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Intensi�cation of future subsurface marine
heatwaves in an eddy-resolving model

Xiuwen Guo1, Yang Gao 1 , Shaoqing Zhang 2 , Wenju Cai 2,3,4,
Deliang Chen 5,6, L. Ruby Leung 7, Jakob Zscheischler 8,
Luanne Thompson 9, Kristen Davis 10, Binglin Qu1, Huiwang Gao 1 &
Lixin Wu 2

A shift in depth range enables marine organisms to adapt to marine heatwaves
(MHWs). Subsurface MHWs could limit this pathway, yet their response to
climate warming remains unclear. Here, using an eddy-resolving Earth system
model forced under a high emission scenario, we project a robust global
increase in subsurface MHWs driven by rising subsurface mean temperatures
and enhanced temperature variability. Historically, maximum MHW intensity
occurs around 100 m depth, which shifts to the faster-warming surface under
greenhouse warming. However, removing the long-term warming trend yields
an increase in subsurface MHW intensity and annual days greater than that at
the surface, especially in large marine ecosystem regions, primarily due to
increased variability. Additionally, days of the surface and subsurface con-
current event increase ten times more than those of individual events. Our
study highlights a heightened threat to marine organisms under global
warming, as the increased subsurface heatwaves reduce their refuge options.

MHWs have substantial impacts on global biological and socio-
ecological systems1–5. Extensive research has been conducted to
characterize the timing, intensity, duration, and drivers of surface
MHWs6–9. Marine organisms use two major pathways to cope with
extremely warm ocean temperatures— poleward migration10 and ver-
tical migration to deeper ocean layers11 which could be equally
important, particularly in regions like the continental shelves of North
America12. Vertical migration requires movement in depth that is three
to four orders of magnitude smaller than horizontal migration. Nota-
bly, across all oceans, among regions with the highest category of
marine biodiversity warm-edge exposure, only 6% occurs at the

surface, while this number rapidly increases at depths ≥ 100 m, with up
to 22% at depths of 1000 m13.

Research on the vertical distribution and variation of MHWs is
still limited and typically focuses on individual locations or
events14–18. For example, Argo float- and ship-based conductivity‒
temperature‒depth data from the Northeast Pacific Ocean indicate
that SMHWs may persist two years longer than surface MHWs19. A
prominent example is the famous “Blob”, which occurred during
2013‒2015 (ref. 20). Global-scale reanalysis data indicates an even
stronger intensification of MHWs at depths of 50–200 m compared
to the surface over the past three decades13, emphasizing the need to
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better understand and characterize SMHWs and their future
evolution.

Surface MHW and SMHW events can occur simultaneously21,
defined as compound MHW events. In situ temperature measurements
on the southeastern Australian continental shelf show that MHW events
can extend from the surface to the depths of the water column, even
reaching the seabed when upper ocean stratification is weak from 1992-
2016 (ref. 18). Similar compound MHW events have been recorded on
the North American continental shelf based on reanalysis data17, posing
an amplified threat to subaquatic algae and benthic coral reefs and
partially limiting the ability of marine organisms to migrate to deeper
regions to escape extremely high surface temperatures. However, little
is known about how these compound MHW events respond to a
warming climate, particularly when considering biological adaptability.

SMHWs over the continental shelves are the focus here as they
compose regions of high biodiversity, also defined as large marine
ecosystem (LME) regions22. Ocean dynamics in these regions depend
on small-scale regional bathymetry and processes, which are not
captured by standard 100 km-resolution ocean models used in cou-
pled climate simulations. As low-resolution ocean datasets are not
eddy-resolving, high-resolution datasets are preferred when
available23. For instance, a study of MHWs at depths ≤ 400 m on North
America’s continental shelves using a high-resolution ocean reanalysis
at ~8 km (ref. 17) found that SMHWs could be more severe than surface
MHWs in terms of duration and intensity.

In the future, under a warming climate, ocean temperatures at
depths of 0-2000 m are predicted to increase across most regions of
the world24. Previous studies of MHWs, primarily focusing on the sea
surface, have indicated that MHWs will become more intense and
occur more frequently in the future7,25–27. However, there is limited
information on how the statistics and vertical structure of SMHWs, as
well as compound surface and subsurface MHWs, will respond to a
warming climate. Here, using a mesoscale-eddy-resolving ( ~10 km),
ultra-high-resolution Earth System Model (CESM-HR), along with
future thresholds established in our previous study to partially account
for marine biological adaptation28, we examine the characteristics of
SMHWs historically and project their future changes under a warming
climate. First, we perform a comprehensive comparison between
CESM-HR and low-resolution models to demonstrate CESM-HR’s
superior ability to accurately reproduce SMHWs. Next, we investigate
future changes in SMHWs, revealing a widespread increase in both
intensity and occurrence days across global oceans, extending into
deeper waters. Finally, we analyze compound MHWs, showing that
even with the application of future thresholds to remove the effect of
the mean warming, a warming climate leads to more frequent simul-
taneous occurrences of MHWs at both surface and subsurface levels.

Results
Observed and simulated SMHWs in the historical period
Global Ocean Physics Reanalysis (GLORYS, see “Methods”) data sug-
gests that between 1993 and 2020, the frequency of MHWs from the
surface to 1000 meters between 70°N and 70°S decreased with ocean
depth (Fig. 1a), e.g., from 1.8 events per year at 50 m to 1.4 events per
year at 1000 m. In contrast, the mean duration of SWMWs increased
with depth (Supplementary Fig. 1a). This phenomenon is primarily due
to the reduced variability in sea temperature with increasing depth
(Supplementary Fig. 2). Vertically, the mean intensity of SMHWs
increased from the surface, peaking at 1.6 °C at 100 m before
decreasing with depth (Supplementary Fig. 3a,d). Spatially, higher
intensities were observed in western boundary current (WBC) regions.
In the eastern equatorial Pacific, which is influenced by the El
Niño–Southern Oscillation (ENSO) (ref. 29,30), SMHWs are more per-
sistent and intense at 50 m and 100 m compared to other global
regions (Supplementary Figs. 1a and 3a), aligning with surface data8,31

due to stronger temperature anomalies induced by vertical movement

of the thermocline. However, in deeper waters, SMHW intensity and
duration are reduced due to the shallower mixed layer depths.

Both the spatial distribution and zonal mean (Fig. 1; Supplementary
Figs. 1 and 3) clearly demonstrate that at all depths, the high-resolution
CESM‒HR simulation is more similar to GLORYS than the low-resolution
CESM‒LR simulation or models in the Coupled Model Intercomparison
Project Phase 6 (CMIP6) (Supplementary Fig. 4). For instance, the mean
bias in SMHW frequency across all depths ranged from 28% to 45% in
CESM‒LR, which is reduced to 6%‒24% in CESM‒HR. In terms of SMHW
intensity, CESM‒LR shows considerable underestimation in WBC
regions due to the strong modulation of eddies on SMHW intensity,
whereas CESM‒HR simulated values closely matching GLORYS, with bias
reductions of up to 83% (Supplementary Fig. 3). Similar results were
found for surface MHW simulations (Supplementary Fig. 3). These
findings for SMHWs are consistent with a previous study28, which
compared surface MHW between CESM‒HR, CESM‒LR, and two ocean
satellite products with a spatial resolution of 0.25°. The study showed
that while CESM‒HR intensities were more similar to satellite data than
those from CESM‒LR, the high-resolution model still overestimated
MHW intensity compared to the satellite data. This discrepancy led to
the hypothesis that low-resolution (0.25°) satellites may not capture the
full strength of MHW intensity in eddy-rich areas, highlighting the need
for analysis based on high-resolution datasets. The CESM‒LR results are
consistent with other low-resolution climate models from the CMIP6
archive (Supplementary Fig. 4).

Focusing further on coastal LME regions, which house higher
biomass compared to other areas at equivalent depths13, we classified
these regions into six groups, following Fig. 2 (ref. 28). We found that
CESM‒HR (red) more closely aligns with the frequency, duration, and
mean intensity of SMHWs derived from GLORYS (black) than CESM‒LR
(blue; Supplementary Fig. 5). The substantial improvement in simu-
lating SMHWs using CESM‒HR in these LME regions, as well as globally,
is primarily attributed to the better representation of vertical heat
transport by eddies, thereby reducing the reliance on eddy para-
meterization choices32,33. Furthermore, CESM‒HR can more accurately
resolve complex topography and better simulate mixed-layer depth34.
These improvements increase confidence when analyzing future cli-
mate impacts on SMHWs.

Changes in SMHWs under a warming climate based on the mean
warming-inclusive threshold
The entire ocean is projected to become warmer by the end of this
century under various shared socioeconomic pathway (SSP)
scenarios35. However, a detailed examination of how subsurface tem-
perature anomalies respond to climate change is necessary to under-
stand changes in SMHWs. To evaluate these changes, it is first
necessary to choose a threshold for defining MHWs (refs. 26,28). Most
previous studies on surface MHWs used a reference based on a fixed
baseline from a historical period to examine future MHWs, known as
the “mean warming-inclusive threshold”7,25,26,36. However, it is also
informative to shift the reference temperature for the future to isolate
the effects of temperature variability and other higher-order tem-
perature statistics on MHWs, the so-called “future threshold”37. The
future threshold is particularly relevant when considering the adap-
tation of marine ecosystems to new climatic conditions. Following our
previous study28, we use both the mean warming-inclusive and future
thresholds to define SMHWs, effectively differentiating between the
effects of long-term warming trends and higher-order temperature
statistics on SMHWs. Given that CESM‒HR demonstrates substantial
improvements in simulating SMHWs compared with CESM‒LR and
other low-resolution CMIP6 models, the analysis below primarily relies
on CESM‒HR unless otherwise stated.

In the historical period, the mean MHW intensity between 70°N
and 70°S gradually increases with depth, reaching a peak at around
100 m, before declining sharply (Figs. 3a, Supplementary Fig. 6).

Article https://doi.org/10.1038/s41467-024-54946-z

Nature Communications |        (2024) 15:10777 2

www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


https://ihesp.github.io/archive/products/ds_archive/Sunway_Runs.html
https://ihesp.github.io/archive/products/ds_archive/Sunway_Runs.html
https://esgf-data.dkrz.de/search/cmip6-dkrz/
https://esgf-data.dkrz.de/search/cmip6-dkrz/
www.nature.com/naturecommunications


www.nature.com/naturecommunications


https://doi.org/10.48670/moi-00021
https://doi.org/10.48670/moi-00021
https://doi.org/10.1038/s41467-024-54946-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Intensification of future subsurface marine heatwaves in an eddy-resolving model



