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 A B S T R A C T

Life is ubiquitous throughout the ocean, with species abundance and richness often greatest below the 
surface. As a result, ocean extremes throughout the water column may impact resident marine organisms 
and ecosystems. However, ocean extremes, such as marine heatwaves, have been commonly described based 
on surface observations. Given the importance of subsurface ocean processes, such as nutrient recycling, 
(de)oxygenation, and carbon transport, there has been an increasing focus on subsurface marine heatwaves 
(MHWs). Subsurface MHWs are prolonged warm ocean temperature extremes, and have a diversity of vertical 
structures linked with different driving mechanisms. Warming may be confined to the surface mixed layer; 
it may extend much deeper, potentially affecting the entire water column; it may appear only below the 
surface, with no surface signature, or it may be isolated near to or connected with the seafloor. Based on 
existing literature and a new analysis of subsurface MHW structure, we propose a comprehensive naming 
convention, differentiating between mixed layer, deep, thermocline, full depth, submerged and benthic marine 
heatwaves. Most surface-confined MHWs are associated with surface heat fluxes or shallow ocean advection 
or mixing. Conversely, many subsurface events are likely related to the vertical or horizontal displacement 
of temperature gradients/fronts, deep advection, and/or subduction of warm waters below the mixed layer. 
Different MHW vertical structures also have varying impacts on ocean biogeochemistry. However, due to the 
sparsity of physical, biogeochemical and biological observations, as well as the complexity of identifying and 
describing subsurface MHWs, there is limited understanding of the impact of subsurface MHW extremes. The 
nomenclature proposed in this paper seeks to provide a common language for understanding subsurface MHWs, 
thus enabling inter-disciplinary studies to quantify their impact.
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1. Introduction

Extreme temperatures associated with marine heatwaves (MHWs) 
are significant because of their impact on ecological systems globally, 
including in the coastal (Smith et al., 2024), pelagic (Brodeur et al., 
2019b) and benthic (Amaya et al., 2023) realms. These impacts in-
clude microbial community changes (Brown et al., 2024), declines in 
biodiversity (Smale et al., 2019), loss of foundation species (Wernberg 
et al., 2013; Smith et al., 2024), and modified distributions of predators 
and prey (Gomes et al., 2024). Ecological impacts can occur at all 
trophic levels — from microbes to large marine predators, and from the 
individual through to the population level, as critical thermal thresh-
olds are exceeded. Changes in one trophic level can have cascading 
implications for the whole ecosystem. As a result, MHWs can have 
enormous economic impacts with reported costs of individual MHW 
events exceeding US$800 million in direct losses or US$3.1 billion in 
indirect losses of ecosystem services for multiple years (Smith et al., 
2021).

There are now many hundreds of studies that examine MHWs, 
including their definition, characteristics, proximate causes, links to 
remote drivers, predictability, species impacts, ecosystem impacts, fish-
eries impacts and associated socioeconomic consequences (e.g. Oliver 
et al., 2021; Smith et al., 2021; Capotondi et al., 2024). The majority 
of these studies have been focused on MHWs identified at the sur-
face of the ocean, primarily because satellite observations of surface 
temperatures allow for high-frequency and high-resolution near-global 
real-time monitoring. However, temperature extremes also extend be-
yond the surface, and are not always visible in surface data (Sun 
et al., 2023). In some cases, surface signatures of MHWs can dissipate, 
whilst the subsurface MHW conditions persist even in the absence of 
the surface anomalies (Jackson et al., 2018). There are also ocean 
processes that can drive temperature extremes in the subsurface ocean 
without any surface expression (Gawarkiewicz et al., 2019; Schaeffer 
et al., 2023; Wyatt et al., 2023). These subsurface MHWs often have 
intensities that exceed those of surface events, especially around the 
thermocline depth (Schaeffer and Roughan, 2017; Hu et al., 2021).

With the majority of research focused on surface MHWs, it follows 
that our knowledge of their impacts is similarly biased to the surface. 
However, life inhabits all ocean depths. The greatest biomass and bio-
diversity occur on the continental shelves where ocean currents, strong 
mixing, upwelling and terrestrial inputs deliver the limiting nutrients 
that fuel primary productivity (Simpson and Sharples, 2012; Walsh, 
2013), the basis for higher trophic levels. In the upper sunlit layers 
of the open ocean, the microscopic phytoplankton that underpin much 
of the marine food web (Fig.  1) are also affected by MHWs (Le Grix 
et al., 2021; Sen Gupta et al., 2020). In optimising for both light 
and nutrients, these primary producers can form chlorophyll-a maxima 
many tens of metres below the surface, in proximity to the reservoir 
of nutrients below the thermocline (Cullen, 2015; Silsbe and Malkin, 
2016). Phytoplankton, whose distribution is predominantly determined 
by ocean currents and mixing (Purcell, 1977), are grazed by zooplank-
ton that swim hundreds of metres through the water column as part 
of their daily vertical migration. Zooplankton are in turn consumed 
by higher trophic level predators that can actively dive thousands of 
metres (Hernández-León et al., 2020; Wirtz et al., 2022).

Important ecosystems also exist below the euphotic zone. On the 
continental shelf, as light diminishes with depth, diverse populations of 
vulnerable benthic species such as sponges (Perkins et al., 2022) and 
deep water corals are found on the seafloor. Further offshore, the open 
ocean’s mesopelagic zone (200–4000 m), where light levels are too low 
for photosynthesis, is home to some of the most abundant organisms 
on earth, from viruses and protists, crustaceans, and deep dwelling fish 
such as anglerfish (Haddock and Choy, 2024), all the way through to 
deep diving megafauna such as sperm whales and elephant seals (Braun 
et al., 2022). Complex foodwebs and patterns can occur, such as 
subsurface maxima in abundance and species richness, with abundance 
2 
peaking as deep as 2000 m in the case of polychaetes, or 500 m in the 
case of fishes (Martini and Haddock, 2017; Haddock and Choy, 2024). 
MHWs are known to impact the predator–prey interactions at depth, 
with the vertical distribution of mesopelagic fishes deepening by up 
to 100 m during the 2015–16 MHW in the California Current (Iglesias 
et al., 2024).

The historical focus on surface MHW research (ignoring the sub-
surface) largely stems from the need for datasets with high frequency 
(e.g. daily, to resolve short-lived events) and long duration (to be 
able to define a baseline). In this regard, satellite temperature data 
have underpinned MHW research at the ocean surface, with gap-
free optimally-interpolated products providing near global coverage of 
temperature at daily timescales and resolutions of  25 km or smaller 
since the early 1980s (e.g. Reynolds et al., 2002). Despite the recent 
increase in subsurface information observed by Argo profiling floats, 
and other observational platforms such as gliders and moorings, the 
subsurface ocean is comparatively very sparsely sampled, both in space 
and time. Past MHW studies using Argo data relied on satellite SST in 
order to first identify the presence of MHWs, and subsequently study 
their vertical structure (Elzahaby and Schaeffer, 2019; Scannell et al., 
2020; Zhang et al., 2023). However, model reanalyses suggest that this 
approach neglects the 20%–40% of marine heatwaves that have no 
surface expression (Sun et al., 2023).

Data scarcity is even more problematic for the biological and 
biogeochemical (BGC) variables needed to understand the impact of 
MHWs on ocean chemistry and ecosystems. The only well-resolved 
(in space and time) near-global dataset that extends for multiple 
decades is satellite ocean colour, that is limited to estimating surface 
productivity. Although the number of Argo floats with biogeochemical 
sensors is rapidly growing, we are still far from reaching the float 
density required to resolve BGC variability in most regions of the ocean 
(Biogeochemical-Argo Planning Group, 2016). Additionally, Argo floats 
are restricted to operating in the deep ocean, and so cannot fill the 
data gap in shelf waters. Even with a large network, several decades 
of data would be required to form a biogeochemical baseline from 
which extremes can be identified. Ecological data in the subsurface, 
particularly in areas distant from the coast, rely on individual local 
or regional sampling programmes that target different species and 
collect different types of information. Due to this data sparsity and 
methodological diversity, it is challenging to apply these datasets to 
the systematic examination of subsurface MHWs and their impacts on 
marine life.

Surface MHW analysis is underpinned by a well-established theoret-
ical framework centred around the mixed layer heat budget (Holbrook 
et al., 2019). Air–sea heat fluxes, together with ocean advection and 
mixing processes acting on the ocean mixed layer, explain the evolu-
tion of surface temperature and extremes. The local processes may in 
turn be modulated by large-scale modes of variability, e.g. El Nino - 
Southern Oscillation (Holbrook et al., 2019, 2021), Madden-Julian Os-
cillation (Manta et al., 2018; Salinger et al., 2020; Dutheil et al., 2024; 
Gregory et al., 2024), Pacific decadal variability (Capotondi et al., 
2022; Ren et al., 2023), which may all be modified by anthropogenic 
climate change (Oliver et al., 2018; Holbrook et al., 2019).

In the deep ocean, however, away from the direct influence of the 
atmosphere, the drivers of temperature variability will often be differ-
ent from the drivers of surface MHWs. Except for shortwave penetration 
in the photic zone, latent and sensible fluxes from ice shelves, and a 
few areas of hydrothermal activity, there are no subsurface sources or 
sinks of heat. Below the surface mixed layer, which is strongly coupled 
to the atmosphere, ‘heave’, the vertical movement of isopycnals (Hu 
et al., 2021) or anomalous advection and lateral movement of tem-
perature fronts are likely to be major causes of extreme temperatures 
at given locations (Gawarkiewicz et al., 2019). Such dynamical pro-
cesses involve redistribution, rather than changes in the total amount 
of heat. Likewise, in coastal systems, wind-driven downwelling can 
cause bottom-intensified MHWs by pushing isotherms down along the 
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Fig. 1. A schematic view of the vertical distribution of life, biogeochemical properties, and six MHW vertical structures.
continental slope (Schaeffer et al., 2023). These redistributive driving 
mechanisms, heave and frontal movement, together with the character-
istics of the local stratification, can give rise to a diversity of vertical 
temperature structures, and there have been recent efforts to classify 
sets of MHW types based on the location in the water column of the 
extreme temperatures (Schaeffer et al., 2023; Sun et al., 2023; Zhang 
et al., 2023). However, these studies used either a particular dataset or 
region, did not consider MHWs with no surface signature, or did not 
consider the evolution of MHW vertical structure over time, making 
them difficult to compare with each other, and apply to future studies.

The purpose of this work is fourfold. First, to advance the inves-
tigation and understanding of subsurface MHWs, we propose a more 
complete categorisation of subsurface MHW structures which extends 
the existing literature (Schaeffer et al., 2023; Sun et al., 2023; Zhang 
et al., 2023) through new analyses of the vertical structures of a large 
set of coastal and open ocean subsurface MHWs using different observa-
tional and model platforms. In doing so we adapt the classical Hobday 
et al. (2016) MHW definition to identify extreme profiles. Secondly, 
we discuss the possible physical drivers of each type of surface and 
subsurface MHW, providing case studies for many of these mechanisms. 
Thirdly, we consider the biogeochemical and ecological impacts of 
different types of vertical MHW structure. Finally, we discuss the limita-
tions posed by the ocean observing technologies and datasets available 
today for identifying and studying each MHW type, and discuss future 
opportunities.

2. Methods

To examine and categorise subsurface temperature extremes, we 
use variations on an existing MHW definition (Hobday et al., 2016). 
We make use of daily climatologies from mooring and ocean model 
output, and monthly state estimates from a gridded Argo product. To 
consider the full range of MHW vertical structures and to highlight 
different driving mechanisms we present analysis and case studies using 
a variety of observational platforms in different regions, representing 
both the coastal and open ocean, as well as a global high-resolution 
ocean model output (see Fig.  A.10 for a map showing the location of all 
sites considered in the analysis). These datasets offer different strengths 
and weaknesses. Details of these datasets are below, followed by the 
methodology used to identify extreme profiles. We note that there are 
a large range of methods available for estimating the mixed layer and 
thermocline depths, and endeavour, in each case, to choose the method 
most appropriate for each dataset, as detailed in the sections below.
3 
2.1. Coastal mooring data

To assess subsurface MHWs at a single point in a region with a 
wide range of dynamic regimes, we use a decade of data (2010-05-
31 to 2020-05-31) from the Australian Integrated Marine Observing 
System (IMOS) PH100 National Reference Station mooring located at 
34.1 ◦S, 151.2 ◦E on the continental shelf to the east of Sydney, 
Australia (Roughan et al., 2022). At this location, the mooring expe-
riences both wind and current-driven upwelling, as well as the strong 
frontal activity associated with the inshore edge of a Western Boundary 
Current. The mooring consists of a thermistor string at 8 m intervals 
from 15 m depth to the seafloor (100 m). As in situ surface values 
are not measured, estimated surface values are derived from daily 
satellite-measured SST data (see Roughan et al. (2022) for a detailed 
methodology). The temperature data are then interpolated onto a 1 m 
resolution vertical grid. As the mooring only measures salinity at the 
surface and bottom, we identify the base of the mixed layer as the 
depth where the linearly interpolated temperature first drops by 0.2 ◦C 
below the surface temperature (de Boyer Montégut et al., 2004). The 
thermocline is defined as where the vertical temperature gradient is at 
its maximum.

2.2. Ocean model output

Acknowledging the scarcity of appropriate subsurface observations 
and to provide a dynamically consistent global perspective, we use 
global 3d daily mean Conservative Temperature output for the period 
1998 to 2018 from ACCESS-OM2-01, an eddy-permitting 1/10◦ resolu-
tion ocean and sea ice model driven by 3-hourly 0.5625◦ resolution 
air temperature, humidity, radiation, precipitation, runoff and wind 
fields from the JRA55-do v1.4.0 reanalysis (Tsujino et al., 2018). The 
configuration is based on Kiss et al. (2020), with updates described 
by Solodoch et al. (2022). The ocean z* vertical coordinate has 75 levels 
and resolution that coarsens smoothly from ∼1.1 m at the surface to 
∼200 m at the maximum depth of ∼5800 m. The model is initialised 
in 1958 from January climatological temperature and salinity from 
the World Ocean Atlas 2013 v2 (WOA13; Locarnini et al. (2013), 
Zweng et al. (2013)) and surface salinity is weakly restored to the 
WOA13 monthly climatology. The base of the mixed layer is identified 
using a density threshold of 0.03 kg.m-3 relative to the surface (de 
Boyer Montégut et al., 2004), and the thermocline is identified where 
the vertical temperature gradient is at its maximum after applying a 7 
point Savitsky-Golay filter.
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2.3. Gridded argo

Argo data have been used in multiple studies of subsurface sig-
natures of surface MHWs. We use the Roemmich and Gilson (2009) 
gridded Argo data product to identify subsurface MHWs in an open-
ocean MHW hotspot located at 40 ◦S-50 ◦S, 120 ◦W-140 ◦W in the 
Southern Ocean, a region of strong frontal activity (Sokolov and Rin-
toul, 2002) as well as Argo case study 1 and 2, in the tropical ocean. 
The gridded Argo dataset contains the monthly climatological mean 
fields of temperature and salinity from 2004–2018 and their monthly 
anomaly fields for each year since 2004. The data are provided on a 
1◦-by-1◦ spatial grid, with 58 pressure levels from 2.5 to 2000 dbar. 
A seasonally-varying monthly MHW threshold calculated from this 
dataset is used in Figs.  3 (c) and 8 (b-c). A non-seasonally varying 
monthly percentile threshold is used in Fig.  9 (d & f). Both approaches 
have previously been used in the literature (Frölicher et al., 2018; 
Jacox et al., 2020; Capotondi et al., 2022). For a discussion around 
departures from the formal MHW definition necessary for different 
datasets, please see the section below on data challenges. We identify 
the base of the mixed layer following a fixed temperature threshold 
approach (de Boyer Montégut et al., 2004), with a threshold of 0.2 ◦C. 
The thermocline is again identified where the vertical temperature 
gradient is at its maximum.

2.4. Satellite altimetry

Geostrophic velocities for mooring case study 1 were obtained from 
an OceanCurrent product distributed by IMOS that merges satellite 
altimetry with sea level elevation measurements from coastal tide 
gauges (Deng et al., 2011) to improve accuracy in coastal regions.

Sea level for case study 2 was obtained from the Copernicus Climate 
Change Service (C3S), 2021 DT merged two-satellite Global Ocean 
L4 Monthly Means of Sea Level Anomalies and Derived Eddy Kinetic 
Energy, Version vDec2021.

2.5. Sea surface temperature

Sea surface temperatures for mooring case study 2 were obtained 
from the IMOS day and night-time L3S product derived from the 
AVHRR instruments on NOAA polar orbiting satellites (Griffin et al., 
2017). The SST data are daily, cover the period 1992–present and have 
a spatial resolution of 0.02◦ in a domain 70 ◦E to 170 ◦W, 20 ◦N to 
70 ◦S.

2.6. The marine heatwave severity index

To compare the strength of MHWs across regions, depths and 
datasets we use the MHW severity index (from here on referred to as 
severity), following Sen Gupta et al. (2020), defined as: 

𝑆𝑧,𝑡 =
𝑇𝑧,𝑡 − 𝑇 𝑐𝑙𝑖𝑚

𝑧,𝑑

𝑇 𝑃𝐶90
𝑧,𝑑 − 𝑇 𝑐𝑙𝑖𝑚

𝑧,𝑑

(1)

where, at a given location 𝑇 𝑐𝑙𝑖𝑚
𝑧,𝑑  is the daily-varying climatological mean 

of temperature 𝑇𝑧,𝑡 at each depth in the dataset and 𝑇 𝑃𝐶90
𝑧,𝑑  is the daily-

varying climatological 90th percentile of temperature at each depth 
in the dataset. An 11-day moving and 31-day smoothing window is 
applied when calculating the climatologies (with the exception of the 
monthly Argo product, where no smoothing is applied). The severity 
index is a continuous extension of the Hobday et al. (2018) MHW 
categorisation scheme. It employs temperature anomalies normalised 
by the difference between the mean and 90th percentile climatolo-
gies. Severity exceeding 1, 2, or 3 corresponds to moderate, strong 
or extreme category events, respectively (Hobday et al., 2018). This 
normalisation is especially important when comparing temperature 
extremes across different depths, as some parts of the water column, 
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Fig. 2. An example profile showing (a) a daily temperature profile (taken from the 
PH100 mooring) compared to its corresponding daily climatological mean and 90th 
percentile profiles, as well as (b) the associated anomaly (from the mean climatology) 
and marine heatwave severity index. The grey shading shows the severities that would 
meet the MHW condition. In this case a MHW is present between about 35 and 70 m.

such as the thermocline, will have much higher temperature variability 
than others. Use of the severity index, as opposed to discrete categories, 
quantifies the relative intensity of marine heatwaves within the water 
column, enabling comparison across depths and revealing the vertical 
coherence and structure of the MHW. Fig.  2 shows an example of 
how the temperature profile, mean and 90th percentile climatologies, 
temperature anomaly, and severity index relate through the water 
column. This effect can also be explored by examining the difference 
between maximum severity and intensity in Table  A.1. Given that 
marine organisms are adapted to ambient levels of variability in their 
environment, severity likely represents a more biologically meaningful 
metric of thermal stress than temperature anomaly.

2.7. Identification of extreme profiles

We identify extreme temperature profiles as those with MHW sever-
ities that exceed 1 (i.e. > than the MHW threshold) at one or more 
depths within the profile. For the mooring and the ocean model output 
this is based on a daily varying 90th percentile climatology, while for 
Argo, monthly climatologies are used.

2.8. Surface heat flux and ekman pumping

Four observational case studies below demonstrate drivers of differ-
ent MHW types.

Daily heat flux components and 10 m wind from the ERA5 reanaly-
sis (Hersbach et al., 2020) are used. Total surface heat flux is calculated 
as: 
𝑄𝑛𝑒𝑡 = 𝑆𝑊𝑛𝑒𝑡 + 𝐿𝑊𝑛𝑒𝑡 + 𝑆𝐻𝐹 + 𝐿𝐻𝐹 (2)

where 𝑄𝑛𝑒𝑡 is the net surface heat flux, 𝑆𝑊𝑛𝑒𝑡 is the net shortwave 
radiation, 𝐿𝑊𝑛𝑒𝑡 is net longwave radiation, 𝑆𝐻𝐹  is the net sensible 
heat flux and 𝐿𝐻𝐹  is the net latent heat flux.

Ekman pumping anomalies are used to estimate the vertical move-
ment of the thermocline due to local winds and are calculated as: 

𝑤𝐸 = ∇ × ( 𝜏
𝜌𝑓

) (3)

where 𝜏 is the surface wind stress, 𝜌 is the nominal density of seawater 
(1025 kg m3) and 𝑓 is the Coriolis parameter.
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Fig. 3. Depth-time series of daily temperature anomalies relative to the monthly — and depth-varying 90th percentile (i.e. positive values denote MHW conditions) from (a) the 
coastal mooring site at 34 ◦S off eastern Australia, (b) ACCESS-OM2-01 at 5 ◦N, 80 ◦E in the tropical Indian Ocean and c) monthly gridded Argo at 40 ◦S-50 ◦S, 120 ◦W-140 ◦W 
in the Southern Ocean. Panels i–v for each dataset show absolute temperature profiles (coloured lines), climatological 90th percentile (P90) and severity index for five marine 
heatwave events with distinct vertical structures, corresponding to dates indicated by the colour coded vertical lines in panels a, b and c. The green and grey dashed lines represent 
the mixed layer and thermocline, respectively, on that particular day.
3. Heatwave typology

Depth-time analysis of temperature anomalies relative to the local 
90th percentile MHW threshold from daily coastal ocean moorings (Fig. 
3a), ACCESS-OM2-01 (Fig.  3b) and monthly gridded Argo data (Fig.  3c) 
show the evolution of extreme temperatures over time. Clearly there 
are large differences in vertical scales between the coastal and open 
ocean (100 m vs >1000 m), as well as substantial excursions of the 
mixed layer and thermocline depth across time. We highlight a subset 
5 
of times when MHWs occurred (lower panels of Fig.  3 a, b and c). By 
examining where temperatures (solid lines) exceed the MHW threshold 
(grey dashed lines), or equivalently where severity (red dotted line) 
exceeds 1 on Fig.  3, we can see that the MHWs are detected in different 
parts of the water column. For example during February 2017, the 
coastal mooring site (Fig.  3a(iii)) shows temperatures well over the 
MHW threshold in the lower half of the water column at this location 
(60–100 m depth), while temperatures in the upper half of the water 
column are below the threshold. All three time series (Fig.  3 a, b and c) 
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Table 1
Characteristics of existing subsurface marine heatwave typologies.
 Data source Data type Region Depth range No surface expression Proposed MHW 

types
 

 Schaeffer et al. 
(2023)

Mooring Coastal regional 0–65 m Yes Shallow, Subsurface, 
Extended

 

 Sun et al. (2023) Model Reanalyses Global 0–200 m Yes Subsurface, Mixed  
 Zhang et al. (2023) Argo Global 0–1000 m No Shallow, Deep, 

Subsurface-
intensified, 
Subsurface-reversed

 

also show examples where MHW severity is highest in the mixed layer 
(Fig.  3a(ii), 3b(iv), 3c(i)).

Various studies have proposed MHW classifications based on their 
vertical structure using mooring data, Argo profiles or model reanalysis, 
summarised in Table  1. Schaeffer et al. (2023) analysed a long-term 
mooring record in 65 m of water at a coastal site and proposed 
3 types of marine heatwave: (i) ‘shallow marine heatwaves’ extend 
from the surface through the mixed layer but then decay rapidly, (ii) 
‘subsurface marine heatwaves’, form exclusively below the mixed layer 
and (iii) ‘extended marine heatwaves’, where extreme temperatures 
exist throughout the water column. Zhang et al. (2023) combined Argo 
and satellite measurements to identify the subsurface expression for 4 
types of surface marine heatwaves including: (i) ‘shallow’, defined as 
within the mixed layer, (ii) ‘deep’, extending deeper than the mixed 
layer, (iii) ‘subsurface reversed’, where there are warm anomalies at 
the surface, but cool anomalies at the thermocline and (iv) ‘subsurface 
intensified’, where anomalies are largest at the thermocline. Using 
ocean reanalyses, Sun et al. (2023) employed a 3-D spatiotemporal 
tracking scheme to divide large marine heatwave events into (i) ‘sur-
face’ (has a continuous surface signal over the duration of the event), 
(ii) ‘subsurface’ (has no surface signal) and (iii) ‘mixed’ (has a surface 
signal, but not throughout the lifespan of the MHW) events.

These classifications of subsurface MHWs vary somewhat as they 
span both global open ocean and regional shelf studies, and employ 
datasets based on different temperature sensing platforms. A difficulty 
that arises is how to compare the vertical structure of MHWs at different 
locations over vastly different water depths, across different times 
of the year and using varied data sources. All of the above studies 
highlight the importance of the mixed layer, which denotes the extent 
of surface confined MHWs, and of the thermocline, where small vertical 
displacements of sharp temperature gradients can cause large variations 
in temperature. However, the variation in mixed layer and thermocline 
depths over the course of the annual cycle or at different locations (Fig. 
3) means that systematically identifying MHW types across space and 
time is challenging. For example, Zhang et al. (2023) acknowledge this 
challenge and use a temporally and spatially varying mixed layer depth 
in their classification, but restrict the mixed layer to being shallower 
than 100 m, as well as aggregating profiles spatially in 2◦ × 2◦ bins 
and temporally over the course of each surface-identified MHW. This 
approach makes some account for a variable mixed layer depth, but 
does not allow for MHW vertical distribution to change over the course 
of the MHW life cycle, for example from a surface type to a subsurface 
type, a behaviour which has been well-documented (Jackson et al., 
2018; Köhn et al., 2024) in previous studies, particularly for long-
lasting events. Additionally, when computing the mean profiles of 
MHW types, averaging together profiles of varying mixed layer depths 
obscures whether or not the anomaly has occurred within the mixed 
layer or below.

To classify the vertical structure of MHWs using physical ocean 
features (rather than absolute depth) as the vertical coordinate, we 
consider the surface, mixed layer depth, thermocline depth and ocean 
floor (or maximum depth extent of the data) as the reference levels for 
the water column. These reference levels separate the 3 fundamental 
layers of the global ocean: the mixed layer, where tracers (like heat, 
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salt, carbon and oxygen) are exchanged with the atmosphere and 
properties are relatively homogeneous with depth; the thermocline, 
where stratification is typically strongest; and the deep ocean where 
temperature is relatively constant over time and depth (Sallée et al., 
2021; Romero et al., 2023). The mixed layer and the thermocline 
also play a key role in biological and biogeochemical activities. In-
deed, phytoplankton is rapidly redistributed within the mixed layer, 
while the thermocline is approximately co-located with the nutricline. 
Physically, using the mixed layer and thermocline depths as reference 
levels simplifies the study of what causes MHWs at different depths, 
as different driving mechanisms typically act predominantly within the 
mixed layer, at the thermocline or at greater depth. For example, heat 
entering the ocean surface is quickly redistributed through the mixed 
layer via strong turbulent mixing processes, and vertical displacements 
of the water column associated with Ekman pumping or the passage of 
planetary waves can result in large temperature variations within the 
thermocline. Thus, although the mixed layer and thermocline may be 
close to each other in physical space, they represent different dynamical 
and biological regimes and therefore are separated in our analysis.

Can we quantify the common vertical structures of MHWs using 
this new vertical frame of reference? In order to appropriately compare 
MHWs in difference seasons and locations, as detailed above, we apply 
a linear rescaling of the depth coordinate such that temperatures at 
the surface, mixed layer, thermocline and lowest level are remapped 
to 0, 13 , 

2
3  and 1 of the water column respectively and temperatures at 

intervening depths are linearly interpolated.
To separate out the common vertical structures we apply a cluster-

ing algorithm to scaled profiles from both the open ocean (using output 
from a global ocean model) and a coastal site (the PH100 mooring). 
For the open ocean we apply the agglomerative clustering algorithm 
(Pedregosa et al. (2011): see Appendix and Fig.  B.11 for the detailed 
profile selection, rescaling and clustering methodology) to > 30 000 
vertically rescaled profiles of MHW severity index (to a maximum depth 
of 1500 m) extracted at daily resolution from 100 randomly selected 
locations in a global eddy resolving ocean model (ACCESS-OM2-01, 
Fig.  4f) between 60 ◦N and 60 ◦S. All profiles are selected so that they 
contain an extreme temperature at one or more depths (for the global 
analysis severity > 2 is used). In both cases, the number of clusters is 
chosen using the dendrogram of clusters, and then refined to a level 
where clusters show distinct vertical structures, rather than varying 
strengths of the same vertical structure.

The global analysis of ACCESS-OM2-01 temperature profiles (Fig. 
4) includes profiles from a wide range of different oceanic regimes. 
Dividing into 5 clusters (note that clusters containing less than 300 
profiles are removed from the analysis) gives 5 distinct patterns of 
vertical MHW structure. Examining the mean of all profiles making 
up the first cluster (Fig.  4a), we find the largest MHW severity in 
the mixed layer, quickly dropping off below and with no elevated 
anomalies at the depth of the thermocline. In the second (Fig.  4b), 
MHW severity is still elevated in the mixed layer, and high severities 
extend to the depth of the thermocline. The third cluster (Fig.  4c) 
shows highest severities concentrated near the thermocline with no 
surface signature. In contrast, the fourth cluster (Fig.  4d) exhibits MHW 
conditions throughout the water column. The final cluster (Fig.  4e) only 
exhibits high severity below the thermocline.
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Fig. 4. Global clustering of MHW severity index profiles, containing MHW severity> 2 at a minimum of one depth (panels a–e) from 100 random locations (panel f) in ACCESS-
OM2-01. The black profiles represent the mean of each cluster, shaded with one standard deviation. ‘Scaled Depth’ represents the water column scaled by the mixed layer (green 
dashed line) and thermocline depths (blue dashed lines). Severity index values greater than 1 (red dashed line) indicate MHW conditions. See Table  A.1 for statistics.
To test whether these categories also appear in a dynamically com-
plex coastal environment, we apply the same clustering methodology 
to > 4000 daily profiles at a single location (Fig.  5f), the coastal 
PH100 mooring in 100 m water depth inshore of a western boundary 
current. Here due to the smaller sample size we use a lower threshold 
(i.e. severity > 1) to detect a sufficient number of profiles for effective 
clustering.

We find important commonalities with the global analysis. The first 
cluster (Fig.  5a) exhibits highest severity near the surface although 
severity drops off towards the base of the mixed layer. In the second 
cluster (Fig.  5b), severity is uniform within the mixed layer, remaining 
elevated but tailing off towards the thermocline. The third cluster 
shows a peak in severity close to the thermocline, with no signature 
at the surface (Fig.  5c), while in the fourth cluster (Fig.  5d) the MHW 
severity threshold is exceeded throughout most of the water column. 
In the final cluster, severity peaks at the bottom, with no surface 
expression (Fig.  5e).

Whilst there are similarities between the clustering at the global and 
local scale, there are also differences. For example, in the global anal-
ysis (Fig.  4e), the fifth cluster represents MHWs below the thermocline 
and the bottom of the dataset, while in the coastal mooring clusters, the 
fifth cluster MHWs intensify towards the ocean floor (Fig.  5e). There 
is also a data limitation in the mixed layer at the coastal site due to 
the lack of temperature data between the surface and 15 m depth at 
PH100. Under most conditions this does not affect the analysis (the 
mean mixed layer depth is 23 m, but very surface intensified MHWs 
(Fig.  5a) are often associated with anomalously shallow mixed layers, 
not resolved by the mooring dataset as can be seen in linear drop 
off in severity from the surface to mixed layer in Fig.  5a. Thus some 
allowances must be made due to the differences between the global 
model, and coastal mooring datasets. However, the vertical structures 
in the cluster analyses lend themselves to very similar descriptions, 
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providing a common language which simplifies the description of MHW 
vertical structures globally.

Therefore, based on the categories proposed by Schaeffer et al. 
(2023), Zhang et al. (2023) and Sun et al. (2023), and informed by 
our analysis of observational and modelled datasets, merging together 
the common vertical structures from both the global open ocean and a 
coastal dataset, we propose a typology consisting of 6 primary types of 
marine heatwave vertical structures (Fig.  6):

Mixed layer MHW

Temperatures exceed the MHW threshold through the mixed layer, 
before dropping off below the base of the mixed layer (Fig.  6a). For 
example, Fig.  3a (ii) and Fig.  3c (i). This is analogous to the shallow 
MHW type discussed in Schaeffer et al. (2023) and Zhang et al. (2023). 
Interestingly, our global analysis shows that the average MLD for this 
category is the shallowest over all clusters (Fig.  4, Table  A.1). This is 
consistent with enhanced warming when the mixed layer is shallow, 
such as in the summer, with surface heat fluxes acting on a reduced 
water volume.

Deep MHW

A MHW event with a surface expression where temperatures above 
the MHW threshold extend well below the mixed layer into the ther-
mocline (Fig.  6b). For example, Fig.  3a (i), Fig.  3b (i), Fig.  3c (ii). 
Such MHWs have been discussed in the northeast Pacific during the 
Blob (Scannell et al., 2020), and in the Mediterranean Sea (Juza et al., 
2022) often in the decaying stage of an MHW, and are analogous 
to Zhang et al. (2023)’s ‘Deep MHW’. Although the global clustering 
shows mixed layer and deep MHWs to be similar in surface expression 
and structure, in our global cluster analysis they are associated with 
median mixed layers that are 60% deeper than mixed layer MHWs (Fig. 
4 a,b).
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Fig. 5. Local clustering of MHW severity index profiles, containing MHW severity> 1 (panels a–e) from a decade-long coastal mooring time series (PH100, red dot in panel f). 
The black profiles represent the mean of each cluster, shaded with one standard deviation. ‘Scaled Depth’ represents the water column scaled by the mixed layer (green dashed 
line) and thermocline depths (blue dashed line), the red vertical dashed line represents the MHW threshold.
Thermocline MHW

A MHW event which has maximum severity near the thermocline, 
with minimal surface expression (Fig.  6c). For example, Fig.  3a (iv), 
Fig.  3b (v), Fig.  3c (v). These are analogous to Zhang et al. (2023)’s 
‘subsurface-intensified’ MHW and have been observed by Wyatt et al. 
(2023) in the tropical Pacific and are typically associated with the 
vertical movement of the thermocline.

Full depth MHW

Temperature exceeds the MHW threshold through the entire water 
column; or at least across the vertical extent of the dataset (Fig.  6d). As 
such, it has a surface expression. For many real-world cases we can infer 
an impact on the full water column in shallow regions where we have 
observations that extend throughout the water column (e.g., Schaeffer 
et al. (2023), our Fig.  3a (v)). However, in the open ocean there are 
examples of continuous MHW conditions extending thousands of metres 
into the water column, e.g. Fig.  3c (iv)

Submerged MHW

Temperature exceeds the MHW threshold predominantly below the 
base of the thermocline, with no surface expression (Fig.  6e), and 
with no evidence of reaching the ocean floor. Extreme temperatures 
which occur in the relatively stable temperatures of the deep ocean, 
for example, Fig.  3b (ii).

Benthic MHW

A MHW event with maximum intensity at the ocean floor, with no 
surface expression (Fig.  6f). For example, Fig.  3a (iii). The identification 
of these events requires full depth information and are thus likely to 
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be most commonly identified on continental shelves. MHWs focused 
on the ocean floor with no surface expression have been identified 
around North America (Amaya et al., 2023; Großelindemann et al., 
2022), also analogous to some observed examples of Schaeffer et al. 
(2023)’s ‘subsurface’ marine heat wave.

MHW events will often not fall cleanly into a single category. For 
example, we find heatwaves that have extreme temperatures through 
the mixed layer but with a maximum at the thermocline (Fig.  3b 
(iii)), indicating a combined thermocline/mixed layer MHW. Mixed 
layer MHWs also co-occur with submerged MHWs (Fig.  3b (iv), Fig. 
3c (i)). Close to the coast, during times of deep mixing, mixed layers 
may extend to the sea floor. As such, there would be no distinction 
between surface and full depth MHWs. There are also many instances 
where we see the evolution from one type of MHW to another. For 
example, heat associated with a mixed layer MHW can mix down-
wards over time forming a deep MHW and then cool at the surface 
to become a thermocline MHW (as in Fig.  3b (iii)). The evolution of 
MHWs extending into the subsurface has been examined in detail in 
the northern and tropical Pacific in a regional ocean model (Köhn 
et al., 2024). They found one third of surface-identified MHWs extend 
below the mixed layer (deep MHWs by our classification) and that 
24% of these propagate downwards, 20% propagate upwards, and less 
than half remain in contact with the surface over the course of their 
lifespans (thus transitioning from surface to thermocline MHWs by our 
classification). Thus, we have structured this typology to enable the 
type of marine heatwave to be described at each point in time, to 
capture the evolution of vertical structure. If the vertical structure of 
a MHW is defined as the mean structure of the event, this important 
evolution will not be resolved.

4. Drivers of different marine heatwave types

The processes driving surface MHWs have been widely studied, 
typically in the context of a mixed layer heat budget (Holbrook et al., 
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Fig. 6. Schematic representation of the 6 MHW types in relation to the base of the mixed layer and thermocline. Note that a severity index > 1 denotes marine heatwave conditions. 
Green and dark grey lines indicate the mixed layer and thermocline depths, respectively.
2019). In the mixed layer heat budget, the evolution of temperature 
averaged over the mixed layer depends on radiative and turbulent heat 
fluxes from the atmosphere, less any penetration of solar radiation 
out of the bottom of the mixed layer, together with ocean advective 
heat fluxes and horizontal and vertical mixing processes. Temperature 
variations are also strongly affected by the depth of the mixed layer 
and the volume of water being heated (Elzahaby et al., 2022). When 
identified by their surface expression, the largest events (Sen Gupta 
et al., 2020) have been most commonly associated with anomalously 
weak winds that lead to reduced evaporative cooling and weaker ver-
tical mixing. However, in the subsurface ocean, there are typically no 
internal sources of heat (except in hydrothermal regions), and the role 
of ocean dynamics in creating temperature extremes by redistributing 
heat becomes more important (e.g. Großelindemann et al. (2022)). 
Global studies diagnosing the relative roles of atmospheric and oceanic 
processes in driving upper ocean MHWs report varying results based on 
their choice of depth range, e.g. the upper 10 m (Vogt et al., 2022), the 
upper 50 m (Bian et al., 2023) or the climatological mixed layer (Marin 
et al., 2022). Studies using a larger depth range report greater oceanic 
contributions and vice-versa. Use of the typology proposed here will 
remove this ambiguity and allow more precise attribution of the drivers 
of different MHW types.

A number of distinct mechanisms can drive the formation of MHWs, 
associated with the different subsurface MHW structure. Broadly, these 
mechanisms can be divided into: anomalous advection, frontal move-
ment, vertical heave and surface heating. Most MHW types can be 
driven by one or more of these mechanisms, as detailed below.

Mixed layer MHW

Heat entering the ocean surface via air–sea fluxes or shallow surface 
currents (Fig.  7a) is quickly distributed through the well mixed surface 
layer. The depth of mixed layer MHWs typically extends a few 10 s 
of metres into the ocean although the depth and intensity may evolve 
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as the mixed layer deepens or shoals. These MHWs are typically as-
sociated with low wind speeds, anomalous air–sea fluxes (particularly 
reduced latent heat loss (turbulent) and/or enhanced solar (increased 
penetrative downward shortwave radiation) into the ocean, shallow 
warm advection and suppressed mixing at the base of the mixed layer 
(Fig.  7j). Mixed layer MHWs may also be related to preconditioning 
by an anomalously shallow mixed layer (Lee et al., 2023) that can 
give rise to enhanced surface warming during seasons of climatological 
temperature increase (i.e. during spring and summer), even without 
anomalously large surface heat fluxes (Fig.  7n). Many of the most 
iconic large scale MHWs are likely to have been mixed layer MHWs 
(at least in their initial phases), e.g. the Blob (Bond et al., 2015), 
the Blob 2.0 (Amaya et al., 2020)/18 Tasman Sea (Perkins-Kirkpatrick 
et al., 2019), the 2013/14 southwest Atlantic MHW (Rodrigues et al., 
2019), the 2009/10 South Pacific event (Lee et al., 2010) and the 2012 
Northwest Atlantic MHW (Chen et al., 2015).

Deep MHW

Such events may result from processes including advection by deep 
reaching currents (Fig.  7b) e.g. the 2015/16 Tasman Sea MHW (Oliver 
et al., 2017), deep mixing followed by re-stratification (Jackson et al., 
2018), or the lateral movement of fronts or eddies with strong lateral 
temperature gradients that extend deep below the mixed layer (Fig.  7f). 
Mixed layer MHWs driven by surface fluxes can also transition into a 
Deep phase before being eroded at the surface to become a thermocline 
MHW (Fig.  7o, Scannell et al. (2020)).

Full depth MHW

These events will predominantly affect shelf regions, or areas of 
strong temperature fronts such as boundary currents. Such events may 
be related to the increased poleward penetration (Fig.  7c) or onshore 
intrusion of deep warm currents (Fig.  7 g) or eddies (Schaeffer et al., 
2023; Wyatt et al., 2023). An example can be seen in the coastal PH100 
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Fig. 7. Schematic of important driving mechanisms of each of the 6 types of subsurface marine heatwaves (columns). The shaded colours represent the four main sources of 
extreme warm temperatures: Anomalous advection, Frontal movement, vertical heave and surface heating. Note that panels showing oceanic drivers have space (x) on the 𝑥 axis, 
while panels showing atmospheric drivers have time (t) on the 𝑥 axis.
mooring data inshore of the East Australian Current, where the inshore 
edge of the western boundary current jet encroaches onto the shelf (Fig. 
8 b–f).

Thermocline MHW

Many such events are associated with the vertical movement of 
vertical temperature gradients in the thermocline (a process known as 
heave). Downward heave, leads to an adiabatic warming at constant 
depth levels that is greatest at the thermocline (Fig.  7l). Downward 
heave can result from coastal wind driven downwelling (Schaeffer 
et al., 2023), open ocean Ekman pumping (Hu et al., 2021), the 
passage of downwelling favourable Kelvin waves along the equator or 
along coastlines (Ryan et al., 2021), or Rossby waves in the interior 
ocean (Holbrook et al., 2011; Li et al., 2020) (Fig.  7h). Thermocline 
MHWs have also been found in the Tasman Sea (Elzahaby and Scha-
effer, 2019), associated with the intrusion of heat at the edge of a 
large anticyclonic eddy, with the occurrence of thermocline MHWs 
concurrent with anticyclonic eddy activity also being observed globally 
from mooring observations (He et al., 2024).

Submerged MHW

In the deep ocean, temperature variability is small, and sources 
of anomalous heat are limited as there are no surface fluxes or vig-
orous circulation as seen in the surface layers. Due to the lack of 
appropriate observations, our knowledge of high frequency temper-
ature variability below the thermocline is limited. However, several 
subsurface mechanisms could still potentially drive submerged MHWs. 
In equatorial regions, for example, changes in the strength of deep 
equatorial jets (Ménesguen et al., 2019) or the deep western boundary 
currents (Meinen et al., 2013) can change the advection of heat well 
below the thermocline (Fig.  7e).
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Benthic MHW

On the continental shelf, benthic MHWs have been linked to down-
welling/suppressed upwelling (Fig.  7p), due to changes in alongshore 
winds in summer when the water column is stratified (Schaeffer et al., 
2023). On the west coast of North America, it has been suggested 
that benthic MHWs could be associated with El Nino events, due to 
the passage of downwelling coastally trapped waves (Fig.  7m, Amaya 
et al. (2023)). Benthic MHWs have also been associated with bottom 
intrusions of warm water along shelf break fronts (Großelindemann 
et al., 2022).

Below we highlight a number of case studies of MHWs associated 
with distinct driving mechanisms:

4.1. Mooring case study 1 and 2 - Coastal MHWs on the southeast Aus-
tralian shelf

We compare two different types of MHWs at the mooring PH100 
on the shelf inshore of the East Australian Current (EAC), each with a 
distinct driving mechanism. On the 18th of February 2016, there was 
a strong heat flux anomaly into the ocean (Fig.  8a). Associated with 
this, temperatures in the upper 40 m of the water column (the mixed 
layer) exceeded the MHW threshold for more than 5 days (Fig.  8b), 
resulting in a mixed layer MHW. A different dynamic occurred during 
June of the following year, when a full depth marine heatwave formed. 
This occurred when the warm poleward-flowing EAC jet moved from 
its normal position (Fig.  8c) to encroach onto the shelf (Fig.  8e). The 
resulting frontal movement caused temperatures through the full water 
column to warm from a normal state, with slight warm anomalies near 
the bottom (Fig.  8d), to exceeding the 90th percentile threshold at all 
depths, resulting in a full depth MHW (Fig.  8f).
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Fig. 8. Comparison at the PH100 mooring site (pink circle at 34 ◦S) off southeastern Australia between a–b) a mixed layer marine heatwave driven by anomalous air–sea heat 
fluxes, and c–f) a full depth marine heatwave resulting from the onshore intrusion of the East Australian Current. (a) Shows the total surface heat flux from the ERA5 reanalysis, 
(b) shows the temperature profile, mean and 90th percentile climatologies from the mooring on 18 February 2016, (c) shows sea surface temperature and geostrophic velocities 
on 1 June 2017, (e) Sea surface temperature and geostrophic velocities one month later. (d) Vertical temperature profile from the mooring on 1 June 2017, and (f) one month 
later, showing the development of a full depth marine heatwave.
4.2. Argo case study 1 and 2 - Thermocline MHWs in the tropical Pacific 
and Indian oceans

In the tropical ocean, thermocline MHWs are common (Hu et al., 
2021). The thermocline is often quite shallow and with a sharp vertical 
temperature gradient, with prominent shifts in thermocline depth asso-
ciated with wind stress curl driven Ekman pumping and the influence 
of Kelvin and Rossby wave dynamics. Two examples of different driving 
mechanisms resulting in thermocline MHWs are presented in Fig.  9. In 
February 2011, anomalous Ekman pumping (Fig.  9a) caused a depres-
sion in the thermocline (Fig.  9b). As a result, warmer temperatures were 
found deeper than usual in the water column (between 100 and 280 m 
depth), resulting in a strong thermocline MHW with a severity index 
as high as 4 at 175 m (the approximate thermocline depth). Fig.  9e 
shows the clear signature of westward Rossby wave propagation across 
the tropical Indian Ocean, where raised/lowered sea level anomalies 
are related to the depression/raising of the thermocline. In early 2007 
we see a large positive sea level anomaly that would be associated 
with a deeper thermocline. At the depth of the mean thermocline, this 
appears as a strong warming/high severity indicative of a thermocline 
MHW (Fig.  9d,f). Given the lack of internal heating sources in the ocean 
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interior and the relatively slow timescales on which interior water 
masses evolve, many subsurface temperature extremes are likely to be 
related to the adiabatic redistribution of heat via dynamical processes. 
Such ‘heave’ processes can be related to the passage of planetary 
waves, local wind forcing and Ekman pumping (Fig.  9a), isopycnal 
movement related to mesoscale eddies (Pegliasco et al., 2015), or large-
scale geostrophic adjustment that leads to shifts in oceanic fronts in 
temperature.

A further diagnostic to help determine mechanisms driving temper-
ature (and salinity) changes in the interior ocean is the Spice and Heave 
decomposition (Bindoff and Mcdougall, 1994). In the subsurface ocean 
where vertical mixing is weak, changes in temperature can result from 
the aforementioned movement of isopycnals (heave) and density com-
pensating temperature and salinity changes occurring along isopycnals 
(spice). The former is often related to dynamical drivers like Ekman 
pumping or the passage of planetary waves that cause an adiabatic 
retribution of temperature as detailed above. The latter relates to water 
mass changes at the ocean surface that are subsequently transported 
into the interior via isopycnal mixing or advection. The spice/heave 
framework was employed by Scannell et al. (2020) to examine the Blob 
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Fig. 9. Examples from Argo float data of two driving mechanisms of thermocline MHWs in the tropical ocean: (a–c) a thermocline MHW was driven by local Ekman pumping in 
the western tropical Pacific (temperature profile from a single Argo float, threshold calculated from gridded Argo), while the other (d–f) was associated with westward propagating 
Rossby waves, as indicated by the evolution of sea level anomalies as a function of longitude (x-axis) and time (y-axis) in panel e and severity at mid-thermocline in panel f (sea 
level anomaly from altimetry, temperature data from gridded Argo).
MHW in the northeastern Pacific. In particular they found that subsur-
face heating during the Blob was related to entrainment of anomalous 
heat from the mixed layer to greater depths (a large Spice component), 
while an earlier subsurface MHW in 2008 was associated with adiabatic 
deepening of the thermocline (i.e. heave). While potentially useful, 
isolating the drivers of spice and heave changes can be challenging 
without additional information and is currently a separate area of 
research.

5. Ecological impacts of MHW vertical structure

Here, we use an organismal perspective to discuss possible impacts 
of different distributions of MHWs through the water column. In this 
context, it is useful to consider a species’ ability to move — and 
hence relocate to suitable habitat outside the impacted depths — when 
considering ecological impacts of heatwaves (Jacox et al., 2020). The 
first group we consider are organisms that occupy the benthos — they 
either live in the sediments or are attached to benthic substrates and 
have no means of escape from a MHW. Second, there are the planktonic 
microbes (e.g. bacteria, viruses, phytoplankton) whose distribution is 
largely determined by ocean currents, which means they largely remain 
within water masses. Third are those taxa in the pelagic deep scattering 
layer that vertically migrate up to hundreds of metres per day (zoo-
plankton, mesopelagic fish, and larval fish) and actively move between 
water masses within the water column. As part of this movement, they 
will routinely experience relatively large changes in temperature. The 
last group of organisms are those that have the ability to swim or dive 
in the unbounded volume of the ocean (fish and marine mammals). 
Other surface-based organisms such as seabirds are also impacted by 
MHWs (Piatt et al., 2024) but are not considered here. Given the 
contrasting mobility and vertical distribution of these four groups of 
organisms in the ocean, MHW types likely have different relevance and 
potential consequences.
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Mixed layer MHWs

By virtue of occurring in the upper ocean, mixed layer MHWs 
are expected to have the greatest effect on planktonic microbes and 
vertical migrators. These organisms move by drifting in ocean currents 
or vertical migration (Doblin and van Sebille, 2016; Wirtz et al., 2022), 
and have the potential to be directly physiologically impacted by 
extreme temperatures or indirectly through vertical stratification and 
the diminished delivery of nutrients to the photic zone and reduced 
oxygen availability (e.g. Brown et al. (2024)).

The Blob heatwave in the North Pacific (Bond et al., 2015) is a 
well known data-rich example of the pelagic implications of a mixed 
layer MHW. This MHW led to a decline in surface chlorophyll-a, 
lower primary production, an almost total loss of diatoms (Arteaga 
and Rousseaux, 2023) and a shift to smaller phytoplankton cells which 
are harder to consume for many zooplankton (Yang et al., 2018). 
This drove declines in the abundance of carbon-dense crustacean zoo-
plankton and increases in carbon-poor gelatinous zooplankton (Brodeur 
et al., 2019a), which then manifested as shifts in the diet of small 
pelagic fishes as well as declines in their weight and energetic condi-
tion (Brodeur et al., 2019b). More generally, Hayashida et al. (2020) 
and Sen Gupta et al. (2020) showed that MHWs with a surface ex-
pression were associated with reduced surface productivity at lower 
latitudes and elevated surface productivity at higher latitudes as a result 
of stratification.

Deep MHWs

In addition to the ecological impacts from Mixed Layer MHWs, 
MHWs with a surface expression that penetrate below the mixed layer 
will reduce access to cooler refugia in the upper ocean and also expose 
midwater organisms such as mesopelagic fishes, squids, and crustaceans 
to elevated temperatures. These organisms are an important source of 
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food for many large marine top predators, including pinnipeds, sharks, 
whales and dolphins, and seabirds (Braun et al., 2022; Young et al., 
2015). They also provide a significant amount of the daily intake of 
commercially important pelagic fishes (e.g., tunas, Duffy et al. (2017)). 
Given that midwater food webs play a key role in transferring and 
transforming elements between the atmosphere, surface ocean and the 
deep seafloor (Haddock and Choy, 2024), Deep MHWs could also have 
significant impacts on global biogeochemical cycles, but observations 
at depth are lacking. Biogeochemical investigations of the Blob indi-
cate that there were significant increases in surface ocean aragonite 
saturation state (𝛺arag) and decreases in surface dissolved oxygen 
concentrations that extended to depths of 100 m (Mogen et al., 2022), 
both of which could have biological implications, such as constraining 
the depth range of oxygen sensitive tuna and billfish (Prince and 
Goodyear, 2006). Importantly, depending on the spatial extent and 
duration of the MHW, midwater predators and prey have the ability to 
relocate vertically and horizontally in the ocean (Iglesias et al., 2024), 
limiting their exposure to water outside their thermal optimum. This 
may come at the cost of increasing their exposure to other predators, 
or to capture by fisheries.

Thermocline and submerged MHWs

In regards to thermocline MHWs, these are often produced by ver-
tical displacement of water masses (i.e. heave), so planktonic microbes 
that are passively moved along with the water mass may not experience 
any change in their ambient condition and biogeochemical impacts 
may be limited. However, for vertical migrators, thermocline MHWs 
could have greater consequences through both the direct effects of 
elevated temperature on their metabolism, but also the indirect effects 
on prey and predator abundance. Research has suggested that strong 
Thermocline MHWs resulted in a reduction in the catch of skipjack tuna 
in the tropical western Pacific. However, the statistical significance of 
the impact was unclear (Hu et al., 2021).

Benthic MHWs

To date, the most serious and extensive impacts of MHWs have 
been documented in coastal benthic habitats where benthic organisms 
such as macroalgae, seagrass, sponges and corals have experienced die-
offs (Arias-Ortiz et al., 2018; Hughes et al., 2018; Arafeh-Dalmau et al., 
2019; Holbrook et al., 2021; Bell et al., 2023). Most of the impacted 
organisms which have been documented exist in shallow well-mixed 
waters where MHWs detected from the surface are likely to extend all 
the way to the sea floor. Given that sessile organisms in the benthos 
of continental shelves and deep ocean basins are just as constrained as 
shallow water organisms in mobility, it is likely that full depth MHWs 
will have similar destructive impacts if they are sufficiently intense and 
prolonged. Deep benthic organisms are exposed to limited temperature 
variations and already have limits on food acquisition and reproduction 
imposed on them by their immobility, so they may be particularly 
vulnerable to MHWs. For deep-sea coral gardens or manganese nodule 
fields that were formed over thousands of years, the impacts of benthic 
and full depth MHWs could be very significant in these novel habitats. 
In particular, loss of habitat-forming foundation species such as corals, 
seagrass and macroalgae can have significant long-lasting impacts on 
associated biodiversity, ecological function, and ecosystem services 
provision (Smith et al., 2024). Following the 2013–2016 MHW in the 
North Pacific (‘‘The Blob’’), there was an unprecedented decline of kelp 
in northern California (Rogers-Bennett and Catton, 2019). This decline 
was caused by a combination of direct (MHW) and indirect impacts 
(increase in urchin predators). The loss of this critical habitat triggered 
mass abalone mortality and the closure of several recreational and 
commercial fisheries worth more than $USD47M (Rogers-Bennett and 
Catton, 2019). Similar impacts have been seen off the west Australian 
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coast where a 10 week MHW resulted in extensive macroalgal mortal-
ity, an increase in turf-forming algae, and a tropicalisation of the fish 
community (Wernberg et al., 2013). Even after the return to baseline 
conditions, these systems are still in recovery and may not return to 
their original state. Another benthic species not to have recovered 
following a MHW are the Alaskan snow crab, a $USD150M industry 
which collapsed following a Bering Sea MHW (Szuwalski et al., 2023).

Experimental outcomes of MHW simulations with intact sediment 
cores from the Baltic Sea provide useful insight into how benthic 
biogeochemistry could be affected (Kauppi and Villnäs, 2022). Short-
term (5–9 days) moderate (approx. + 5 ◦C) and strong (approx. + 
9 ◦C) MHWs have different impacts on biogeochemical cycling of 
nutrients within the seafloor. Biogeochemical and biological processes 
were boosted by a moderate heatwave, whereas biogeochemical cy-
cling seemed to decrease under a strong heatwave. A moderate MHW 
elevated remineralisation but a strong MHW led to decreased mi-
crobial processes, resulting in fresh organic material accumulating in 
the sediments as well as increased metabolism and stress of ben-
thic animals (Kauppi and Villnäs, 2022). The authors noted that the 
lower oxygen content of warm water at depth may compound any 
heat-related stress.

Full depth MHWs

Given the usual mechanism of Full Depth MHW formation, frontal 
movement, this type of MHW may have limited impacts on planktonic 
microbes — organisms present in the water mass moving to the shelf, 
as they are just being displaced horizontally. However, with the on-
shore movement of the warm water, there can be a flow-on effect on 
coastal ecosystems, as resident species are replaced by warm-adapted 
organisms from further offshore, as has been observed in the squid 
fishery on the North Atlantic shelf (Salois et al., 2023). There is also the 
loss of cooler deeper water as a refuge for the vertical migrators like 
zooplankton. Additionally, all the threats noted above for the Benthic 
MHWs will apply equally to Full Depth MHWs where sessile organisms 
experience the heatwave conditions and have no option to relocate.

6. Data challenges

MHW research has expanded significantly due to long-term, daily 
near-real-time satellite surface observations globally, allowing for the 
identification of baseline climatologies and thresholds. However, ob-
serving the subsurface ocean is a far greater challenge with few datasets 
that are near continuous, and that last long enough to accurately 
represent the variability of temperature in a specific location, let alone 
globally.

This section discusses the utility and pitfalls of various data prod-
ucts related to our MHW types, summarised in Table  A.2, which 
associates each dataset’s characteristics with the MHW types they 
can detect or classify. Subsurface ocean observations come from plat-
forms with varying coverage: global (Argo floats), regional (expendable 
bathythermograph [XBT] measurements, animal- and ship-borne in-
struments), and local (moored instruments and gliders). Temporal 
coverage ranges from long-term series like Australian coastal moorings 
since the 1940s (Roughan et al., 2022) to short-term event-based 
campaigns lasting days to weeks (Lo Bue et al., 2021). Long-term 
moorings provide excellent platforms for understanding the vertical 
structure of MHWs at both single (Schaeffer et al., 2023) and multiple 
locations (He et al., 2024). Moorings provide multivariate data, in-
cluding salinity and biogeochemical measurements. However, they are 
location-specific, rarely multidecadal, and the global network suitable 
for MHW research is limited Most mooring data are only available 
in delayed mode, hindering real-time assessments needed for adaptive 
management strategies. Where mooring arrays with real-time capability 
do exist (e.g. the Coastal Pioneer Mooring Array (Gawarkiewicz et al., 
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2020)), they often have short time series due to the cost and complexity 
of maintaining their deployment.

Most ocean temperature profiles therefore come from autonomous 
platforms like Argo floats, ocean gliders, and animal-borne sensors 
equipped with CTD probes (e.g., McMahon et al. (2021)). These resolve 
vertical temperature variations but lack consistent spatial and temporal 
coverage for MHW identification and robust climatology. Argo’s cover-
age of continental shelf waters is limited, and animal-borne data may 
be biased by species’ preferences.

The large network of ∼3000 Argo profiling floats are crucial for 
subsurface MHW identification in the open ocean, but their short 
duration hinders robust estimation of high-percentile seasonal clima-
tologies. Studies using Argo data rely on derived gridded products 
like monthly 1-degree grids (Roemmich and Gilson, 2009). Near-global 
coverage since 2007 is available for the upper 2000 m, but this limits 
identification of extremes to those longer than a month. Individual 
profiles compared to gridded climatology may resolve events at finer 
timescales (e.g. Fig.  9b), but at the cost of statistical accuracy.

Targeted efforts to measure MHWs in real time include Australia’s 
Integrated Marine Observing System (IMOS) Event-based sampling fa-
cility (Benthuysen et al., 2025). Experts determine ocean glider deploy-
ments to monitor physical and biogeochemical properties during MHW 
events in Australia’s coastal waters. IMOS gliders captured the 3D struc-
ture of a MHW in the Great Barrier Reef in February 2020 (Capotondi 
et al., 2024). Deployment decisions rely heavily on SST measurements 
and forecasts, so while they describe the depth structure of MHWs 
with surface expressions, they cannot compare with MHW thresholds 
at depth. Continuous glider deployments in key regions are important 
for monitoring and providing time series and baselines. Combined with 
appropriate mooring observations, they can provide thresholds or local 
studies (Malan et al., 2024).

Linking MHWs to subsurface biogeochemical (BGC) changes or 
identifying subsurface BGC extremes is challenging due to sparse obser-
vations. The number of Argo floats with BGC sensors is growing — 644 
of 3866 active floats (OceanOps, accessed on 26 July 2024) - providing 
measurements of dissolved oxygen, nitrate, fluorescence, pH, particles, 
and irradiance. However, the sparse network and recent deployments 
make studying extremes challenging.

6.1. Models

Ocean models are valuable for studying MHWs and their typology, 
providing continuous subsurface output over decades. They include 
variables like salinity, heat fluxes, and advection for investigating 
MHW drivers. Models have been used to study surface MHWs (Bian 
et al., 2023) and subsurface MHWs (Großelindemann et al., 2022). 
Biogeochemical variables enable studying MHW impacts on BGC and 
compound events (Gruber et al., 2021; Le Grix et al., 2021). How-
ever, models rarely reproduce reality quantitatively; each has unique 
advantages and limitations, including resolution, surface forcings, data 
assimilation, coupling, and representation of temperature extremes.

The MHW definition may need adaptation based on dataset limita-
tions, available diagnostics, temporal extent, and sampling rate. Storage 
constraints force modellers to trade off between dataset duration and 
resolution, especially at high resolution. High-dimensional data like 
global eddy-resolving 3D daily temperature over 30 years is rare. Daily 
outputs are usually limited to 2D fields (e.g., SST), with 3D fields 
saved monthly. Models may include diagnostics (e.g., surface fluxes) 
providing insight into MHW mechanisms, but ambiguity remains due 
to incomplete stored diagnostics computed at the sufficiently high time 
resolution required to close the heat budget (Yung and Holmes, 2023).

Global ocean models used for MHW studies include surface-forced 
free-running models, coupled free-running models, and ocean reanal-
yses and state estimates. Free-running coupled global climate models 
may span centuries but usually have low resolution (typically 1◦; Chen 
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et al. (2021)) and coarse temporal sampling. They capture atmosphere–
ocean feedbacks but suffer from biases and drifts without data as-
similation, cannot reproduce individual observed MHW events, and 
parameterise eddy heat transports. Higher-resolution free-running cou-
pled global ocean–sea ice models driven by prescribed surface forcing 
(e.g., ACCESS-OM2-01; Pilo et al. (2019)) may represent MHWs related 
to mesoscale processes but lack data assimilation. They may have 
realistic MHW statistics but cannot capture specific observed events 
driven by internal processes. If driven by data-assimilated atmospheric 
datasets (e.g., JRA55-do, ERA5), they may capture MHWs driven by 
surface forcing or atmosphere-forced dynamics but may exaggerate the 
role of surface forcing due to lack of feedback (e.g. a prescribed atmo-
sphere acts as though it has infinite heat capacity). These models allow 
quantitative investigation of MHW mechanisms if sufficient diagnostics 
are available.

Finally, ocean reanalyses provide gap-free, gridded subsurface data 
approximating observed ocean features but most suffer from ‘‘assimila-
tion shock’’, losing dynamical balance at each assimilation step. While 
useful for identifying and classifying observed MHWs and understand-
ing their evolution, uncertainties in heat budgets may be too large for 
meaningful analysis. Ocean state estimates (e.g. ECCO, Forget et al. 
(2015)) allow data assimilation while maintaining dynamical balances, 
making them suitable for budget analysis. However, the relatively high 
computational cost of ocean state estimates restricts both their avail-
ability and resolution. For both reanalyses and ocean state estimates, 
the same spatial and temporal challenges apply as with observational 
data, with most assimilated data being surface observations. Ocean 
models’ limitations are defined by their ability to represent different 
scales of variability. Based on grid resolution and parameterisation, 
models can be eddy-rich (0.1◦, 0.01◦), eddy-permitting (0.25◦), or omit 
meso- and sub-mesoscale processes (1◦). Higher resolution results in 
better representation of heat and energy conversions between scales, 
and more realistic vertical heat motions driven by fronts and eddies, 
important in MHW dissipation or propagation. Eddy-resolving models 
require fewer parameterisations and better represent ocean circulation 
features linked to heat distribution, showing less bias (Pilo et al., 
2019). When analysing model output in MHW studies, understand-
ing the model’s ability to represent temperature extremes is crucial. 
Comparing modelled temperatures to observations, including means, 
standard deviations, and percentiles, helps identify biases. Comparing 
MHW metrics between models and observations provides insights into 
accuracy. In global coupled models, assessing their ability to simulate 
modes of variability driving major MHWs is important.

Identification of MHWs with depth with the wide variety of data 
sources outlined above presents a significant challenge, requiring dedi-
cated investigation. Schlegel et al. (2019) demonstrated a robust statis-
tical approach showing the trade-offs to be considered when detecting 
MHWs from sub-optimal data. They demonstrated that datasets as short 
as 10 years in duration and with up to 25% missing data (50% if 
interpolation is used) can still produce reasonable MHW metrics, with 
the caveat that it is important to perform post-hoc uncertainty estimates 
when comparing datasets. Many studies have also used monthly data 
for the study of MHWs, especially long-lasting events. Subsurface events 
can have enhanced persistence (Scannell et al., 2020; Elzahaby et al., 
2025), justifying the use of monthly averaged data in some cases 
(e.g. our Figs.  3c and Fig.  9), although the implications of these choices 
must be considered and communicated carefully.

7. Discussion

In this work we have presented a refined typology for the vertical 
structure of marine heatwaves. We highlight the importance of using 
the mixed layer and thermocline depths to reference the depth of 
marine heatwaves, and the importance of accounting for changes in 
temperature variability with depth using the marine heatwave severity 
index.
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Using these principles we identified the vertical structure of six 
MHW types; Mixed layer MHWs, Deep MHWs, Thermocline MHWs, Full 
Depth MHWs, Submerged MHWs and Benthic MHWs. These 6 types 
provide the language needed to describe the vertical marine heatwave 
structure across a variety of datasets, from a single coastal mooring to 
extreme temperature profiles in a global ocean model. Our typology 
integrates knowledge from previous studies on subsurface MHWs and 
generalises it to be applicable in a wide range of ocean depths, datasets 
and dynamic regimes. We note that MHWs are known to evolve in their 
vertical extent over time, and our typology allows for this evolution 
to be described as a particular event transitions from one type to 
another over time. Our approach of describing the vertical structure 
of MHWs on a profile-to-profile basis helps to simplify the challenge of 
Lagrangian vs Eulerian characterisation of MHW structure pointed out 
by Gruber et al. (2021).

How our typology helps process-based science — identifying drivers

The mixed layer and thermocline present important barriers for both 
physical and biological dynamics. To describe the vertical extent of 
MHWs simplifies the process of identifying the drivers of specific MHW 
events. We show that specific drivers can be responsible for different 
types of events, for example surface heat fluxes are typically associated 
with mixed layer MHWs, while Ekman pumping is usually related to 
thermocline MHWs.

Different MHW types may have different impacts — why this is important

Most importantly, different vertical marine heatwave structures can 
result in different biological and biogeochemical impacts, especially 
when considering differing abilities of some organisms to vertically 
migrate or relocate to thermal refugia. Different types of MHWs may 
also result in increased or reduced supply of nutrients to the euphotic 
zone due to the changes in stratification driven by different MHW 
types. We believe our typology simplifies the process of associating 
a MHW event with its impacts, thus enabling the interdisciplinary 
research that is at the core of the study of MHWs. Of course, while 
this typology allows us to describe MHW vertical structure and how it 
evolves over time, it does not take into account either the change in 
the environment at a specific location in space, nor the shrinking of a 
particular suitable habitat due to warming. It is clear that the duration, 
intensity and spatial coverage of a MHW will be critical to determining 
actual ecological effects. Currently, we have very limited data that fully 
documents the impact of MHWs but it is not unreasonable to expect that 
they could have devastating consequences. A high priority for research 
will be to advance understanding of the prevalence and predictability 
of subsurface MHWs and their impacts by undertaking surveys in high-
value or novel habitats before and after such events. Several studies 
have shown skill in the prediction of surface MHWs (McAdam et al., 
2023; Smith et al., 2024). The predictability and prediction skill of 
subsurface MHW intensities and vertical profiles also need to be inves-
tigated. MHW prediction models often only provide surface or whole 
water column estimates, so we suggest that there should be a future 
move to also forecasting subsurface MHWs based on our classification.

High commercial value mobile species that primarily occupy upper-
ocean habitats (the epipelagic and upper mesopelagic), such as tunas, 
mackerel, anchoveta, herring, and billfishes may be used as sentinel 
taxa for understanding MHW impacts on marine resources. As MHWs 
become more frequent, countries will face new management challenges 
as pelagic species with the ability to move are redistributed into 
new areas (either into the unregulated High Seas or into different 
Exclusive Economic Zones) and fishing fleets follow them. This will 
create episodic fishing and tourism opportunities, but also threats to 
protected or unregulated species in these new areas (Welch et al., 2023; 
Farchadi et al., 2024). Due to the fact that many of these species feed at 
depth, the growing body of evidence that a large proportion of MHWs 
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are not visible from the surface must be taken into account if MHW 
statistics are to be used as part of any management strategy. As such, 
recent observational programmes (Manning et al., 2009; Lago et al., 
2025) which collaborate with the fishing industry to collect subsurface 
temperature data are a welcome development.

8. Conclusion

MHW research has succeeded in stimulating inter-disciplinary work, 
as it provides a common language (the MHW definition) that can be 
used across different locations and disciplines. The definition is simple, 
but allows events to be described using only a few metrics. As a next 
step, we have extended this common language to the subsurface, to 
enable interdisciplinary research and gain understanding of the impacts 
of different vertical distributions of marine heatwaves. Vertical scales 
are much smaller than horizontal scales, and arguably have greater 
biological impact. Using a MHW typology allows different vertical 
structures to be discussed and described, including their evolution in 
time and space, without the physics becoming too complex to inhibit 
our understanding of impact.
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Fig. A.10. Map showing the location of analysis sites discussed in the text.
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Appendix A. Map of all analysis sites

See Fig.  A.10.
Table A.1
Cluster characteristics from the global ACCESS-OM2-01 cluster analysis presented in Fig. 4. Medians and interquartile ranges (in parentheses) are presented for the MLD, thermocline 
depth, maximum severity index with depth, maximum intensity (◦C above the climatological mean) with depth, and the intensity at the depth of maximum severity. These statistics 
are computed for the profiles in each cluster (a–e from Fig. 4). This table includes five cluster types; the sixth type (Benthic) is a coastal variation.

Mixed layer Deep Thermocline Full Depth Submerged

Members of cluster 4542 3754 2882 7348 6592

MLD [m] 32
(18–55)

50
(21–105)

35
(17–76)

50
(29–94)

37
(19–69)

Thermocline Depth [m] 98
(78–135)

121
(78–186)

150
(109–207)

135
(70–254)

121
(78–186)

Maximum Severity with depth 2.34
(2.16–2.63)

2.58
(2.23–3.11)

2.34
(2.14–2.76)

2.45
(2.18–2.96)

2.35
(2.15–2.68)

Maximum Intensity with depth [◦C] 1.30
(1.00–1.84)

1.66
(1.15–2.34)

1.60
(1.15–2.48)

1.24
(0.75–2.04)

0.72
(0.41–1.35)

Intensity at depth of maximum severity [◦C] 1.18
(0.93–1.61)

1.46
(0.95–1.98)

1.41
(0.94–2.06)

0.41
(0.20–1.35)

0.33
(0.20–0.69)
Table A.2
Datasets available for subsurface MHW work.
 Dataset Type of MHWs 

detectable
Coverage (Space) Coverage (Time) Resolution 

(space)
Resolution (time) Advantages Disadvantages Comment Reference  

 Satellite sea 
surface 
temperature 
(SST)

Mixed layer, deep, 
full-depth coastal 
and open-ocean

Global 30–40 years Horizontal: 
0.1–0.25◦
(gap-free); 
∼100m–km 
(infra-red) 
Vertical: N/A

Daily (gap-free); 
hours (infra-red)) - Near real time.

- Long enough to 
establish climatology
- Near continuous 
view of temperature 
in gap-free products.

- No subsurface.
- Discrepancies 
between different 
satellite products.

Different products 
measure different 
properties e.g. skin 
vs. foundation 
temperature.

SST 
intercomparisons: 
Huang et al. (2023)
NOAA-OI: Reynolds 
et al. (2007)
CCI: Merchant et al. 
(2019)

 

 Satellite 
Altimetry

mostly deep, 
full-depth or mixed 
layer open-ocean

Global 1994–present 
(for 
multi-satellite 
gridded product)

Horizontal 
(multi-satellite 
gridded product): 
0.25◦ Vertical: 
N/A

Daily 
(interpolated)

- Near real time.
- Indicative of 
integrated heat 
content

- No subsurface
- Not temperature 
directly. Link 
through steric height.

Provides indirect 
evidence of 
subsurface heat over 
the water column.

AVISO IMOS
(Australia)

 

 (continued on next page)

https://www.aviso.altimetry.fr
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/da30c0b8-4978-4a26-915e-b80c88bb4510
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/da30c0b8-4978-4a26-915e-b80c88bb4510
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/da30c0b8-4978-4a26-915e-b80c88bb4510
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/da30c0b8-4978-4a26-915e-b80c88bb4510
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/da30c0b8-4978-4a26-915e-b80c88bb4510
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/da30c0b8-4978-4a26-915e-b80c88bb4510
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/da30c0b8-4978-4a26-915e-b80c88bb4510
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Table A.2 (continued).
 Dataset Type of MHWs 

detectable
Coverage (Space) Coverage (Time) Resolution 

(space)
Resolution (time) Advantages Disadvantages Comment Reference  

 Argo profilers ALL but benthic 
open-ocean

Near Global (>
3800 
worldwide), 
0–2000 m depth

2004–present Horizontal: N/A; 
0.5◦ (gridded 
product) 
Vertical: ∼2 m 
bins over 
0–2000 m or 
0–4000/6000 m 
for deep floats.

Profiles every 10 
days; Monthly 
gridded product

- Near real time.
- Depth structure 
resolved
- with high vertical 
resolution.
- Measurements of 
temperature, salinity.
- Available as a 
gridded product.

- Observations are 
still sparse.
- No measurements 
on the shelf.
- Sometimes misses 
near-surface 
measurements.
- Too short to 
establish a robust 
climatology.
- Daily variability 
not resolved.

Established ideal 
coverage of 2 floats 
per 3◦ square; Core 
and Deep Argo 
measure temperature 
and salinity; BGC 
Argo floats can also 
measure dissolved 
oxygen, pH, nitrate, 
backscatter, 
fluorescence, and 
downwelling light.

Argo: Argo gridded 
products: Roemmich 
and Gilson (2009).

 

 Moorings ALL coastal and 
open-ocean

Local Years/decades 
(rare)

Horizontal: N/A 
Vertical: ∼1 m Very high 

frequency 
∼minutes/days

- High temporal 
resolution
- Depth structure 
resolved with high 
vertical resolution
- On shelf 
measurements
- Multiple variables 
available (mooring 
dependent).

- Very sparse.
- Limited number of 
long time series for 
climatology.
- Problems with 
continuity with 
sensor failures or 
service.

A few datasets offer 
multi-decadal 
records. Often 
include bottom 
temperature 
information.

Bailey et al. (2019)  

 Data Loggers ALL coastal Local Months–years Generally in 
shallow locations Variable 

frequency 
depending on 
duration 
deployed and 
on-board storage

- May have 
telemetry capability
- Cost effect
- Useful for 
embayment’s/lagoons

- Sparse
- Temperature only
- May only have 
delayed data 
retrieval

E.g. Ridgway and 
Ling (2023)  

 Ocean gliders ALL coastal and 
open-ocean

Regional Days–weeks Horizontal: ∼km 
Vertical: ∼1 m 
over 0–200 m 
or 0–1000 m.

High frequency - Near real time.
- Depth structure 
resolved.
- with high vertical 
resolution
- Can be deployed 
on short notice (e.g. 
for MHW process 
studies)
- Multiple variables 
available 
(temperature, 
salinity, fluorescence, 
dissolved oxygen, 
depth-integrated 
currents).

- Moving platform
- Climatologies are 
difficult due to being 
sparse in time.
- Limited control of 
location

Can include bottom 
temperature 
information.

Testor et al. (2019)  

 Expendable 
Bathythermo-
graph (XBT)

ALL coastal and 
open-ocean

Local Snapshot to 
decades

Horizontal: N/A; 
km along lines 
Vertical: ∼1 m 
over 0–800 m.

Snapshot in 
time; some lines 
are repeated 
quarterly or less 
frequently.

- Depth structure 
resolved with high 
vertical resolution
- Most subsurface
- observations prior 
to Argo.
- Can be deployed 
from a ship of 
opportunity.

- Climatologies 
require care due to 
being sparse in time.

Generally along 
shipping lines Cowley et al. (2013)  

 Conductivity – 
Temperature – 
Depth (CTD)

ALL coastal and 
open-ocean

Local Snapshot to 
decades

Horizontal: N/A; 
km along lines 
Vertical: ∼1 m

Snapshot in time - Depth structure 
resolved with high 
vertical resolution
- High precision
- Multiple variables 
available 
(temperature, 
salinity, often 
fluorescence, 
dissolved oxygen).

- Rare climatology 
due to being sparse 
in time.
- Requires research 
vessel deployment
- Only measurement 
reaching 5,000 m 
depth.

Can include bottom 
temperature 
information.

 

 Animal borne 
sensors

ALL coastal and 
open-ocean

Regional Snapshot to 
years

Horizontal: N/A 
Vertical: ∼1 m High frequency 

depending on 
animal 
movement

- Measurements in 
hard to reach areas, 
e.g. below ice.
- Targets biologically 
important regions
- Multiple variables 
(salinity)

- No control on 
location
- Sparse
- No climatology

Usually a CTD 
attached to an 
animal. Profiles from 
animal dive, and 
measurements along 
horizontal trajectory

IMOS Seal CTD 
Hussey et al. (2015)  

  
 Reanalyses and 
state estimates 
(i.e., 
surface-forced 
models with 
data 
assimilation)

ALL open-ocean Global Multi-decadal Multiple 
resolutions 
available 
(including 
eddy-resolving)

Typically 
daily/monthly

- Spatially/temporally 
continuous
- Constrained by 
available 
observations
- All physical 
variables (some 
include BGC)

- Not dynamically 
balanced apart from 
rare state estimates
- Large differences 
between reanalysis 
products
- Least constrained 
in the subsurface

BRAN GODAS SODA 
ECCO EN4 as used 
by Sun et al. (2023)

 

 Forced ocean 
and ocean–sea 
ice models 
OGCM

ALL open-ocean Global Decadal–
centennial

Multiple 
resolutions 
available 
(including 
eddy-resolving)

Typically 
daily/monthly 
(depending on 
application/stor-
age availability)

- Constrained by 
atmospheric fluxes
- May include BGC
- Ability to run 
bespoke experiments
- Possibility of 
multiple ensembles 
to capture internal 
variability

- Not constrained by 
ocean observation, so 
will not capture 
specific events unless 
driven by the surface 
forcing - No 
feedback with 
atmosphere

 

 (continued on next page)
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Table A.2 (continued).
 Dataset Type of MHWs 

detectable
Coverage (Space) Coverage (Time) Resolution 

(space)
Resolution (time) Advantages Disadvantages Comment Reference  

 Climate Models ALL open-ocean Global Decadal - 
centennial

Typically 1deg 
ocean resolution Typically 

archived 
monthly (with 
some daily data)

- Internally 
consistent
- Large number of 
models
- Ability to examine 
future scenarios
- Multiple ensembles 
often available
- May include BGC
- Ability to run 
bespoke experiments

- Coarse resolution
- Often have large 
biases
- Variability does not 
co-vary with real 
world
- Heavily 
parametrised
- Poorly resolved 
bathymetry

 

 Regional Ocean 
Models

ALL coastal and 
open-ocean

Regional Yearly-decadal Eddy-
submesoscale 
resolutions

Depends on 
application.

- Targeted at specific 
applications/regions
- Can simulate 
coastal/shelf regions
- May include BGC
- Ability to run 
bespoke experiments

- Contains biases 
(including those 
inherited from 
parent model)

 

Fig. B.11. An example of a water column which has been rescaled by mixed layer and thermocline depth.
Appendix B. Global clustering of marine heatwave profiles
methodology

Steps followed for global clustering analysis:

• Take a large number of randomly selected, dynamically consis-
tent, temperature profiles from an ocean model — a 20-year long 
time series at 100 sites randomly distributed around the global 
ocean.

• Calculate climatologies, MHW thresholds, anomalies, and MHW 
severity index at each point, as well as the mixed layer and 
thermocline depths.

• Separate out profiles which contain an MHW severity index > 2
somewhere in the water column.

• Rescale the depths of each profile using the time-varying mixed 
layer and thermocline so that each water column can be directly 
compared, regardless of depth.

• Concatenate all 100 time series into a single array.
• Use agglomerative clustering from scikit-learn to split the vertical 
MHW structures into composites, using ward linkage.
18 
• The same steps are followed for the coastal mooring clustering, 
but using profiles with a severity >1.

Rescaling of profiles

We rescale the profiles, using the natural dynamical and biological 
boundaries of the mixed layer and the thermocline on each day as our 
points of reference. This allows an ‘apples with apples’ comparison of 
profiles within a time series, and has the secondary benefit of enabling 
the comparison of the distribution of extreme temperatures in water 
columns of vastly different depth. An example of this rescaling can be 
seen in Fig.  B.11.

We rescale by interpolating each profile onto a new vertical grid. 
Firstly, we interpolate the data onto a 1 m vertical grid. Then we define 
a new depth coordinate, with values ranging from 0 (the surface) to 
1 (the ocean floor or the bottom of our data). The first third of this 
water column (from 0 to 0.33) is populated with the temperature from 
the surface to the base of the daily-varying mixed layer. The second 
third (0.33 to 0,66) is populated by the data from the base of the 
daily-varying mixed layer to the daily-varying thermocline depth. The 
remainder of the water column (0.66 to 1) is populated with data 
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from the daily-varying thermocline to the ocean floor or bottom of the 
dataset.

In order to prevent the extrapolation of data in cases where the 
thermocline is very close to the mixed layer depth, we adjust the 
thermocline to be at least 10 m below the base of the mixed layer. 
This also helps deal with edge cases in the high latitudes where the 
thermocline may be shallower than the mixed layer.

Data availability

All data used in this paper is publicly available.
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