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Abstract
Extreme surface ocean waves are often primary drivers of coastal flooding and erosion over various
time scales. Hence, understanding future changes in extreme wave events owing to global warming
is of socio-economic and environmental significance. However, our current knowledge of potential
changes in high-frequency (defined here as having return periods of less than 1 year) extreme wave
events are largely unknown, despite being strongly linked to coastal hazards across time scales
relevant to coastal management. Here, we present global climate-modeling evidence, based on the
most comprehensive multi-method, multi-model wave ensemble, of projected changes in a core set
of extreme wave indices describing high-frequency, extra-tropical storm-driven waves. We
find changes in high-frequency extreme wave events of up to∼50%–100% under RCP8.5
high-emission scenario; which is nearly double the expected changes for RCP4.5 scenario, when
globally integrated. The projected changes exhibit strong inter-hemispheric asymmetry, with
strong increases in extreme wave activity across the tropics and high latitudes of the Southern
Hemisphere region, and a widespread decrease across most of the Northern Hemisphere. We find
that the patterns of projected increase across these extreme wave events over the Southern
Hemisphere region resemble their historical response to the positive anomaly of the Southern
Annular Mode. Our findings highlight that many countries with low-adaptive capacity are likely to
face increasing exposure to much more frequent extreme wave events in the future.

1. Introduction

Extratropical-generated extreme ocean waves affect
coastal processes, natural ecosystems, and popula-
tions [1, 2], being often main drivers of coastal reces-
sion, elevated coastal water levels (via wave setup and
swash) [3] and flooding [4]. Global-scale analyses
have assessed how global ocean wind-wave fields
may respond toscenarios of increased anthropogenic

forcing [5]. The majority address changes in global
mean wave conditions, and only a few consider
changes in extreme wave climatology [5]. These
few analyses on future extremes explore projec-
ted changes in the magnitude of annual max-
imum significant wave height and low-frequency
(⩾20 years return period) extreme wave events
[6–9]. Nevertheless, global simulations of low-
frequency extreme (both surface wind and waves)
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events vary widely across contemporary global cli-
mate models (GCM) [7, 10] and exhibit a suboptimal
representation of the magnitude of extreme events
(e.g. owing to their limited resolution) [10, 11]. In
addition, extreme value analysis of projected future
significant wave height (Hs)—used to estimate long-
return periods, introduces an uncertainty which gen-
erally exceeds that of long-term climatic trends [12].
Consequently, projections of low-frequency extreme
wave events are unlikely to detect a reliable signal
of change, a signal which stands out from natural
climate variations and is consistent among climate
models [13].

So far, projected changes in the magnitude and
frequency of extreme extra-tropical storm-driven
wave events occurringmore than once per year (here-
after ‘high-frequency extreme waves’) received little,
to no, attention. In addition to being inherently
much better resolved by global models relative to
low-frequency events, such events can severely erode
coastlines and are more directly relevant to coastal
wave-driven risks (e.g. coastal erosion and flooding)
at management time scales [14, 15]. For instance, the
number and persistence of high-frequency extreme
wave events can strongly influence shoreline-position
changes [16–18], with its induced recession up to
2–5 orders of magnitude greater than long-term
erosion [18]. Most importantly, accelerated sea-level
rise will continuously reduce elevation differences
between our coastal waterline and infrastructures
[19, 20], therefore allowing lower-magnitude high-
frequency wave events to progressively exceed flood-
ing thresholds [19, 20].

Here we quantify, for the first time, the robust-
ness in high-frequency extreme wave events pro-
jection using a broad set of coastal-impact-relevant
wave indices (section 2) proposed by the World Cli-
mate Research Program (WCRP) Expert Team on
Climate Change Detection and Indices (ETCCDI)
[21]. The detailed definitions of the ETCDDI extreme
wave indices are provided in section 2. Similar indices
related to atmospheric and land variables (e.g. tem-
perature, streamflow, and precipitation) [22] form
the core knowledge of climate extremes described
by the Intergovernmental Panel on Climate Change
(IPCC) [23]. However, the application of ETCDDI
extreme indices to assess ocean extreme wave events
has remained thus far unexplored. The projected
changes in the ETCDDI extreme indices are based
on a very large community-based ensemble of global
wave projections [24, 25] covering a range of future
greenhouse-gas emission scenarios, GCMmodel for-
cing andwave-downscaling approaches. The different
GCM forcing and wave modelling approaches in the
ensemble vary in their representation of the projected
changes (i.e. in intensity, frequency, and distribution
of extreme-driven ocean wave events). Therefore,
the research presented herein provides a much wider
sampling of total projection uncertainty compared

to past research to date focusing on low-frequency
storm wave events from climate-model-driven
simulations.

2. Data andmethods

2.1. ETCCDI extreme wave indices
The joint CCl/WCRP-CLIVAR/JCOMM ETCCDI
[26] developed a set of extreme climate indices
(for variables such as temperature, or precipitation)
to support climate change detection and attribu-
tion [21, 26]. In addition to these, a set of extreme
ocean wave height indices were also developed by the
ETCCDI commission which are used in this analysis:

2.1.1. Threshold-based indices
(a) Rough wave days: annual count of days when

daily-max Hs > 2.5 m (days)
(b) High wave days: annual count of days when

daily-max Hs > 6 m (days)

2.1.2. Percentile distribution-based indices
(c) Frequency of low (low-decile-days) days: annual

frequency of days when daily maxHs < 10th per-
centile (%) over present-day baseline period;

(d) Frequency of high (top-decile-days) days: annual
frequency of days when daily maxHs > 90th per-
centile (%) over present-day baseline period;

2.1.3. Percentile- and duration-based indices
(e) (Top-decile) Wave-spell-storm duration: annual

count of days with at least two consecutive days
when daily maxHs > 90th percentile (days) over
present-day baseline period.

These indices described above summarize key
extreme ocean wave characteristics that are interna-
tionally agreed as important for analysis of changes
in climate extremes [21, 23]. We note that although
some of the (ETCCDI) extreme indices do not
fully align with the ‘conventional’ definition of
low-frequency extremes (i.e. recurring across multi-
decadal to centennial time-scales), they can generally
be used within a wide socio-economic and scientific
context. For instance the wave-storm-spell duration
index describes storm ocean wave events lasting two
consecutive days, therefore capturing two peak semi-
diurnal tide cycles when wave-driven flooding is most
likely.

2.2. COWCLIP global wave ensemble data and skill
We used 80 members of the COWCLIP2.0 global
wave ensemble [24, 25] (i.e. all members with avail-
able ETCDDI extreme indices) to calculate projected
changes in high-frequency extreme wave events. The
ensemble members contain statistical and dynam-
ical simulations over the representative present-day
(1981–2004) and future (2081–2100) time-slices for
RCP4.5 and RCP8.5 scenarios at 1◦ resolution. A brief
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description of the COWCLIP2.0 ensemble members
used is provided within supplementary information,
with their details provided in the original dataset
descriptor [24, 25].

The ensemble used has been extensively com-
pared against different sources of ocean wave data
[24, 25] for different Hs statistics (such as mean
and high-percentiles) at annual and seasonal time-
scales [24, 25]. Some of its wave members have
been also previously used to assess changes to annual
maximum and centennial time-scale extreme wave
events (i.e. return period ⩾ 50 years [7–9]). Here
we compare the COWCLIP multi-member ensemble
mean of rough wave days, high wave days, and
wave-storm-spell duration against those obtained
from the ERA5 wave reanalysis (here ERA5) [26]
for the present-day period (1979–2004). We present
this comparison using Taylor diagrams [27] which
exhibit spatial correlation (SC), normalized standard
deviation (NSD) and centered-root-mean-square-
difference (CRMSD) within a single figure, follow-
ing the IPCC climate model evaluation guidelines
[28, 29]. To further support and contextualize this
model skill analysis, we also compare the COW-
CLIP multi-member ensemble mean against five dif-
ferent global wave hindcast products (including a
new global wave hindcast—named here ECMWF-
ERA5—forced with ERA5 surface winds and sea ice
forcing) that are extensively documented and/or val-
idated [30–34]. A brief description of these global
wind-wave products is provided within the supple-
mentary information.

2.3. CMIP5 global wind ensemble
We used daily-max wind speeds from the 20 CMIP5
climate models (available in the WCRP CMIP5
archive) whichwere used to force the global wave sim-
ulations over the periods 1979–2005 and 2081–2100
for RCP8.5. These are all the GCM models that
provide daily-max wind speeds. Some GCM models
do not provide daily-max surface wind speed (e.g.
ACCESS1.0 andACCESS1.3) but have sub-daily wind
components (from which we calculate daily-max
surface wind speeds). The statistically-downscaled
members from ECCC(s) were obtained using sea-
level pressure (SLP) fields (and have not been con-
sidered here for simplicity). Instead, we use their
respective surface winds. The skill (and associated
uncertainty) of the CMIP5 ensemblemembers to rep-
resent extreme wind speed values (such as 99th per-
centile of daily-maximum wind speeds) at global and
regional-scales has been extensively described else-
where [10, 35].

2.4. Future projected changes
Future projected changes in ETCDDI extreme wave
indices (except for high wave days) and in sur-
face wind speeds were derived as a relative change
between historical-day (1979–2004) and the future

(2081–2100) time-slices for each model ensemble
member following previous analysis [25]:

∆j,k =
H̄Future

j,k − H̄Present−day
j,k

H̄Present−day
j,k

(1)

where∆j,k is the projected change for a givenETCCDI
index at grid node k by the GCM model j. Since
projected relative changes in significant wave height
are strongly dependent on GCM-forcing [25] (sur-
face winds and pressure fields from which the wave
field originates), a weighted multi-member ensemble
mean was derived by applying a weighting factor to
each member:

x̄=

∑n
i=1(∆i,δ − Wi,δ)∑n

i=1Wi,δ
(2)

where ∆i,k is the projected change for a given
ETCDDI index δ by the ensemble member i, andWi,δ

is the weighting factor for ensemblemember i for that
same index (calculated as the number of ensemble
members with that same forcing GCM amongst all
members n). We also derived a uniformly weighted
ensemble mean and obtained similar results.

2.5. Robustness
We adopted a methodology [36] advised by the IPCC
Assessment Report Working Group 1 to establish
areas of robustness. This methodology is considered
a suitable, effective method because, unlike other cri-
teria, such method does not omit internal climate
variability and is able to detect areas with lack of inter-
member agreement and/or lack of climate signal (by
assessing the consensus on the significance of projec-
ted changes) [36].

Here, we evaluated the significance of change pro-
jected by each of the ensemble members individually,
using a two-tailed Welch’s t-test that allows for dif-
ferent variances between the present-day and future
periods. The test was performed at the 5% signi-
ficance level. In order to define regions of robust
projected changes, we first identified areas (i.e. grid
cells) where 50% or more of the ensemble members
projected a significant change. Within these regions,
we further identified the locations where 90%, or
more, of the ensemble members exhibiting a sig-
nificant change agreed on the sign of the projec-
ted future changes; these are the regions of robust
changes projected by the multi-member ensemble
mean, and are hatched in figure 2 and supple-
mentary figure S3 (available online at stacks.iop.org/
ERL/16/074056/mmedia)). Here, we used a higher
threshold (90%) than the standard 80% [36] for
inter-member agreement on the direction of climate
change. We applied the robustness criterion to the
COWCLIP ensemble of wind-wave simulations and
to the CMIP5 ensemble of surface wind speeds. The
key findings are consistent of other IPCC-referenced
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methods are used. To further improve the robustness
assessment [36], we also tested that, within all regions
of robustness, the ensemble-mean projected changes
is statistically significant using the one-sample Stu-
dent t-test at the 5% significance level.

2.6. SAM index from reanalysis and climate models
We derived the high wave days and wave-storm-spell
duration indices from the ERA5 global wave reana-
lysis [26] and also from the COWCLIP models to
understand their historical response to the polarity
phases of the SAM. The gridded hourly time-series
of Hs (spanning from 1979 to 2017) derived from
the ERA5 were used to calculate the annual time
series of high wave days and wave-storm-spell dur-
ation following that same method [24] applied to
the COWCLIP global wave ensemble (section 2.2).
Based on the time series of high wave days and wave-
storm-spell duration derived from the ERA5 data and
those from the COWCLIP models, we assessed the
changes in the ETCDDI extreme wave indices dur-
ing both the positive and negative phase anomalies of
the SAM mode compared to the long-term baseline
mean. The approaches used to define positive and
negative phases of the SAM are described below.

We estimated the SAM index using the ERA5
monthly SLP data in the historical period 1979–2017
following a previously established methodology
[37, 38]. We standardized the SAM index by remov-
ing themean and dividing it by the standard deviation
calculated over the period 1979–2004 to be consist-
ent with the time slice period of the GCM-driven
wave simulations (section 2.6.2). We smoothed the
standardized SAM index using a 6 month running-
average filter so that solely interannual variations in
the SAM mode was captured. We also tested other
high-pass filters, and obtained consistent findings.
We then identified the strongest positive and negative
SAM anomalies when the index exceeded +1.0 and
−1.0 during at least 3 consecutive months, respect-
ively. Years with strong positive and negative anom-
alies were not considered for consistency.We detected
10 years of strong negative SAMand 11 years of strong
positive SAM mode (supplementary figure S1). We
tested the results using an even number of years by
removing the year with weakest positive SAM index
out of the original 11 and the results are consistent.
These years were used to calculate the annual mean of
high wave days and wave-storm-spell-duration dur-
ing positive and negative SAM, respectively (and the
change relative to the historical baseline mean over
1979–2017).

We computed the SAM index (across the present-
day period 1979–2004) for the different climate mod-
els using their respective monthly time series of SLP
data. Note that the period of present-day simulations
does not need to match the historical period of ERA5
reanalysis, as climate models are not in temporal
phase with the observed natural climate variability.

It is worth noting that the SLP data was extracted
from the specific GCM realizations (ensemble mem-
ber which defines the GCM initial state) used to
force the respective global ocean wave simulations,
as reported in the wave ensemble. We also excluded
the member from the ECCC(s) ensemble forced by
the FGOALS-S2 model because we could not find
access to its sea level pressure data within the CMIP5
archive. In addition, we excluded all the members
forced by the EC-EARTH model as there is no doc-
umentation on their respective realization details. We
obtained the SAM index usingmonthly SLP data over
the present-day period 1979–2004 from the respective
CMIP5 climate models following the same method
used for the ERA5 data [38].

3. Results

3.1. Global wave ensemble skill
As previously described (see section 2.2.1), we com-
pare the present-day ensemble mean of rough wave
days, high wave days, and wave-storm spell dura-
tion, against different reference global wave data-
sets via Taylor diagrams [27], thus providing SC,
NSD andCRMSD skill statistics. The ensemble exhib-
its an overall relatively good agreement relative to
ERA5 for rough wave days, high wave days and wave-
storm-spell duration. CRMSD values for rough and
high wave days are always below ∼0.25 m, NSD
under ∼0.5 m and SC values above ∼0.95 (figure 1).
The skill metrics exhibited by the ensemble mean
(and the global wave hindcasts) are slightly lower in
for the wave-storm-spell duration index (0.65, 0.25,
and 0.80, respectively) due to the intrinsic charac-
teristics of this index (such as its unit scale). The
model skill metrics presented here are comparable to
prior skill analysis of extreme wave and wind stat-
istics [11, 12, 24, 25] based on CMIP5 models. For
instance, in terms of representing global and regional
annual mean values of 99th percentile Hs, the COW-
CLIP multi-member ensemble mean exhibits sim-
ilar skill statistics with CRMSD and NSD values ran-
ging 0.25–0.50 m and SC values ranging 0.95–0.98
[24, 25]. The model skill metrics described here are
also within the range of model skill statistics repor-
ted in terms of GCM models representing atmo-
spheric and terrestrial variables based on ETCCDI
extreme indices [22, 39]. In addition, we find thewave
ensemble skill is well within the range of uncertainty
found among contemporary global wave hindcasts as
illustrated in figure 1, therefore providing confidence
that this wave ensemble is overall representative of
thesewidely used global wave products (figure 1). The
relatively good agreement between themulti-member
ensemble mean and the ERA5 wave reanalysis is con-
sistent with the ETCDDI extreme wave indices being
much less sensitive to the well-documented misrep-
resentations of the peak of extreme events by wave
models, given that they do not attempt to resolve
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Figure 1. Taylor diagrams with the skill statistics of the COWCLIP multi-model ensemble mean relative to the ERA5 wave
reanalysis for the representative present-day period (1979–2004). (a) Results in terms of global annual mean for rough wave days
(in days), (b) results in terms of global annual mean for high wave days (in days), (c) results in terms of global annual mean for
wave-storm-spell duration (in %). The metrics shown are: SC, NSD and CRMSD difference. SC is shown by the azimuthal angle,
the NSD shown by the radial distance from the origin (ERA5 ocean wave reanalysis), and CRMSD is shown by the distance from
the plot origin (green lines). Each red symbol represents a specific global ocean wave hindcast and the black asterisk the full
multi-member ensemble mean as per legend.

the precise magnitude of the extreme wave peaks (as
attempted by analysis of low-frequency storm wave
events based on extreme value analysis [6–9]).

3.2. Global projected changes
The projected changes in high-frequency ocean
extreme wave events by the end of the 21st century
period are assessed under two representative concen-
tration pathways (RCP): a mild-stabilizing RCP4.5
scenario and a high-level emission RCP8.5 scen-
ario. We find that projected future changes in these
ETCCDI extreme wave indices exhibit well-defined
large-scale spatial patterns of change (figure 2), with
strong latitudinal dependence (supplementary figure
S2). The patterns of changes under RCP4.5 and
RCP8.5 are extremely consistent (figure 2), however,
the global ocean exhibiting robust changes is much
larger for RCP8.5. In addition, the magnitude of
projected changes is considerably greater for RCP8.5
almost everywhere. When averaged globally, projec-
ted changes in rough wave days, high wave days
wave-storm-spell duration for RCP8.5 exceed those
of the RCP4.5 by ∼100%, 80% and 110% respect-
ively (supplementary figure S3). In specific areas
of the Southern Ocean, changes in high wave days
and wave-storm-spell duration for RCP8.5 are up
to ∼150%–200% greater than corresponding pro-
jected changes for RCP4.5 scenario (supplementary
figure S3).

Specifically focusing on RCP8.5, we show that
projected changes in high-frequency extreme wave
events present strong inter-hemispheric asym-
metry (figure 2 and supplementary figure S2) with
projected increases in the high-frequency ocean
extreme wave events in the Southern Hemisphere
and general decrease in the Northern Hemisphere.

In the Southern Hemisphere, there is a robust
zonally-uniform increase in the rough wave days
(∼5%–10%), high wave days (∼5–30 d) and wave-
storm-spell duration (∼10%–50%) within high-
latitude regions (>50◦ S). Changes in rough wave
days are relatively small (∼5%) over these latitudes
(>50◦ S), as wave conditions >2.5 m persist almost
continuously even in the representative present-day
period (figure 2(a)). In the mid-latitude areas of the
Southern Ocean region (30◦–50◦ S), a robust projec-
ted decrease is seen in rough wave days (5%–10%)
and wave-storm-spell-duration (25%–50%). There
is also a projected future decrease in the high wave
days in this region (∼5–10 d) but lack robustness.
The mid-latitude projected decrease in the South-
ern Ocean also becomes clearly visible when changes
are zonally-averaged (supplementary figure S2). We
find a robust increase in the wave-storm-spell dura-
tion in the tropical Southern Hemisphere (0◦–30◦ S).
The increase in wave-storm-spell duration is also
found robust over some areas of the Atlantic Ocean
and in the Eastern Pacific Ocean (off Central and
South America) where projected increases reach to
∼50%–100% (figure 2(c)).

In the Northern Hemisphere, we find robust pro-
jected decreases in rough wave days (∼10%–30%)
and wave-storm-spell duration (∼10%–20%) across
the North Atlantic, Mediterranean Sea and wide-
spread regions within the North Pacific. The excep-
tion to the general decline in the high frequency
extreme waves is found in the northern central
Pacific, where there is a slight but not robust projec-
ted increase (figure 2(c)). The results for low and high
wave days are overall consistent with the large-scale
patterns of change previously described (see figure 2),
although projected changes in frequency of low days

5
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Figure 2. Simulated high-frequency extreme wave indices over the present-day period (1979–2004) and projected relative changes
over the period 2081–2100 under scenario RCP4.5 and RCP8.5. (a) Multi-member mean of the present-day period 1979–2004
mean of annual mean rough wave days (days); high wave days (days); frequency of low days (%); frequency of high days (%) and
wave-storm-spell duration (days). (b) Multi-member mean of projected changes in the climatological mean of the respective
extreme wave events over the period 2081–2100, relative to the 1979–2004 for RCP4.5 scenario. (c) Same as (b) but for RCP8.5
scenario. Hatched regions indicate areas with robust projected changes (section 2).

exhibit a reversed pattern compared to the other
extreme indices. This indicates that the increase in
the frequency of low wave days occurs in part at the
expense of high wave days.

We show that projected changes in the ETCDDI
extreme wave indices previously described (figure 2)
are strongly linked to the patterns of change found
in ocean extreme wind speeds as shown by the for-
cing CMIP5 ensemble (figure 3). These findings are
consistent with large-scale patterns of change exhib-
ited by previous analysis [40]. The nearly uniform-
decrease in the high-frequency extreme wave indices
across most of the NorthernHemisphere is consistent
with the general decrease in the extreme wind speeds
over this region [40]. The patterns of projected
future changes in the high-frequency extreme wave
indices across the Southern Hemisphere are also in
strong agreement with the poleward shift/rotation
of the extra-tropical storm belt manifested through
decreases and increases of extremewind speeds across
the mid-latitude (30◦–50◦ S) and high latitudes

(>50◦ S), respectively. The results are consistent with
projected changes in the extra-tropical mid-latitude
storm track activity [41–43].

In further analysis, we demonstrate that, in
Southern Hemisphere (where there is projected
robust increase in the ETCDDI extreme indices), the
patterns of projected change in the high wave days
and wave storm spell duration (i.e. representing large
and persistent storm wave events) strongly resemble
their (historical) spatial response to the positive phase
anomaly of the southern annular mode (SAM), as
described by the ERA5 reanalysis (cf figures 2 and 4).
See supplementary information for an extended dis-
cussion on the similar response of high wave days and
wave-storm-spell duration to the phases of the SAM
as described by the ERA5 wave reanalysis and the
COWCLIP ensemble-mean (supplementary figure
S5). The similarity between the patterns of projected
changes in these extreme wave indices and their his-
torical response to the SAM is evidently noticeable
across most regions with robust projected changes
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Figure 3. Global projections of extreme ocean wind speed over the present-day period (1979–2004) and over the period
2081–2100 relative to 1979–2004 under scenario RCP8.5. (a) CMIP5 ensemble mean of mean annual 90th percentile wind speeds
(m s−1) in the present-day period (1979–2004). (b) CMIP5 ensemble mean of projected changes in mean annual 90th percentile
surface wind speeds over the period 2081–2100 relative to the 1979–2004 for RCP8.5. Hatched regions indicate areas with robust
changes (section 2).

Figure 4. Spatial patterns of high wave days and wave-storm-spell duration over the Southern hemisphere associated with
different phases of SAM relative to historical baseline climate. (a) Historical mean of high wave days (top) and wave-storm-spell
duration (bottom) obtained from ERA5 wave reanalysis in the Southern Hemisphere. (b), (c) historical response of high wave
days and wave-storm spell-duration during negative and positive SAM phases—relative to the historical baseline in (a),
respectively. Hatching denotes regions of robust projected changes as per figure 1.

within the Southern Hemisphere (i.e. where there is
strong confidence in results) (figure 4).

In regions without robustness, we also find a gen-
eral agreement, yet with a few exceptions. This is the
case of a specific mid-latitude region of the central
South Pacific, where there is a projected decrease in
the wave storm spell duration (figure 2(c)), whereas
its historical response shows a relative increase during
positive SAM anomaly (figure 4(c)). In this area, the
shift is clear in the zonal wind patterns and mean SLP
fields during strongly positive SAM events [44], but is
not apparent in the extreme wave field owing to the
increased equatorward propagation of swell events
from the Southern Ocean to the tropics as previously
documented [45].

In the tropical regions of the Southern Hemi-
sphere (>15◦ S), projected changes are generally
consistent with the intensification of the SAM. In
the Eastern Southern Pacific, the projected robust
increase in the wave-storm-spell duration is likewise
consistent with the regional-scale intensification of
ocean extreme wind speeds as described (see figure 3)
and documented [45]. The results demonstrate that
projected changes in high-frequency extreme wave

events are likely driven by a shift of the SAM towards
its positive phase, which is consistentwith the recently
observed positive trend of the SAM mode in the
past few decades [37, 38]. They are also in strong
agreement with the projected positive and significant
trend in the SAM shown by the CMIP5 multi-model
ensemble over the 21st century [46–48].

4. Conclusions

This study presents 21st century projections of high-
frequency extreme ocean wave events for RCP4.5
and RCP8.5 scenarios, with projected changes in
the occurrence of these events almost doubling for
the high-emission scenarios. For RCP8.5, there will
be robust changes in extreme wave events across
∼30%–40% of the global ocean. Our findings reveal
a strong inter-hemispheric asymmetry, with up to
∼50%–100% increases in extreme, persistent wave
events (i.e. wave-storm-spell duration) over the low
and high-latitudes of the Southern Hemisphere and
∼20%–50% decrease across the Northern Hemi-
sphere. The projected changes described are over
many regions considerably greater than projected
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changes in extreme wave events at decadal to centen-
nial time-scales (<20% along most the world´s
coastlines). We find the global distribution of pro-
jected change in high-frequency extreme wave events
resemble, in general, the projected changes of extreme
surface wind speeds. In the SouthernHemisphere, the
region where wave-driven coastal hazards are expec-
ted to be exacerbated, our findings indicate that pro-
jected changes in high-frequency extremewave events
are likely associated with a future change in the SAM
towards its positive phase, in agreement with projec-
tions of SAM for the 21st century period.

This study provides a new perspective on projec-
ted future changes in extreme ocean waves by quanti-
fying change in high-frequency extreme wave events
over decision/impact-relevant time horizons using
a multi-index approach and a large multi-method
multi-model ensemble. The projected increases in
high-frequency extreme wave forcing across most of
the SouthernHemisphere present broad-scale implic-
ations for many coastal countries that face increasing
threats from coastal hazards. This is the case of Aus-
tralia andNew Zeleand and also of many regions with
low-adaptive capacity, such as the low-lying Pacific
atolls and the western coasts of Central-South Amer-
ica and Central Africa where such events are already
strongly linked to widespread coastal flooding and
erosion [3, 49, 50]. The expected increase in these
extreme wave events will likely exacerbate coastal
impacts, atop impacts of sea-level rise [51]. More fre-
quent sustained storm wave days are likely to impact
capacity of coastlines to recover, exacerbating erosion
patterns, and hence increasing coastal risks and the
needs of adaption these regions.

Whilst our results have far-reaching implications
from many perspectives, they address only climate-
driven changes in offshore extreme Hs events based
on the ETCCDI indices developed by the WCRP
Expert Team. It is important to explore how the other
components of the ocean wave climate fields asso-
ciated with such events might change, such as peak
wave period and directions [52]. Also, we highlight
the ongoing challenge of resolving the frequency of
extreme wave events driven by intense tropical cyc-
lones in the current global wave simulations forced
directly with surface fields from CMIP5 models [53].
Is it expected that such issue could be better resolved
using the next generation of GCMs. In the future,
GCMs and downscaled global wind-wave projections
may potentially provide a more robust insight on
the magnitude, frequency, and/or duration of mul-
tidecadal to centennial-scales extreme events. How-
ever, our findings draw attention for urgent consider-
ation of high-frequency extreme wind-wave forcing,
as we look towards enhanced broad-scale assessments
of coastal risk-hazard, adaptation and vulnerability
from the scientific community [54].

Data availability statement

The CMIP5-driven wave data (COWCLIP2.0 dataset)
is published via the Australian Ocean Data Network
(AODN).

The metadata record is available via GeoNetwork
at DOI: 10.26198/5d91a9d00d60d.

The dataset is accessible via the AODN
THREDDS server (netCDF files) and can be accessed
remotely using the OPeNDAP protocol at: http://
thredds.aodn.org.au/thredds/catalog/CSIRO/Climat
ology/COWCLIP2/catalog.
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