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Assessing societal and 
environmental impacts 
and risks

There are different 
types of compound 
events

Compound events 
impact human and 
natural systems

Motivation
Compound Events

They are a combination 
of multiple hazards 
and/or drivers

Understanding the 
physical processes of 
compounding 

Improving 
predictability, 
detection, attribution



Compound Events

ü Simultaneous multiple hazards 
(Zscheischler et al. 2020)

Motivation



Compound Events

ü Successive events 
(Zscheischler et al. 2020)
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Compound Events

ü Spatially concurrent 
hazards - ENSO  
(Zscheischler et al. 2020)

El Niño

Motivation

ENSO events causing 
droughts, heatwaves, floods

Global failure of 
breadbasket



Extreme events on 
land, droughts, 
heatwaves, etc.

Marine heatwaves have 
different physical 
drivers

Marine heatwaves are 
periods of extreme 
ocean temperatures

Motivation
Compound Events

Marine heatwaves can 
cause devastating 
impacts on marine life

In many cases, marine 
heatwaves co-occur 
with other extremes

Extreme events in the 
ocean, of high acidity, 
low oxygen, etc.

(Gruber et al. 2021; Burger et al. 2022)
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ü Marine heatwaves are associated with droughts and 
land heatwaves è Compound extreme events

Precipitation (mm/day)      2013/14 (DJFM) SAT/SST (°C) 

Land-Ocean Compound
Compound Events

SACZ



Precipitation (mm/day)      2013/14 (DJFM) SAT/SST (°C) 

ITCZ

SASH

Rainy Season (DJFM)

SACZL

Land-Ocean Compound
Compound Events



Climatology  Precipitation (mm/day) Anomalies
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ü Up to 60% of MHW days occur simultaneously with 
atmospheric blocking days (1982-2016) 

Composites SST+WIND all MHWs Correlation SST - Blocking

Land-Ocean Compound
Compound Events



SWR + PREC LHF + SST QS + WIND

Surface heat fluxes during the 2013/14 Event

Land-Ocean Compound
Compound Events



Mixed-Layer Temperature Budget (30°S-33°S, 36°W-40°W)
∂T/∂t = –v·∇T + Q0/𝜌 Cph + ϵ 

Land-Ocean Compound
Compound Events
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Rodrigues & Woollings (2017, JClim)

Compound Events



MCA OLR-Z200hPa
(1979-2016)

Rodrigues & Woollings (2017, JClim)

Compound Events



MCA OLR-SST (1982-2016)Land-Ocean Compound
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ü Droughts, marine 
and land heatwaves 
have the same cause

ü Persistent high-
pressure system 
(anticyclonic 
circulation) 

ü They can be 
remotely triggered 
(convection Indian 
Ocean – MJO) 

Reduced latent 
heat loss from 

ocean

Enhanced 
shortwave

Anticyclonic wind anomalies:
• reduce total winds
• enhanced moisture advection

Rossby wave
train

MJO
Deep convection
initiated by MJO 

passage

Extensive
Marine Heat Wave

Blocking
High

Suppressed SACZ
• reduced cloud cover
• reduced rainfall 

Drought

Terrestrial 
Heatwave

Upper Troposphere

Surfa
ce

re
u

e• 

Rodrigues et al. (2019, Nat. Geo.)
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ü Trends per decade

+18 days

+8.4 days per year (50%)

+7%

+0.05°C

Frequency

Duration

Intensity

Extension

Compound Events



ü The frequency, duration and 
intensity of marine heatwaves will 
significantly increase for the next 
decades in the western South 
Atlantic.

ü The greatest trends in the marine 
heatwave characteristics occur 
during the period of 2021–2050 
and not by the end of the 21st 
century.

ü The future trends are driven by 
the long-term warming and the 
intensification of atmospheric 
blocking over the region.

Frequency

Duration

Cumulative 
Intensity

CMIP6

Costa & Rodrigues (2021, GRL)

Compound Events



Ocean Colour 
Impact (mg/m3)

Compound Events
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Clam - Vongole
(Anomalocardia flexuosa)

>28.5°C

*

Compound Events
Land-Ocean Compound



Oyster
(Crassostrea giga)

>28.5°C

*

Compound Events
Land-Ocean Compound



AtlantOS

Land-Ocean Compound
Compound Events

Methodology by Perkins & Alexander (2013)
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Land-Ocean Compound

ü Similar drivers and impacts 
     Sen Gupta et al. (2020, Sci. Rep.)

Strongest and longest recorded MHW

Compound Events
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easterlies that oppose the prevailing winds, potentially reducing turbulent !uxes and enhancing warm
 poleward 

advection in the surface ocean. For exam
ple, for the M

H
W

 60 event, located south of the strong westerly winds, 
we found that the southward Ekm

an transport had its highest recorded anom
aly during the event’s build up. 

A single m
id-latitude event (M

H
W

 43) was associated with the m
ost extrem

e recorded low-pressure anom
aly 

(Fig. 6a). In this case, which corresponds to the latter stages of the Blob, the M
H

W
 was located along the coast 

and the record-breaking low-pressure anom
aly suppressed the norm

al upwelling of cold water along the Cali-
fornian  coast 3.

In the decay phase of the m
id-latitude M

H
W

s, there is no clear bias towards anom
alously high- or low-

pressure system
s. H

owever, particularly in the Southern H
em

isphere, the decay of the M
H

W
s is o#en associ-

ated with increased wind speeds and enhanced turbulent heat !ux losses. Indeed, a large proportion of extrem
e 

Figure 5.  M
ost extrem

e M
H

W
 events. (a) Year of m

ost severe M
H

W
 where it intersects in tim

e with the 
M

H
W

 with the largest cum
ulative intensity (which generally corresponds with the longest M

H
W

). Sem
i-

contiguous regions where tim
ing of m

ost severe/largest cum
ulative intensity are sim

ilar have been m
anually 

identi$ed (black polygons; regions 1–62). Characteristics of these regions are described in Table 1. (b) 
N

orm
alized chlorophyll-a anom

alies versus clim
atological nitrate concentration for subset of regions for which 

chlorophyll-a data is. Chlorophyll-a is averaged over a 24-day period centred on the M
H

W
 peak (chlorophyll-a 

anom
alies are averaged over each region in (a) and divided by the standard deviation of the associated 

chlorophyll-a anom
alies in those regions). Colours indicate the latitude (north or south of the equator). (c) 

Associated norm
alized chlorophyll-a anom

alies by latitude.
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Figure 1
Key historical MHWs. (a) SST anomalies (above 1°C) on the day of peak MHW intensity. MHW intensity was de!ned based on the
time series of SST averaged over the regions indicated by the black boxes. Light gray indicates areas of sea ice in"uence. (b) MHW
properties for key historical events. The MHW intensity (y axis), MHW duration (x axis), and category (color; see Hobday et al. 2018a)
were determined from the spatially averaged time series, as in panel a. The MHW area (circle size) is the total contiguous area reaching
at least category 2 (strong). All events shown in panel b are referenced in Section 2. Abbreviations: AL, Gulf of Alaska and Bering Sea;
Beng., Benguela; ECS, East China Sea; Med., Mediterranean; NA, northern Australia; MHW, marine heatwave; NEP, northeast
Paci!c; NWA, northwest Atlantic; SST, sea surface temperature; Tas., Tasman Sea; WA,Western Australia; WSA, western South
Atlantic. Panel a inspired by a schematic from Frölicher & Laufkötter (2018).

Record-breaking MHWs have been documented where the atmospheric state played a central
role in their development andmaintenance. Examples of such events include those in theMediter-
ranean Sea during the summers of 2003 (Olita et al. 2007) and 2006 (Mavrakis et al. 2018), off the
northeast coast of the United States in 2012 (Chen et al. 2014, 2015), from the southeast tropical
Indian Ocean to the Coral Sea in 2015–2016 (Benthuysen et al. 2018), in the East China Sea in
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ü Mediterranean Sea 2003 
ü Northwest Atlantic 2012
ü Northeast Pacific 2015 = The Blob



Land-Ocean Compound Sen Gupta et al. (2020, Sci. Rep.)
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mid-latitude MHWs showed strong (top decile) or strongest recorded latent and sensible heat losses during the 
MHW decay.

In contrast to higher latitude events, many tropical extreme MHWs were associated with low-pressure sys-
tems. Some of these MHWs were again related to coastally enhanced events. In the case of the 2011 Ningaloo 
Niño (Figure S10g, region 16) the low-pressure system was associated with anomalous northerly winds along 
the west coast of Australia, that weakened the normal seasonal slowdown of the Leeuwin Current, maintaining 
anomalously strong southward transport of warm  water31. Most other cases were related to MHWs associated 

Table 1.  "irty most extreme MHWs (an expanded table showing all 62 regions is included in Table S1). 
Regions are shown in Fig. 5a. Metrics shown are (1) the maximum areal intensity over the course of the MHW 
(spatial integral of SSTA over area with largest contiguous MHW with severity > 2 that intersects the region) 
[units oC M  km2], (2) as (1) for severity > 1, (3) maximum contiguous area with severity > 2 that intersects the 
region [units M  km2], (4) as (3) for severity > 1, (5) Interquartile duration of maximum cumulative intensity 
MHW for grid cells within the region, (6) associated median duration, (7) dates of the core MHW when 
intensity and area of contiguous MHW and a large fraction of the region is experiencing a MHW (severity > 2, 
these dates are manually selected based on procedure described in the “Methods” section). For metrics (1)–(4) 
the date of the maximum is also shown. Bold underlined (underlined) text denotes the most extreme #ve (ten) 
MHWs associated with metrics (1)–(4) and (6). H/L/HL (last column) indicates MHWs, whose build up is 
associated with a strong anomalous high/low/high–low dipole pressure systems.

Figure 6.  Normalised anomalies averaged over the 62 identi#ed extreme MHW regions, before (average of 
6 to 3 weeks prior to event peak, top panels) and a$er (average of 3 to 6 weeks a$er event peak, lower panels) 
the peak of the event. Coloured lines indicate the latitudinal extent of the MHW. Numbers indicate the regions 
shown in Fig. 5. Large, black circles indicate anomalies are within the top decile of anomalies for the same 
4-week period across all years; large, red circles indicate the most extreme of all the anomalies for the same 
4-week period across all years. Percentages above each panel indicate the percentage of regions for which 
anomalies are > 0.

Almost all extratropical MHW 
associated with high-pressure systems

Almost all MHW associated with 
weak winds

Many MHW associated with       
weaker evaporative (sensible) cooling

8

Vol:.(1234567890)

Scientific R
eports |        (2020) 10:19359  | 

https://doi.org/10.1038/s41598-020-75445-3

w
w
w
.nature.com

/scientificreports/

easterlies that oppose the prevailing winds, potentially reducing turbulent !uxes and enhancing warm
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advection in the surface ocean. For exam
ple, for the M
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 60 event, located south of the strong westerly winds, 
we found that the southward Ekm

an transport had its highest recorded anom
aly during the event’s build up. 

A single m
id-latitude event (M
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e recorded low-pressure anom
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(Fig. 6a). In this case, which corresponds to the latter stages of the Blob, the M
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 was located along the coast 

and the record-breaking low-pressure anom
aly suppressed the norm

al upwelling of cold water along the Cali-
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ulative intensity (which generally corresponds with the longest M
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contiguous regions where tim
ing of m

ost severe/largest cum
ulative intensity are sim

ilar have been m
anually 

identi$ed (black polygons; regions 1–62). Characteristics of these regions are described in Table 1. (b) 
N

orm
alized chlorophyll-a anom

alies versus clim
atological nitrate concentration for subset of regions for which 

chlorophyll-a data is. Chlorophyll-a is averaged over a 24-day period centred on the M
H

W
 peak (chlorophyll-a 

anom
alies are averaged over each region in (a) and divided by the standard deviation of the associated 

chlorophyll-a anom
alies in those regions). Colours indicate the latitude (north or south of the equator). (c) 

Associated norm
alized chlorophyll-a anom

alies by latitude.
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Compound Events
Land-Ocean Compound

fell on either side of the border (52). By con-
trast, the same MHW shifted longfin squid
[Doryteuthis (Amerigo) pealelli] distribution
poleward, enabling theMaine fishing fleet to
develop a profitable new market within the
season (35). Recent MHWs during 2016–2017
along the Great Barrier Reef have resulted
in bleaching, and ultimately mortality, of
coral (53), with the unexpected side effect
of an increase in the presence of coral trout
(Plectropomus and Variola spp.) near reefs,
resulting in higher catch-per-unit effort by
the commercial fishery (37).
Kelp forests, seagrass meadows, and coral

reefs are globally distributed coastal marine
habitats that deliver regulating services via
nutrient cycling and carbon storage (blue car-
bon) and habitat services by offering biogenic
structure for socioeconomically important
species and by maintaining high levels of
biodiversity (54). However, species that under-

pin these habitats are susceptible to MHWs
(30), particularly where populations are situated
toward upper thermal limits (i.e., equatorward
range edges). Off the coast of Baja California,
Mexico, giant kelp (Macrocystis pyrifera)
populations were negatively affected by multi-
ple MHWs between 2014 and 2018, although
the magnitude of responses varied between
locations within the species range (12) (Fig.
2C). The loss of giant kelp populations at the
equatorward range edges after the MHWs af-
fected several regulating (i.e., carbon capture
and transfer, nutrient cycling, and storm pro-
tection) and habitat (i.e., ecosystem restructur-
ing and habitat for associated species) services.
Similarly, kelp populations on either side of the
North Atlantic (the eastern United States and
southern Norway) suffered mortalities during
MHWs in 2018 (55), with similar implications
for ecosystem service provision. Loss of southern
bull kelp in New Zealand after the 2017–2018

Tasman SeaMHW (13) have, in addition to the
loss of the aforementioned kelp-forest services,
also affected traditional knowledge and spiri-
tuality because indigenous tribes on the South
Island rely on abundant bull kelp to make
“poha” bags for food storage. Indeed, ancient
stories repeated across generations detail “sacred
poha kelp bags” that symbolize the regions
wealth, “mana,” and authority over food sup-
plies. MHW-associated loss of bull kelp can
thereby reduce tribal spiritual power and their
long-term connection with the land and sea
(56). Widespread loss of seagrass meadows as a
result of MHWs have been reported off eastern
and western Australia (21, 57), off the east coast
of the United States (58), and in the Mediter-
ranean Sea (44), reducing habitat for eco-
nomically and culturally important associated
species and compromising long-term carbon
stocks (59). Reef-building corals are particularly
sensitive to extreme heat (60), and between

Smith et al., Science 374, eabj3593 (2021) 22 October 2021 6 of 11

Fig. 1. Socioeconomic impacts of major MHW events since 1995. An event
was considered a MHW if sea surface temperatures (SSTs) exceeded the
90th percentile for ≥5 days. The intensity scale of each event (moderate to
extreme) represents conditions corresponding to the peak date of the
event as defined by (41). Intensity categories are identified as sequential
multiples of the difference between the 90th percentile and the mean

climatology as defined by (42). For each event, biological responses have
been linked to ecosystem services based on TEEB ecosystem services
classifications [provisioning services, cultural services, regulating services,
and habitat services; (40)], which recognize the economic value of nature.
For further details on positive and negative biological responses and a
full reference list, see Table 2.
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“Reported economic 
costs of individual 

MHW events exceed 
US$800 million in 

direct losses or 
>US$3.1 billion in 
indirect losses of 

ecosystem services for 
multiple years.”

Smith et al. (2021, Science)



Compound Events

ü Marine Heatwaves
ü Extremes of High 

Acidity
ü Extremes of Low 

Oxygen
ü Extremes of Low 

Productivity

Ocean Compound

Warm 
waters

[H+] via changes in the 
carbonate chemistry
equilibrium

O2 via reduction of 
solubility in surface 
waters

Primary productivity 
via reduction of 
nutrients



AtlantOS

Ocean Compound

DJF

Compound Events
Trends (1982-2020)

Marine Heatwaves (MHW) 
cumulative intensity 

≈ ∑ daily intensity anomalies

Hobday et al. (2016, Prog. Oceanogr.)
Baseline 1982-2020

Thomas Frölicher   Noel Keenlyside 
Friedrich Burger    Alistair Hobday



AtlantOS

1999-2008 

Compound Events

2009-2018

MHW High AcidityLow Chlorophyll
Ocean Compound
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(2009-2018) – (1999-2008) 

Compound Events

MHW High AcidityLow Chlorophyll

Ocean Compound



AtlantOS

1999-2008 

Compound Events

2009-2018

MHW + LC + HA MHW + HAMHW + LC
Ocean Compound

LC = Low Chlorophyll
HA = High Acidity



AtlantOS

Triple Compound: MHW + Low Chlorophyll + High Acidity

Compound Events

Values displayed are normalised by their 
standard deviation. Asterisks indicate the area 

simultaneously covered by the triple compound 
in each region (in percentage, right y-axis) 



AtlantOS

Triple Compound: MHW + Low Chlorophyll + High Acidity

Compound Events

Values displayed are normalised by their 
standard deviation. Asterisks indicate the area 

simultaneously covered by the triple compound 
in each region (in percentage, right y-axis) 
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Compound Events

(a) Air-sea Interaction: 
Western Equatorial and 

Subtropical Atlantic

Ocean Compound (Gruber et al. 2021)

(b) Front Displacement: 
Angola and Brazil-

Malvinas Confluence

(c) Upwelling: Eastern 
Equatorial Atlantic and 

Angola Front

(f) Eddie Trapping: 
Agulhas Leakage
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Ocean Compound

Oliver et al. (2018, Nat. Comm.)

the 1982–1998 and 2000–2016 periods increased across 84% of
the global ocean, with significant increases of up to 20 days in the
mid- and high-latitude regions of all ocean basis, up to 30+ days
in the central tropical Pacific Ocean and northeastern Pacific
Ocean, and decreases in the eastern tropical Pacific Ocean and the
high latitudes of the Southern Ocean (Fig. 1h). Averaged across
the global ocean, mean MHW durations have become signifi-
cantly longer by 1.3 days per decade (p < 0.01) since 1982. The
increases in frequency and duration metrics translate to 30
additional marine heatwave days per year by the end of the 35-
year period (p < 0.01; based on a linear trend) from a baseline
level of about 25 days in the 1980s (Fig. 2).

There was a clear relationship between the average frequency
and duration of MHWs at each location (Fig. 1a, g). The spatial
pattern of mean MHW frequency and duration was negatively
correlated (r=−0.50), indicating that duration was long where
frequency was low, and vice versa. By definition, 10% of SST days
in each time series were candidates for MHW events due to the
use of the 90th percentile threshold; although less than 10% were
actually identified as part of MHWs due to the requirement of a
duration of at least five consecutive days. Nonetheless, to
maintain this roughly constant number of MHW days per year,
a longer average duration implies a lower mean frequency. On the
other hand, the spatial distribution of MHW intensity was largely
determined by the local temperature variability. In fact, the spatial
patterns of the standard deviation of annual mean SST (not

shown) and mean MHW intensity (Fig. 1d) were strongly
correlated (r= 0.77).

The role of climate variability. It is important when considering
changes in MHWs to distinguish between the roles of secular
climate change, which has in large part been attributed to
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Fig. 2 Total number of marine heatwave days globally. Globally averaged
time series of total marine heatwave (MHW) days from NOAA OI SST over
1982–2016. The black line shows the globally averaged time series of total
MHW days from NOAA OI SST over 1982–2016. The red line shows this
metric after removing the signature of ENSO. The light red and blue shading
indicate El Niño and La Niña periods, respectively, defined by periods
exceeding ±1 s.d. of the MEI index for three consecutive months
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level. In c, f, i and l, the black lines show the globally averaged time series and red lines show a global average after removing the signature of ENSO. In c, f,
i and l, the light red and blue shading indicate El Niño and La Niña periods, respectively, defined by periods exceeding ±1 s.d. of the MEI index for at least
three consecutive months
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Niño events, and additional periods of elevated skill occurred during the 
1991–92 and 2009–10 El Niño events and the 1998–2000 and 2010–11 La 
Niña events. There is debate about how ENSO events will change under 
increased greenhouse gas forcing, with some studies suggesting they 
may become more frequent or extreme in the future26, whereas others 
point to limitations of global climate models in the tropics27 and argue 
that the ENSO amplitude is more likely to decrease28,29. In any case, these 
studies should be extended to explore the potential impacts of ENSO 
changes on the predictability of MHWs and other extreme phenomena.

MHW forecasts for ocean decision-making
Given the impacts of MHWs on ocean ecosystems, there is a need for 
operational MHW forecasts to help ocean users prepare for and adapt to 

these events. In particular, skilful forecasts of MHWs would provide an 
early warning to resource managers and ocean stakeholders who could 
act to mitigate potential ecosystem impacts or capitalize on new oppor-
tunities. MHW forecasts could also portend changes in the availability 
of target and bycatch species to recreational and commercial fisheries, 
giving both fishing fleets and managers forewarning so as to maximize 
sustainable practices11,30–32. For example, proactive fishery closures may 
reduce both economic losses and ecological risk during events such as 
the 2014–16 MHW that led to increased baleen whale entanglements 
in the California Current System5,33. In other cases, MHW forecasts 
could inform the allocation of increased resources to monitor sensitive 
sites34,35 or guide strategic planning to minimize aquaculture losses36. 
To support such proactive, climate-ready management approaches, 
forecast time scales must match those required for end-users to manage 
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Fig. 2 | Predicting the onset and persistence of MHWs. a, SEDI for 3.5-month 
lead forecasts (as in Fig. 1). Example locations are indicated by coloured circles 
and are referred to in the text as Mediterranean Sea (red), Indo-Pacific 
(blue-green), Eastern Equatorial Pacific (gold), California Current System 
(pink), Gulf Stream (green) and Brazil Current (blue). b, Forecast MHW 
probability leading up to the initial appearance of observed MHWs. For each 
1° × 1° grid cell, forecast probabilities for each lead time preceding the first 
month of observed MHWs are averaged across all events from 1991 to 2020. 
Coloured lines correspond to individual locations in a, whereas the grey line 
and shading indicate the global median and the 25th–75th, 10th–90th and 
0–100th percentiles. For reference, a horizontal dashed line at 10% marks the 

base rate of MHW occurrence; probabilities higher than 10% indicate that MHW 
forecasts correctly predict elevated MHW likelihood from 0.5 to 11.5 months in 
advance (for example, for 30% probability, forecasts are indicating that the 
likelihood of a MHW occurring has tripled). c, Comparison of observed and 
predicted mean MHW duration (that is, on average how long MHWs last once 
established at a given location). Each dot represents the mean duration of all 
events in a 1° × 1° grid cell, with coloured markers corresponding to locations in 
a. The strong correlation (r = 0.83) shows that the global spatial pattern of 
mean MHW duration is reproduced well by forecasts. For temporal correlations 
of observed and predicted MHW durations at individual locations, see 
Extended Data Fig. 4.

Jacox et al. (2022, Nature)

MHW forecast skill with lead time of 3.5 months
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Niño events, and additional periods of elevated skill occurred during the 
1991–92 and 2009–10 El Niño events and the 1998–2000 and 2010–11 La 
Niña events. There is debate about how ENSO events will change under 
increased greenhouse gas forcing, with some studies suggesting they 
may become more frequent or extreme in the future26, whereas others 
point to limitations of global climate models in the tropics27 and argue 
that the ENSO amplitude is more likely to decrease28,29. In any case, these 
studies should be extended to explore the potential impacts of ENSO 
changes on the predictability of MHWs and other extreme phenomena.

MHW forecasts for ocean decision-making
Given the impacts of MHWs on ocean ecosystems, there is a need for 
operational MHW forecasts to help ocean users prepare for and adapt to 

these events. In particular, skilful forecasts of MHWs would provide an 
early warning to resource managers and ocean stakeholders who could 
act to mitigate potential ecosystem impacts or capitalize on new oppor-
tunities. MHW forecasts could also portend changes in the availability 
of target and bycatch species to recreational and commercial fisheries, 
giving both fishing fleets and managers forewarning so as to maximize 
sustainable practices11,30–32. For example, proactive fishery closures may 
reduce both economic losses and ecological risk during events such as 
the 2014–16 MHW that led to increased baleen whale entanglements 
in the California Current System5,33. In other cases, MHW forecasts 
could inform the allocation of increased resources to monitor sensitive 
sites34,35 or guide strategic planning to minimize aquaculture losses36. 
To support such proactive, climate-ready management approaches, 
forecast time scales must match those required for end-users to manage 
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Fig. 2 | Predicting the onset and persistence of MHWs. a, SEDI for 3.5-month 
lead forecasts (as in Fig. 1). Example locations are indicated by coloured circles 
and are referred to in the text as Mediterranean Sea (red), Indo-Pacific 
(blue-green), Eastern Equatorial Pacific (gold), California Current System 
(pink), Gulf Stream (green) and Brazil Current (blue). b, Forecast MHW 
probability leading up to the initial appearance of observed MHWs. For each 
1° × 1° grid cell, forecast probabilities for each lead time preceding the first 
month of observed MHWs are averaged across all events from 1991 to 2020. 
Coloured lines correspond to individual locations in a, whereas the grey line 
and shading indicate the global median and the 25th–75th, 10th–90th and 
0–100th percentiles. For reference, a horizontal dashed line at 10% marks the 

base rate of MHW occurrence; probabilities higher than 10% indicate that MHW 
forecasts correctly predict elevated MHW likelihood from 0.5 to 11.5 months in 
advance (for example, for 30% probability, forecasts are indicating that the 
likelihood of a MHW occurring has tripled). c, Comparison of observed and 
predicted mean MHW duration (that is, on average how long MHWs last once 
established at a given location). Each dot represents the mean duration of all 
events in a 1° × 1° grid cell, with coloured markers corresponding to locations in 
a. The strong correlation (r = 0.83) shows that the global spatial pattern of 
mean MHW duration is reproduced well by forecasts. For temporal correlations 
of observed and predicted MHW durations at individual locations, see 
Extended Data Fig. 4.
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appearance

Compound extremes – offer an opportunity 
to advance our knowledge about MHW

Successful adaptation depends 
greatly on effective forecast

Compound Events



Implication

ü Ocean warming 
combined with 
acidification can 
negatively affect 
many species' 
survival, growth, 
development and 
shifts in community 
structure

ü Several studies 
show that their 
negative impact 
can be mitigated 
by an increase in 
food availability

ü However, this is not 
possible when 
compound extremes 
of warming and high 
acidity co-occur with 
low chlorophyll 
concentrations, i.e., a 
decrease in food 
availability 
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Gaps & Opportunities

Land and ocean 
compound extremes 
need to be considered 
together

They often have the 
same drivers, and our 
knowledge of land 
extremes is more 
advanced

Their compound 
impacts can be 
nonlinear, amplifying 
socioeconomic losses

Compound Events

The challenge of (ocean) data restriction Achievable for regional studies



Gaps & Opportunities
Compound Events

Digital Earth is a concept of an interactive digital replica of the entire planet that 
can facilitate a shared understanding of the multiple relationships between the 
physical and natural environments and society.



Gaps & Opportunities
Compound Events

Traditional ways of 
producing 
aggregated climate 
information can leave 
climate scientists 
empty-handed for 
many regions of the 
world

Yet there can be a 
wealth of local 
climate knowledge 
(e.g. Chapter 10 of 
IPCC AR6)
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Surface Heat Fluxes

Rodrigues et al. (2019, Nat. Geo.)
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Triple Compound: MHW + Low Chlorophyll + High Acidity
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