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Key points

. There are considerable regional biases in the thermal properties
of warm-season marine heatwave in three CMIP6 models

. Models biases in the thermal properties are likely caused by dif-
ferent model representations of related atmospheric and oceanic
processes

. In contrast to duration, accumulated heat stress and peak in-

tensity, heating rate and “priming” duration are projected to
decline by 2100

Abstract

Marine heatwaves in the summertime when temperatures may exceed organ-
isms’ thermal thresholds (“warm-season MHWSs”) have huge impacts on the
health and function of ecosystems like kelp forests and coral reefs. While previ-
ous studies showed that MHWs are likely to become more frequent and severe
under future climate change, there has been less analysis of the thermal prop-
erties of warm-season MHWs or on the effects of climate model biases on these
projections. In this study, we examine CMIP6 model ability to simulate five key
thermal properties of warm-season MHWs, and evaluate the global pattern of
future projections for coral reef and kelp systems. The results show that the du-
ration, accumulated heat stress and peak intensity are projected to increase by >
60 day, 160 °C - day and 1 °C, respectively, across most of the ocean by the end
of 215" century. In contrast, the duration of “priming” (a period of sub-lethal
heat stress prior to MHW development) is projected to decrease by > 30 day in
the tropics, potentially reducing organisms’ ability to acclimate to heat stress.
The projected increases in the MHW duration and accumulated heat stress in
some coral reef and kelp forest locations, however, are likely overestimated due
to model limitations in simulating surface winds, deep convections and some
other processes that influence MHW evolution. The findings point to the pro-
cesses to target in model development and regional biases to be considered when
projecting the impacts of MHWSs on marine ecosystems.

Plain Language Summary

Periods of extremely high ocean temperatures that persist for days to months,
known as Marine Heatwaves (MHWs), can cause the loss of marine life and im-
pact coastal communities and economies. Climate change is expected to drive
substantial increases in the length, strength and frequency of MHWs this cen-
tury. There has been less analysis, however, of the characteristics of individual
MHWs, like the rate at which they develop. In this research, we examine how
well climate models can simulate these characteristics and the implication for
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future projections. We find considerable biases in the simulation of some key
MHW characteristics in parts of the ocean due to model limitations in capturing
physical processes like surface winds along the equator. Most MHW characteris-
tics like duration and total heat stress are projected to increase sharply this cen-
tury, particularly for coral reefs and kelp forests, although the increases in some
regions are likely overestimated due to model biases. Conversely, we project
decreases in “priming” — periods of sub-lethal heat stress that help marine life
prepare for heat waves. These findings identify regional errors to consider when
interpreting MHW projections and can help researchers identify areas for im-
proving model performance.

1. Introduction

Over the past few decades, marine heatwaves (MHWs) have become longer,
stronger and more frequent (Frolicher et al., 2018; X. Li & Donner, n.d.; Oliver
et al., 2018). These periods of anomalously high sea surface temperatures (SSTs)
have severely affected marine ecosystems including changes in species distribu-
tions, mass mortality, loss of biomass, degradation of ecosystem function and
decline in ecosystem services (Arias-Ortiz et al., 2018; Cheung et al., 2021; Smale
et al., 2019). MHWs during the summer or warm-season, when temperatures
are more likely to exceed organisms’ upper thermal tolerance, are a particular
threat to habitat-forming systems in which the foundational species are vulnera-
ble to heat stress. Warmwater coral reefs are susceptible to heat stress of as little
as 1-2 °C above long-term average summer temperature, which can interrupt
the symbiont relationship between coral and microalgae living in coral tissue,
leading to the phenomenon known as coral bleaching. For example, more than
75% of warmwater coral reefs experienced some bleaching during 2014 and 2017,
which caused mass loss of living coral and cascading effects on reef ecosystems
(Hughes et al., 2017; W. J. Skirving et al., 2019; Sully et al., 2019). Kelp forests
are also severely threatened by MHWSs, which can cause mass mortality, changes
in the food web and phase shifts to urchin-dominated systems (Arafeh-Dalmau
et al., 2019; Filbee-Dexter et al., 2020; Rogers-Bennett & Catton, 2019; Smale,
2020).

It has been well documented that MHWs are likely to become more frequent,
intensive and longer-lasting under climate change throughout the 21st century
(Frolicher et al., 2018; Oliver et al., 2019). Most studies of the projected impacts
of MHWs on marine ecosystems have focused on the frequency and intensity of
MHWs, and not considered other properties which can affect marine ecosystems
and organisms. For example, most projections of the effects of MHWs on coral
reefs employ accumulated heat stress, a metric measuring the combination of
duration and magnitude of heat stress as the indicator of coral bleaching con-
ditions (Skirving et al., 2020), while the rate of heat stress development, which
can influence mortality of coral reef fish (Genin et al., 2020), has not been
assessed. In addition, there has been limited analysis of the duration of pre-
MHW “priming” — a period of sub-lethal heat stress in advance of warm-season
MHW development which can influence the response of corals and other ma-



rine organisms to severe heat stress (Ainsworth et al., 2016; Hilker et al., 2016).
Evaluating these fine-scale MHW properties could help better understand and
project how MHWs affect marine ecosystems.

Projections of MHW properties and their effects on marine ecosystems depend
on the ability of models to represent the atmospheric and oceanic processes that
influence MHW development and dissolution. While previous studies evaluated
MHW projections with outputs from ensembles of General Circulation Models
(GCMs) and Earth System Models (Frolicher et al., 2018; Oliver et al., 2019;
Plecha et al., 2021), there has been less analysis of model biases in simulating
the baseline characteristics of MHWs, and how such biases may affect future
projections. Challenges in simulating air-sea interactions, the periodicity and
diversity of El Nifio / Southern Oscillation (ENSO) dynamics, and other key
climate phenomena due to limits of model resolution and other factors can lead
to regional biases in mean and seasonal SST (Brown et al., 2020; Guo et al.,
2022; Jiang et al., 2021; G. Li & Xie, 2012; Toniazzo & Woolnough, 2014;
Wang et al., 2014). These model biases could reduce accuracy of the projected
MHW thermal properties and their ecological impacts (Hoeke et al., 2011; van
Hooidonk & Huber, 2012). Though a large ensemble of models might present
a more accurate representation of mean SSTs (Frolicher et al., 2016; Weigel et
al., 2010), some of the process-derived biases in individual models cannot cancel
each other out (Frolicher et al., 2018; Oliver et al., 2019). Evaluating the model
biases can indicate key processes to target in model development, and identify
biases to be considered when projecting local or regional ecological impacts of
warm-season MHWs.

In this study, we aim to improve our understanding of the future thermal prop-
erties of warm-season MHWSs by assessing their projected changes in light of
historical model biases, using three CMIP6 models. First, we compare histor-
ical model simulations against observations to identify the regional biases in
warm-season MHW properties, including the duration, peak intensity, accumu-
lated heat stress, heating rate and duration of the priming period. Second, we
evaluate future projections of warm-season MHW properties under three Shared
Socio-Economic Pathways (SSPs). Third, we examine the MHW projections for
coral reef and kelp systems worldwide considering the role of the regional model
biases. We then discuss the possible physical drivers of regional model biases
and disagreement between model projections.

2. Methods

2.1 Definition of warm-season MHW and the metrics characterizing its thermal
properties

A warm-season MHW is defined here as a period of positive anomalies of daily
SSTs or HotSpots (HS), relative to the thermal threshold known as the Max-
imum Monthly Mean (MMM), that represents the climatological warm-season
SST and is commonly used for predicting coral bleaching. The MMM in each
grid cell is calculated as the maximum from a 1985-2014 monthly mean SST



climatology. To test the effects of theoretical acclimation or adaptation to
warming by marine ecosystems, we repeat the analysis using a rolling climatol-
ogy (Logan et al., 2014), in which the MMM is calculated based on the previous
sixty year period.

We define a set of metrics for characterizing warm-season MHWs in terms of
magnitude, duration, accumulated heat stress and heating rate (Table 1), fol-
lowing Li & Donner (2022). The duration of heat stress is described by D, the
duration of continuous positive HS, and D, the total number of days with
positive HS. The “priming” period (D), a period of sub-lethal heat stress that
might train marine organisms’ thermal tolerance (Hilker et al., 2016), is com-
puted as the number of days from the first positive HS in a year to the onset of
D.. The accumulated heat stress over the continuous period (D.) and for the
annual total (D,,,) are described by the metrics A, and A, respectively. As
the total number of positive HS days (D, ) is longer than or at minimum equal
to the duration of continuous heat stress (D, ), the accumulated heat stress over
all HS days is greater than or at minimum equal to that over the period of
continuous heat stress. Finally, the heating rate (HR,) is the rate of warming
from the start of the continuous heat stress period to the date of peak HS.

Variable Description
HotSpot HSyivim Daily HotSpot in that
(°C) grid cell, using MMM
baseline
HSeak Maximum HS value
that year
Duration D, Duration of continuous
(day) positive HotSpot, based
on the period that
includes the maximum
annual HotSpot
Dyos Total number of days
with positive HotSpot
D, Number of days

between the first
positive HotSpot and
onset of a continuous
positive HotSpot period
(i.e., D,), referring to
the “conditioning or
priming period”



Variable Description

Accumulated heat A, Accumulated sum of
stress (°C - day) heat stress during the
continuous positive
HotSpot period, based
on the time period used
for D,
At Accumulated sum of all
HotSpot that year
Heating rate HR, Rate of SST increase
(°C - day ™) from the start of the D
period to the date of
HS

C

peak

Table 1. Metrics measuring the thermal properties of warm-season MHWs.

All of the annual warm-season MHW properties are defined for a given heat
stress year (HSY). The HSY starts from a month in the climatological cold sea-
son in the given grid cell (Li & Donner, 2022). This spatially varying definition
of the HSY is necessary because the warm season in parts of the ocean overlaps
across two calendar years. In the remainder of the manuscript, we use the word
“year” instead of HSY for clarity, and label them according to the first calendar
year of a HSY. For example, the last year of the historical heat stress analysis
refers to HSY 2013, including data from the calendar years 2013 and 2014.

To test the effects of theoretical acclimation or adaptation to warming by marine
ecosystems for the end of the century, we repeat the analysis using the end point
of rolling climatology (Logan et al., 2014), in which the MMM is calculated over
the 2041-2100 period.

2.2 Coral reef and kelp forests distribution

Projected changes of warm-season MHW properties are also specifically assessed
over the global region of coral reef and kelp systems according to the high
resolution global maps of warmwater corals (UNEP, 2010) and the Laminarian
kelp biome (Jayathilake and Costello 2020). The maps are converted to global
1° x 1° latitude-longitude grids using ArcGIS for consistency with the grid of
model outputs.

3 Sea surface temperature datasets

We use 1° x 1° latitude-longitude global daily SST outputs from the simula-
tions of historical (1985-2014) and future climate (2015-2100) in the Coupled
Model Intercomparison Project Phase 6 (CMIP6, Eyring et al. 2016). All the
simulation outputs are from the first ensemble member (rlilpl) of three mod-
els: GFDL-ESM4 (Dunne et al., 2020), MRI-ESM2 (Yukimoto et al., 2019) and
CESM2-WACCM (Danabasoglu et al., 2020). These three models are employed



because i) they have low, medium and high climate sensitivities relative to the
range of values in the CMIP6 ensemble (2.7K, 3.4K and 4.8K, respectively); ii)
they have relatively strong performance in simulating key natural modes of cli-
mate variability (e.g., ENSO, Dunne et al. 2020; Beobide-Arsuaga et al. 2021;
Danabasoglu et al. 2020), which is critical to simulating warm-season MHW
frequency and severity (Sen Gupta et al., 2020; Holbrook et al., 2019; Oliver
et al., 2018). The future projections are examined for three future scenarios,
SSP 1-2.6, SSP 2-4.5 and SSP 3-7.0, used in the CMIP6 that represent a low,
medium and high level of radiative forcing in the range of the future emission
pathways (O’Neill et al., 2016). Note that most of the CMIP6 model simulation
outputs are available for download with the original native tripolar grid in unit
of kilometer. For the consistency, we regridded the CESM2-WACCM outputs
using the same 1st order conservative algorithm that data centers used for the
regridded GFDL-ESM4 and MRI-ESM2 outputs (Jones 1999).

We use 0.05° x 0.05° latitude-longitude global daily satellite-derived SST
dataset CoralTemp v3.1 from the National Oceanic and Atmospheric Associa-
tion (NOAA) Coral Reef Watch (CRW) program (W. Skirving et al., 2020), to
contrast simulations and observations for the 1985-2014 historical period. For
the consistency of the spatial resolution between the observed and simulated
SST data, we regridded the observed SST datasets to 1° by 1° using the 1st
order conservative algorithm (i.e., a common method used for upscaling dataset
resolution; Jones 1999).

4. Results

4.1 Evaluation of model biases in the thermal properties of warm-season MHW
over the historical (1985-2014) period
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Figure 1. Mean warm-season MHW properties over the 1985-2014 period. (a-

d) the mean duration of the continuous warm-season MHW (D,

the mean annual peak HS (HS .y,

day); (e-h)
°C); (i-1) the mean accumulated heat stress

of the continuous warm-season MHW (A_, °C - day). The mean states from
the first to last rows correspond to the properties observed and simulated by
GFDL-ESM4, CESM2-WACCM and MRI-ESM2, respectively.
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Figure 2. Mean warm-season MHW properties over the 1985-2014 period. (a-
d) the heating rate (HR,, °C - day™!), measured from the onset of a continuous
event to annual peak HS; (e-h) the priming period (D, day), measured as the
number of days between the first HS of a year and the start of the continuous
MHW. The mean states from the first to last rows correspond to the properties
observed and simulated by GFDL-ESM4, CESM2-WACCM and MRI-ESM2,

respectively.

The mean warm-season MHW properties, including the duration (D,), accumu-



lated heat stress (A.), annual peak HS (HS ., ), heating rate (HR,) and “prim-
ing” period (D), simulated by GFDL-ESM4 generally show smaller magnitudes
of model bias versus observations than CESM2-WACCM and MRI-ESM2 (Fig-
ure 1, 2, S1, 2). The spatial pattern of the biases in these thermal properties is
similar between CESM2-WACCM and MRI-ESM2, and different from that of
GFDL-ESM4 (Figure S1, 2).

In CESM2-WACCM and MRI-ESM2, D, and A, are overestimated by higher
magnitudes (i.e., up to 60 day and 60 °C - day in the tropical Pacific) across more
of the ocean than those in GFDL-ESM4 (Figure la, 1c, 1d, Sla~c). The global
pattern of biases is similar for the accumulated heat stress (A.) to that for D, in
the three models (Figure 1i-1, S1g-i), which suggests a larger contribution of D,
than HS ., to A.. The longer duration and the associated greater accumulated
heat stress are related to damped daily SST variability in the warm-season in
CESM2-WACCM and MRI-ESM2 that could result in smoother HS time series
(Figure S3). The annual total heat stress days (D) and accumulated total
heat stress (A, ), versions of the duration and accumulated heat stress metrics
used in previous studies (e.g., Frolicher et al. 2018; Oliver et al. 2018), show
similar spatial distribution of model biases to those of D, and A_ in each of the
three models (Figure S4).

Unlike the duration and accumulated heat stress, the maximum intensity
(HSpcax) and heating rate (HR,) are overestimated by GFDL-ESM4, and
underestimated by CESM2-WACCM and MRI-ESM2 across most of the ocean
(Figure 1, 2, 81, S2). GFDL-ESM4 overestimates HS ., up to 0.2-0.8 °C across
most of the low- to mid- latitudes of the ocean, particularly in the eastern
tropical Pacific (Figure 2b, S2a). In contrast, HS ., is mostly underestimated
in CESM2-WACCM and MRI-ESM2, with the largest underestimates up to
1.2 °C in the western boundary current and extension regions at high latitudes
(Figure 1g-h, Sle-f), where model underestimates of interannual variability of
the warmest month SSTs contributes to the negative biases in HS ., (Figure
S5). Smaller underestimates of up to 0.6 °C also show in these regions with
GFDL-ESM4 output (Figure S1d).

For heating rate (HR,.), the spatial bias patterns in the three models appear
driven by that of HS ... In GFDL-ESM4, a large fraction of the ocean shows
great overestimates in the eastern equatorial Pacific (up to 0.18 °C - day?, i.e.,
simulated HR,. up to double its observed historical level), as the positive biases
in HS,., and the negative biases in D, both contribute to the overestimates
(Figure la-b, le-f, 2a-b, Sla, 1d, 2a). In contrast, large underestimates of HR,
above 0.12 °C - day™!, occur across most of the ocean in ESM2-WACCM and
MRI-ESM2, due to the negative biases in HS, ., and the positive biases in D,
(Figure le-h, 2a-d, Sle-f, S2b-c).

The priming period (D,,) is mostly underestimated, particularly in the western
to central tropics with the largest underestimates up to 90 day (Figure 2e-h,
S2d-f). The negative biases in D, are largely driven by the positive biases in D,



as short periods of continuous heat stress combined into one longer continuous
period. This is also reflected in the larger negative biases for D, in CESM2-
WACCM and MRI-ESM2, as the models show larger positive biases for D.
(Figure S1b-c, S2e-f). Conversely, there are large overestimates, up to 90 day
in GFDL-ESM4 and 60 day in MRI-ESM2, over the eastern equatorial Pacific
where the model overestimated variability of daily warm-season SSTs contribute
to a higher chance of occurrence of longer D (Figure 2e-h, S2d-f, S3).

4.2 Evaluation of future projected changes in warm-season MHW properties
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Figure 3. Mean projected changes of the duration of continuous warm-season
MHW (D,, day) by the end of 215 century (2071-2100) relative to the historical
period (1985-2014). The mean states from the first to last columns are simula-
tions by GFDL-ESM4, CESM2-WACCM and MRI-ESM2 and those from the
first to last rows refer to the simulations under SSP1-2.6, SSP2-4.5, SSP3-7.0

scenarios, respectively.
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Figure 5. Mean projected changes of annual peak HS (HS.,, °C) by the
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The duration (D,), peak intensity (HS,,;) and accumulated heat stress (A.)
of warm-season MHWs are projected to increase across most of ocean, except
the high latitudes of the North Atlantic, over the course of the 215 century
according to all three models (Figure 3-5). The heating rate (HR,) and priming
period (Dp) are projected to decrease in some parts of ocean, especially with
GFDL-ESM4 (Figure 6-7). The magnitude of the projected changes in these
thermal properties is shaped by the models’ climate sensitivities, with the high-
est projected changes in CESM2-WACCM (4.8K) followed by MRI-ESM2 (3.4K)
and GFDL-ESM4 (2.7 K). The magnitude of these projected changes track that
of surface ocean warming under different SSP scenarios; the changes are similar
across all scenarios by mid-century, and greatest in the scenario with highest
radiative forcing (SSP3-7.0) by end-century (also shown in Oliver et al., 2019;
Figure 3-7, S6-10).
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The largest increases of D, occur in the tropical regions and the high latitudes
of the Southern Hemisphere in all three models under SSP3-7.0 (Figure 3). For
example, D, is projected to increase by >300 day in GFDL-ESM4 in the western
equatorial Pacific and south of southern Africa, implying a near-permanent
warm-season MHW state. The limited seasonality in these regions implies that
even a small increase in SST trend can lead to a sharp increase in the duration
of heat stress, as SST is close to the climatological maximum throughout the
year. The greatest model disagreement in duration occurs in the regions where
there is also large disagreement in the mean values during the historical period
(Figure 3, Sla~c). For example, the increases projected by CESM2-WACCM
is up to 240 day longer than those projected by GFDL-ESM4 in the eastern
tropical Pacific (Figure 3).

The accumulated heat stress shows similar global pattern to that of the equiva-
lent duration variable (Figure 3, 4). The largest increases of A, in GFDL-ESM4
are up to 320, 480 and 640 °C - day under SSP1-2.6, 2-4.5 and 3-7.0, respectively,
which are substantially greater than what are currently classified as severe warm-
season MHWs for coral reefs (e.g., a Level 2 Bleaching Alert from NOAA Coral
Reef Watch occurs at the equivalent of 56 °C - day). As with D, there are
disagreements among the models across the tropical Pacific with the highest
climate sensitivity model CESM2-WACCM projecting increases of 480 °C - day
greater than GFDL-ESM4 under SSP3-7.0 (Figure 3, 4). The largest increases
of HS ., with changes >5 °C are projected to occur in the high latitudes of
the Northern Hemisphere in all three models, particularly in the subpolar gyre
in Pacific (Figure 5). The projected changes of HS,,,, in the tropical eastern
Pacific are distinct among the models; for example, HS ., is projected to in-
crease by 2 °C more in CESM2-WACCM than in the other two models under
SSP3-7.0 (Figure 5).

13



a. GFDL-ESM4

SSP 1-2.6
30°N

latitude (°)
<

30°S

60°S
60°E 120°E 180° 120°W60°W 0°
longitude (°)

=23
=

3
=z

SSP 2-4.5

w
o

°
=4

latitude (°)
<

30°S

60°S

60°E 120°E 180° 120°W860°W 0°
longitude (°)

[=2]
=1

>
Zz

SSP 3-7.0

w
=}

°
4

latitude (*)
o

30°S

g o
j_‘ ik H“‘v e}
e y .

60°S
60°E 120°E 180° 120°W60°W 0°
longitude (°)

AHR_(°C-day™)

EEET W .

-0.24-0.16-0.08 0 0.08 0.16 0.24

d.  CESM2-WACCM

60°N

latitude (*)

B60°E 120°E 180° 120°W60°W 0°
longitude (°)

60°N

30°N

latitude (*)
Q

w
=]

o
w

o2}
o

o
w

60°E 120°E 180° 120°W60°W 0°
longitude (°)

60°N

30°N

latitude (*)
Q

w
o

°
w

i
"“"‘"’
s/

60°E 120°E 180° 120°W60°W 0°
longitude (°)

[o2}
o

o
w

AHR_(°C - day”)

EENT s

-0.24-0.16-0.08 0 0.08 0.16 0.24

g. MRI-ESM2

30°N

latitude (°)
(=]

w
(=]
w

(2]
(=1
w

60°E 120°E 180° 120°W60°W 0°
longitude (°)

latitude (°)

60°E 120°E 180° 120°W60°W 0°

longitude (°)
60°N
~.30°N
2
3 0
z
30°S
60°S
60°E 120°E 180° 120°W60°W 0°
longitude (°)
AHR_(°C-day™)
EENT s

-0.24-0.16-0.08 0 0.08 0.16 0.24

Figure 6. Mean projected changes of the heating rate (HR,, °C - day™!), mea-
sured from the onset of a continuous event to annual peak HS, by the end
of 215% century (2071-2100) relative to the historical period (1985-2014). The
mean states from the first to last columns are simulations by GFDL-ESM4,
CESM2-WACCM and MRI-ESM2 and those from the first to last rows refer to
the simulations under SSP1-2.6, SSP2-4.5, SSP3-7.0 scenarios, respectively.
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Figure 7. Mean projected changes in the priming period (Dp, day), measured as
the number of days between the first HS of a year and the start of the continuous
MHW, by the end of 21%° century (2071-2100) relative to the historical period
(1985-2014). The mean states from the first to last columns are simulations
by GFDL-ESM4, CESM2-WACCM and MRI-ESM2 and those from the first to
last rows refer to the simulations under SSP1-2.6, SSP2-4.5, SSP3-7.0 scenarios,
respectively.

Unlike the duration, peak intensity and accumulated heat stress, a larger frac-
tion of the ocean is projected to experience decreases in the heating rate (HR,)
and priming period (D), mostly in the tropics and subtropics (Figure 3-7).
While most of the decreases in HR,, are small (< 0.04 °C - day™!), the decreases in
the subtropical Pacific in GFDL-ESM4 under SSP3-7.0 are up to 0.20 °C - day™!,
which is roughly twice the mean heating rate in the historical period (Figure
2a, 6¢). The declines of HR, correspond with the greater rate of increase in
D, relative to that in HS,,. In all three models, the duration of priming pe-
riod is projected to decrease in the western tropical Pacific, in conjunction with
the increases in D, or the duration of continuous heat stress (Figure 3, 7). In
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GFDL-ESM4, the largest decreases are as high as 150 day and approximately 60
day larger than with the other two models. In contrast, there are also increases
in D, with most below 30 day, although several large increases in D, occur in
the equatorial Indian and Atlantic Ocean in each of the three models (e.g., the
increase >150 day under SSP3-7.0). These cases involve a long D, followed by
a short and mild MHW event, which does not fit the definition of priming in
that a real priming period needs to occur prior to severe MHW event (Figure
7).

4.3 Projected changes in warm-season MHW properties over global areas of coral
reef and kelp systems, and role of model biases
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Figure 8. Mean projected changes of the warm-season MHW properties in
coral reef cells by the end of 21%% century (2071-2100) relative to the historical
period (1985-2014) in GFDL-ESM4. a. the continuous warm-season MHW (D,
day), b. the annual peak HS (HS,,, °C), c. the accumulated heat stress
over the continuous period (A, °C - day), d. the heating rate (HR,, °C - day™),
e. the priming period duration (D, day). The boxes in red are the thermal
properties calculated based on the MMM threshold. The boxes in blue are the
thermal properties calculated based on the rolling MMM over a climatological
period from 2041 to 2100.
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Figure 9. Historical model biases in warm-season MHW properties vs. the
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d.-f. the accumulated heat stress over the continuous period (A, °C - day).
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Figure 11. Historical model biases in warm-season MHW properties vs. the
projected future changes over the global cells of kelp under SSP2-4.5 by the end
of 215 century for the a.-c. the continuous warm-season MHW (D, day), d.-f.
the accumulated heat stress over the continuous period (A, °C - day).

Over the coral and kelp cells, the pattern of future changes in the five thermal
properties are similar to the changes globally, with increases across most cells
in D, HS,., and A as well as many decreases in HR. and D, and higher
magnitude of changes under the higher emission scenarios (Figure 8, 10; Table
S1-6). The mean changes over the kelp cells are close to the global levels, while
those over the coral cells are greater than the global averages in all three models
(Table S1-6), in part because warm-water corals exist in the tropics and subtrop-
ics where the limited seasonality cause greater chance of continuous heat stress
occurrence, and that contribute to higher accumulation of heat stress. For ex-
ample, the mean level of D, and A_ under SSP2-4.5 in GFDL-ESM4 is 178 day
and 281 °C - day, respectively, while that across global ocean is 143 day and 246
°C - day (Figure 8; Table S1). For HS .., HR, and D,,, however, the differences
between the projected changes over the coral cells and the whole ocean varies
among the models, ranging from negative to positive (Table S1-3). While it is
unknown to what extent corals and kelp could adapt to recent thermal history
in the future, the projected changes might be smaller if the thermal threshold
increases due to acclimation and or adaptation. For example, the global mean
increase in D, by 2100 in the coral and kelp cells is 152 and 101 day shorter, re-
spectively, using a thermal threshold based on the previous 60 years (2041-2100)
rather than the historical period (Figure 8, 10).
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Similar to the global patterns, the regional changes in these thermal proper-
ties also tend to be larger in CESM2-WACCM and MRI-ESM2 than those in
GFDL-ESM4, which could be related to processes driving larger biases in those
models (Figure 8, 10, S11-14). The projected increases of D, and A, across
the coral and kelp cells show statistically significant positive relationships with
the present-day model biases in each of those cells (Figure 9, 11, Table S7-12).
The positive relationships, particularly for CESM2-WACCM and MRI-ESM2,
indicates that coral and kelp cells with large positive biases are also exhibiting
large projected changes in those same variables. This suggests that every 1 day
increase in the model biases, for example in D_, the projected values increase by
0.5, 1.2, 1.8 days in GFDL-ESM4, CESM2-WACCM and MRI-ESM2, respec-
tively. However, the relationships between the projected changes and model
biases for HS ..., HR, and D,, vary among the models with some of them not
statistically significant (Table S7-12).

5. Discussion and conclusions

In this study, we evaluate the model biases in simulating five thermal properties
of warm-season MHWSs from three CMIP6 models, and analyze their potential
role in the projected future changes with specific focus over the global regions
of warm-water corals and kelp forests. By the end of 215! century, the duration,
accumulated heat stress and peak intensity show systematic increases under all
the future emission scenarios considered. Conversely, heating rate and the prim-
ing period display systematic decreases in the tropics and subtropics. The pro-
jected changes in warm-season MHW properties are broadly consistent in global
patterns among the three models. However, there are regional disagreements
on future MHW properties among the models as well as between present-day
model simulations and the observations. Understanding the drivers of biases
in the models is important in interpreting MHW projections and responsibly
employing MHW projections in the studies of their ecological impacts. In the
following section, we discuss the potential drivers of present-day model biases
and the implications for future warm-season MHW projections.

The large model biases during the historical period and inter-model spread in the
spatial pattern of the future projections are likely caused by different model rep-
resentations of atmospheric and oceanic processes including 1) cloud formation;
2) deep convection, precipitation and storms, 3) surface winds and associated
oceanic heat transport, and 4) ENSO dynamics. First, cloud representation in
the tropics and subtropics help determine the peak intensity of MHWs by induc-
ing anomalous radiation balance and surface heat flux that can cause anoma-
lously warm SSTs. For example, the negative low cloud biases off the coast of
California and Peru and in the Benguela current system lead to large warm bias
in HS ., observed in GFDL-ESM4 output (Dunne et al., 2020).

pea

Second, heavy precipitation and storms may affect MHW duration, as associated
strong winds and anomalous surface heat flux can cool the sea surface and
terminate a MHW. Overestimated precipitation in parts of the tropical Pacific
in GFDL-ESM4 due to Double Intertropical Convergence Zone (ITCZ) problem
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could contribute to a shorter MHW duration than in the other two models
(Danabasoglu et al., 2020; Dunne et al., 2020; Yukimoto et al., 2019). Tropical
storms as well as deep convection associated with Madden Julian Oscillation
(MJO) can also drive MHW dissolution; how accurately models simulate tropical
storms and behaviors could therefore affect the simulation of MHW duration
and the associated accumulated heat stress (Shin & Park, 2020).

Third, surface winds over the ocean influence SSTs and trigger anomalous heat
stress at regional scales through affecting air-sea heat flux, wind-driven anoma-
lous zonal advection and turbulent mixing (Bond et al., 2015; Sen Gupta et al.,
2020; Holbrook et al., 2019; Oliver et al., 2017). In CESM2-WACCM, underes-
timated upwelling due to damped wind stress in the eastern boundary current
regions could contribute to the positive biases in MHW duration off the west
coasts of California, South Africa and South America (Danabasoglu et al., 2020).
In GFDL-ESM4, the positive biases in the equatorial cyclonic wind stress and
the negative biases in the zonal surface winds off the equator could enhance the
surface heat loss at the equator and weaken surface heat loss off the equator by
affecting vertical mixing of the warm surface later with cooler waters at depth
(Dunne et al., 2020). This may partially explain the pattern of negative biases
in MHW duration in the equatorial Pacific and more poleward positive biases.
Shorter durations in the tropics in GFDL-ESM4 compared with the other mod-
els could also be driven by the shallower mixed layer in GFDL-ESM4, which
would allow sea surface to warm or cool faster and stronger through air-sea
heat flux. Faster and stronger warming due to the shoaled representation of the
mixed layer depth might contribute to the higher peak temperatures (HS )
and larger rate of anomalous heat stress development (HR,) in the tropics, rel-
ative to the other models.

Fourth, the inter-model variability in the thermal properties over the tropics
are also related to model disagreements on the magnitude, location and timing
of ENSO-driven SST anomalies. Though the simulations of ENSO dynamics
have been improved with the latest generation of GCMs included in CMIPG,
many uncertainties that can affect ENSO-driven heat stress remain (Beobide-
Arsuaga et al., 2021; Brown et al., 2020; Jiang et al., 2021). Large warm biases
for HS ., in the eastern tropical Pacific by GFDL-ESM4 may be related to
the underestimated convection in the western equatorial Pacific and stronger
thermal stratification in the Pacific cold tongue region that could drive overes-
timated SSTs during ENSO events (Dunne et al., 2020). In contrast, there is
no warm bias across the tropical Pacific in CESM2-WACCM and MRI-ESM2,
which have improved representation of the stratocumulus clouds, and ocean
mixing and stratification (Danabasoglu et al., 2020; Yukimoto et al., 2019).

Another fundamental source of model bias in simulating warm-season MHWs
is the spatial resolution of the atmosphere and ocean components of the mod-
els. The spatial resolution of the atmospheric module in a GCM can affect
many processes, notably cloud formation. Though this factor cannot explain
the differences among the models we examined, as the models employed the
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same resolution the atmosphere (Danabasoglu et al., 2020; Dunne et al., 2020;
Yukimoto et al., 2019), it could influence the models’ performance relative to
observations. In addition, the spatial resolution of the ocean module in most
GCMs is not fine enough to resolve small-scale processes, like boundary currents
and mesoscale eddies, which may drive underestimates of heat stress which arise
from variations in these oceanic processes. For example, in coastal and bound-
ary current regions, underestimated magnitude of mesoscale eddies could lead
to a negative heat stress bias due to its effects on heat transport (Guo et al.,
2022; Hayashida et al., 2020; Oliver et al., 2019; Pilo et al., 2019), as shown in
the negative biases of HS ., in these regions across all models.

Coarse-spatial resolution can also cause unrealistically smooth SST time series
due to high serial autocorrelation (Oliver et al., 2019), thereby leading to over-
estimated duration of continuous heat stress and underestimated duration of
priming. The spatial resolution of GFDL-ESM4 is finer than that of CESM2-
WACCM and MRI-ESM2 (Danabasoglu et al., 2020; Dunne et al., 2020; Yuki-
moto et al., 2019), which may partially explain the lower magnitude of model
biases in GFDL-ESM4 and smaller coefficient of the relationship between histor-
ical model bias and projected change. While the resolution in the tropics and
subtropics is similar among the models, the C-grid employed by GFDL-ESM4
could represent more realistic boundary features than the B-grid employed by
the other two models; for example, the equatorial undercurrent could be rep-
resented up to twice as accurately using the C-grid as opposed to the B-grid
at the same spatial resolution (Dunne et al., 2020). The positive biases for the
duration and negative biases for peak intensity in most of the ocean by CESM2-
WACCM and MRI-ESM2 might also be related to the limited spatial resolution
of their ocean couplers. The systematic cold bias in the subpolar North Atlantic
is known as a common error feature in GCMs due to the poor representation
of mesoscale eddies (Danabasoglu et al., 2020; Dunne et al., 2020; Yukimoto et
al., 2019).

Uncertainty in projected MHW properties may be larger in the tropics where
SST can be more sensitive to model ability to simulate the aforementioned
driving processes. In the tropics, a small positive bias in the mean state of SST
could lead to large bias in the duration and accumulated heat stress due to the
limited seasonality, which is reflected in the large positive biases for D, and A, in
the tropical Pacific by CESM2-WACCM and MRI-ESM2. This is also shown in
the large positive relationship between the future model projections and present-
day model bias for D, and A_ in the warm-water coral reef cells. Given this
likely amplification of model bias, the future projections of the duration and
accumulated heat stress, two metrics used for exploring ecological impacts of
MHWs, need to be interpreted carefully in impacts modelling and research.

Future MHW studies can focus on examining the role of above driving processes
using high resolution models with a large model ensemble of SST outputs, as
it may advance the predictability of MHWs. Modelling experiments could be
designed to examine the role of each of the physical processes which we identi-
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fied might drive the model biases in simulating warm-season MHW properties.
Given the essential contribution of high spatial resolution to the accuracy of
MHW projections, future research characterizing MHW properties and their eco-
logical impacts would benefit from using outputs from GCMs with finer ocean
and atmospheric grids, although employing finer resolution SST output requires
greater computational resources. Future work could also incorporate outputs
from more GCMs and ESMs when data is available, considering the fact that
this study is restricted in examining systematic biases for warm-season MHW
properties due to the limited availability of daily SST model outputs. This would
not only create a more robust ensemble of future projection, it would enable a
more thorough analysis of the processes that systematically drive model biases
in simulating MHWs. Meanwhile, including more ensemble member projections
for each model may further constrain the uncertainties in terms of internal vari-
ability (e.g., ENSO) that could influence heat stress conditions.

It should be noted that the choice of thermal threshold for defining MHWs is
fundamental to computing MHW projections and their ecological impacts. Most
of the MHW projection studies to date used a fixed, historical thermal thresh-
old to define MHWSs (e.g., Hobday et al., 2016). As the ocean warms, marine
organisms and ecosystems may adjust to a warmer baseline via physiological
acclimatization, direction selection and changes in community structure, such
that heat stress calculated from historical conditions is not representative. For
example, there is evidence that coral reefs exposed to frequent heat stress may
acquire higher thermal resistance (Hughes et al., 2018; Morikawa et al., 2019),
though it may come with reduced coral diversity and structural complexity
(Donner & Carilli, 2019; Magel et al., 2019). To better examine the projections
of MHWs and their ecological impacts, more studies need to incorporate the role
of acclimatization and adaptation into the definition of the heat stress baseline
(Logan et al., 2014; McManus et al., 2020, 2021). We conducted a simple addi-
tional analysis here by quantifying MHWs relative to a rolling MMM threshold
that represents theoretical adjustment to warming over time. Though the re-
sults are intuitive, the projection of less severe MHW properties assuming the
rolling thermal threshold demonstrate the high sensitivity of MHW projections
to the choice of threshold. This highlights the necessity of incorporating vari-
able thermal thresholds, based on research into acclimation and adaptation in
marine organisms and ecosystems (Alsuwaiyan et al., 2021), into future MHW
projection and impact research.

With continued climate change and associated ocean warming, MHWs will con-
tinue to, or even more substantially, threaten marine ecosystems and the asso-
ciated cultures, fisheries and incomes of local and Indigenous peoples (Cooley
et al., 2022). To best understand the impact of increasing warm-season MHWs
on marine organisms and ecosystems, we need to look beyond the accumulated
intensity and examine the thermal properties like duration, heating rate and
priming period. We also need to consider the ability of models to describe the
processes driving MHW development and dissolution, as well as the extent to
which organisms and ecosystems may adjust to warming. Considering these
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factors, and the biases they may create in model output, is important for re-
searchers studying the impact of MHWSs on ecosystems. This cautious analysis
of MHW projections is necessary to better inform policymakers and marine re-
source managers tasked with protecting marine life, and the people who depend
on marine life, from the rising threat of MHWs.
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