenges.
Furthermore, rapid temperature fluctuations associated with fast onset and decline rates
may exceed the adaptive capacity of some species, increasing the risk of ecosystem regime
shifts and biodiversity loss. A deeper understanding of these dynamics is essential for
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developing adaptive management strategies to mitigate the impacts of MHWs on marine
ecosystems and the communities that rely on them.

We explore the onset and decline rates, which may be strongly correlated with these
metrics, particularly duration and intensity, as the onset (or decline) rate is defined as the
intensity difference over the duration of the onset (or decline) phase. Previous studies have
examined the spatiotemporal distribution of MHW metrics in both historical and future
periods [8,14,15]. Both in historical and future periods, higher onset and decline rates are
associated with regions of higher MHW intensities (such as the Kuroshio and Gulf Stream).
Additionally, areas with shorter MHW durations (such as the Western Tropical Pacific)
tend to exhibit higher onset and decline rates. Furthermore, changes in onset and decline
rates are generally correlated with trends in MHW duration and intensity. Historically,
the increase in MHW duration has been more pronounced than the change in intensity,
likely contributing to a decline in onset rates. In contrast, future projections—particularly
under high-emission scenarios like SSP585—suggest that the fixed climate threshold for
defining MHWs will lead to exceptionally high intensities by the end of the 21st century.
This indicates that the future intensification of MHWs may surpass the increase in duration,
resulting in a gradual upward trend in onset rates.

Additionally, when leveraging CMIP6 models to forecast future SST changes, several
sources of uncertainty come to the fore. First, CMIP6 models exhibit notable inter-model
variability. Each model has unique parameterizations of physical processes, model architec-
tures, and resolutions, which naturally contribute to disparities in SST projections. Second, the
internal variability of the climate system, typified by phenomena such as the El Niño-Southern
Oscillation and the North Atlantic Oscillation, influences SST across short- to medium-term
scales. Although CMIP6 models capture certain statistical characteristics of these fluctuations,
accurately predicting their timing, intensity, and duration remains a challenge. Third, the
degree of uncertainty varies regionally. Oceanic regions with complex dynamics, like the
Gulf Stream and Kuroshio-Oyashio Extension, pose particular challenges to accurate SST
forecasting. Fourth, CMIP6 models face difficulties in precisely projecting both long-term
SST trends and short-term fluctuations. Specifically, accurately simulating the timing and
intensity of extreme MHWs remains an area of ongoing research. To address the impact
of such uncertainties on simulation results, two potential approaches are considered. One
approach involves directly applying the ensemble average of multi-model results, while
the other entails selecting optimal models. In this study, we adopt the ensemble average of
four models recommended by Yao and Wang [63]. This approach aims to reduce potential
discrepancies in future MHW research that could arise from differences among models.

Based on the traditional definition of MHWs, this study attempts to present the spatial
distribution characteristics and future evolution trends of the onset and decline rates of
MHWs in global oceans during both historical and future periods. However, MHWs are
not just surface phenomena; they have a distinct three-dimensional structure [87]. Due to
the lack of observation data, discussions on the vertical structure and the depth of impact of
MHWs remain limited [52]. Relying solely on surface ocean data to detect MHWs may not
provide an accurate representation of the correct extent of heat accumulation. Additionally,
some studies have pointed out the existence of subsurface MHWs [88,89], which cannot
be detected using SST data but still have significant impacts on marine life. The onset and
decline rates of these subsurface MHWs have not been explored, making them important
research directions worth investigating.

5. Conclusions
This study uses historical and future SST data from OISSTv2.1 and CMIP6 to quantify

the onset and decline of MHWs, providing a systematic analysis of their spatial distribution
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and trends across both periods. The key findings are summarized as follows: First, during
the historical period, MHW onset and decline rates are higher in eddy-active mid-latitude
current systems (e.g., Kuroshio-Oyashio Extension, Gulf Stream, Brazil-Malvinas Conflu-
ence, Antarctic Circumpolar Current) and the western tropical region, while lower rates
are observed in the subtropical gyres (North Pacific gyre, North Atlantic gyre, Southern
Indian Ocean gyre, South Pacific gyre, and South Atlantic gyre). The onset and decline
rates are strongly correlated, with a spatial correlation coefficient of 0.94, indicating that
regions with higher onset rates generally also exhibit higher decline rates. The average
MHW onset rate is 0.21 ± 0.22 ◦C/day, and the average decline rate is 0.18 ± 0.19 ◦C/day.
Notably, regions where the decline rate exceeds the onset rate account for only 26.83% of
the global area, primarily in the northwestern Pacific marginal seas and the Mediterranean.

Second, regarding the onset rate, 49.69% of the global ocean shows an increasing
trend, with an average rate of 4.34 × 10−6 ± 1.30 × 10−3 ◦C/day/decade. The most
notable increases occur in the Eastern Equatorial Pacific, Northeast Pacific, Western tropical
oceans, Tropical Atlantic, Gulf Stream, and Brazil-Malvinas Confluence regions. Particu-
larly, the Gulf Stream, Brazil-Malvinas Confluence, Western tropical oceans, and Tropical
Atlantic regions exhibit both high onset rates and significant positive trends. In contrast,
the northern Atlantic and Antarctic Circumpolar Current regions show a clear decline in
MHW onset rates over time. For the decline rate, there is a general upward trend across
the global oceans, with an average of 6.61 × 10−4 ± 4.72 × 10−4 ◦C/day/decade, indi-
cating a gradual acceleration during the historical period. A total of 92.87% of oceanic
regions show a positive trend in decline rates. While the onset rate exhibits a significant
decreasing trend (p < 0.01), with an average decrease of 9.71 × 10−3 ◦C/day/decade,
the decline rate does not show a significant trend (p = 0.76), with an average decrease of
8.89 × 10−4 ◦C/day/decade.

Third, in the future period (2015~2100), the spatial patterns of MHW onset and decline
rates are largely consistent under both the SSP245 and SSP585 scenarios. MHW rates remain
notably higher in the Kuroshio-Oyashio Extension, Gulf Stream, Antarctic Circumpolar
Current, and Brazil-Malvinas Confluence regions, consistent with historical patterns. Re-
gions with low onset and decline rates in the historical period, such as North Pacific gyre,
North Atlantic gyre, Southern Indian Ocean gyre, South Pacific gyre, and South Atlantic
gyre, continue to show low values in the future. Under the SSP585 scenario, both onset and
decline rates are projected to be higher than under the SSP245 scenario. This suggests that
as warming intensifies, both onset and decline rates will increase, resulting in more extreme
MHW events in the future. The change in MHW dynamics is especially pronounced in
regions with active eddy kinetic energy, such as the Kuroshio-Oyashio Extension, Gulf
Stream, Antarctic Circumpolar Current, and Brazil-Malvinas Confluence regions.

Finally, in the future period, most regions show a gradual increase in MHW onset rates,
with 84.99% of grid points under the SSP245 scenario and 82.14% under the SSP585 scenario
exhibiting positive trends. The spatial distribution of these trends is largely consistent
between the two scenarios, though the SSP585 scenario tends to show lower values, with a
negative difference at 54.64% of grid points. Positive trends in MHW decline rates under
the SSP245 scenario are concentrated in the northern Indian Ocean, along the Chinese coast,
the equatorial Pacific, Gulf Stream, Antarctic Circumpolar Current, and Kuroshio-Oyashio
Extension regions. Under the SSP585 scenario, this positive trend extends to the South
Pacific gyre and much of the Atlantic. In both scenarios, the central North Pacific (North
Pacific gyre region) and polar regions show decreasing trends in MHW decline rates. The
decline rate trend is generally more pronounced under the SSP585 scenario, with 55.46% of
grid points showing this pattern.
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Quantifying the future evolution of MHW onset and decline rates, especially in the
context of more frequent and persistent events, is crucial for understanding the extreme
nature of MHWs and assessing their potential impacts on ecosystems and socio-economic
systems. This study provides valuable insights into future MHW patterns, offering a critical
reference for addressing related challenges.
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