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Abstract
The energy content of wind-waves is propagated across the oceans in the form of swell waves, the
main drivers of long-term changes in coastal morphology and offshore hazards. A state-of-the-art
swell tracking algorithm is applied to a global ensemble of CMIP5 dynamic wave climate
projections, to assess future changes in remotely originated swell events towards the end of the 21st
century, and how they propagate. The contribution of multiple wave generation areas is considered.
It is found that the projected climate change signal is effectively propagated from the winds along
the extratropical storm tracks to remote locations, in the tropical and subtropical latitudes,
through swell waves. The statistically significant projected changes in swell wave heights and swell
predominance at the remote swell arrival locations are comparable with the ones at the wave
generation areas. Furthermore, different incoming directions for swell events at remote locations
are shown to often carry opposite climate change signals, propagated from different remote origins.
These results highlight the need for a directional approach on wave climate projections, critical for
improved vulnerability assessments and adaptation measures from the climate community.

1. Introduction

Winds blowing over the ocean surface are responsible
for the generation of wind-waves. These, domin-
ate the ocean wave spectrum, exceeding the energy
contribution of tides, tsunamis, and other ocean
waves (Kinsman 1965). Wind-waves (henceforth just
‘waves’) have a clear impact on coastal processes
(Toimil et al 2019), such as coastal erosion and
accretion (Ranasinghe et al 2016), defining sedi-
ment budgets and shoreline stability (Barnard et al
2015). They also impact on offshore infrastructures
and shipping design standards (Bitner-Gregersen et al
2015), being a major hazard to any operation at sea.

Due to their dispersive nature, locally and
remotely generated waves coexist at the ocean sur-
face, classified as wind-sea or swell. The dimension-
less wave age parameter (Jeffreys 1924, 1925; see

section 2) is commonly used to characterize the wave
field, as dominated by wind-sea or swell waves. It is
defined as the relative speed between the peak wave
and the overlaying wind, the wave field being con-
sidered dominated by wind-sea (swell) if the value is
below (above) 1.2. While wind-sea waves are strongly
coupled to the local wind field, swells propagate freely
from their generation area, detached from overlaying
winds. Since swell waves dominate the open ocean
(Semedo et al 2011), local wind and wave fields often
do not reflect each other. However, since swell energy
is mostly preserved on propagation (Munk et al 1963,
Snodgrass 1966, Ardhuin et al 2009, Semedo et al
2009, Pérez et al 2014), changes in swells at a certain
remote location end up reflecting changes in remote
wind energy input at the wave generation area.

Projecting future changes in swell characteristics
is of paramount importance for coastal and offshore
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climate change adaptation and mitigation policies,
particularly in areas exposed to more than one dom-
inant incoming wave direction, vulnerable to the dis-
proportionate effects from changes in swell regimes
(Alves 2006), which might aggravate other impacts
of climate change such as sea-level rise. In the open
ocean, swells also have an impact on the lowermarine
atmospheric boundary layer (MABL; Smedman et al
1999, Sullivan et al 2008, Semedo et al 2009), by indu-
cing a reverse momentum flux from the ocean sur-
face to the atmosphere (upwards), generating the so-
called ‘wave-driven wind’ (Harris 1966). Under swell
influence (typically for wave age values greater than
1.2), the wind profile often shows a low-level wind
maximum, close to the surface, followed by a negat-
ive (or constant) vertical wind gradient, extending the
impact of swells into the lower troposphere by col-
lapsing the MABL turbulence structure (Semedo et al
2009). Grachev and Fairall (2001) showed, based on
observations, that the momentum flux should only
occur at high wave age values (between 5 and 20),
but field measurements by Smedman et al (1999) and
Smedman et al (2009) concluded that swell waves can
actually have a strong impact on the MABL structure
even at lower wave ages.

In this study, a swell-tracking algorithm
developed byPortilla (2012) andupgraded byAmores
and Marcos (2019), is applied to a global dynamic
ensemble of CMIP5 wave climate projections. The
algorithm isolates swell events from the remaining
local sea state conditions, based on the behavior of
the peak wave period (Tp) and peak mean wave dir-
ection (MWDp). Since lower-frequency waves are
the first to arrive to a remote location, followed by
higher-frequency ones, the algorithm exploits the
condition that wave frequency and time of arrival are
related in a quasi-linear fashion, allowing to establish
a time of travel and a distance to the wave generation
site. By applying a modified version of the algorithm,
to improve the representation of uncertainties (see
section 2), global 21st century mean significant wave
height (HS) projections, exclusively associated to swell
events subjected to projected changes in close to sur-
face wind speeds (U10) at the wave generation areas,
are presented. Our goal is twofold. First, to assess how
the climate change signal propagates through swell
waves, from the overlaying winds at the wave gen-
eration areas to the swell arrival locations. Second,
to highlight the relevance of considering the specific
directional features in wave climate projections, usu-
ally overlooked in conventional studies centered on
bulk wave parameters, integrated for all incoming
directions.

The remainder of the paper is structured as fol-
lows: in section 2, the data sets andmethodologies are
presented. In section 3, the projected changes in swell
events characteristics are assessed, highlighting the
propagation of climate change through swells. Con-
clusions are presented in section 4.

2. Data andmethods

2.1. The climate simulations
A seven-member CMIP5 multi-forcing multivariate
dynamic wave climate ensemble is used. Three hourly
U10 and monthly sea ice concentration from seven
different General Circulation Models (GCMs) were
used to force the WaveWatchIII (WW3) wave model
(version 3.14; Tolman 2009).WW3was setupwith the
BAJ-ST3 parameterization, adapted from Bidlot et al
(2005), and implemented over a global 1◦ × 1◦ hori-
zontal grid. Further details in table SM1 and Hemer
and Trenham (2016). The 6 hourlyHS,Tp andMWDp

wave parameters were used, at 1◦× 1◦ resolution. The
atmospheric component of the ensemble (U10), the
wave climate simulations forcing fields, were inter-
polated to 2◦ × 2◦, so that all ensemble members
share the same horizontal resolution. The wind and
wave climate simulations were divided into present
(1986–2005; PC20) and future climate (2081–2100;
FC21), following the RCP8.5 scenario (Riahi et al
2011). Ensemble means in figures 2(a) and (b) were
determined considering an unweighted mean of the
individual members.

2.2. The swell tracking algorithm
The identification of swell events followed the
algorithm developed by Portilla (2012) and upgraded
by Amores andMarcos (2019). It determines the trav-
eling distance and time for each swell event, taking
into consideration the waves dispersive properties.
For waves propagating in deep waters, their phase
speed (cp) is given by equation (1), where g corres-
ponds to the gravity acceleration and fp to the peak
wave frequency:

cp =
g

2πfp
, (1)

therefore, lower frequency waves travel faster than
higher frequency ones. Assuming waves generated
by the same storm and traveling along great circles,
the distance (d; equation (2)) and time of travel (t0;
equation (3)) for one or several wave groups can be
computed as:

d=
g

4π

∂t

∂fp
, (2)

t0 =
∂
(
Tpt

)
∂Tp

. (3)

Geographical constraints, such as islands and
atolls, can shelter swells and affect their characterist-
ics, leading to potential changes in wave heights and
directions. For that matter additional steps were pro-
posed by Amores and Marcos (2019) to deal with the
presence of obstacles alongwave trajectories, and isol-
ate pure swell events, undisturbed from their origin to
their arrival locations. The algorithm was applied at
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each 2◦× 2◦ ensemble grid-point. To avoid suddenTp

variations, resulting from the wavemodel’s frequency
discretization, the Tp time-series were smoothed, and
the following conditions were applied:

• An abrupt increase inTp, of at least 1 s in 6 h,marks
the beginning of the swell events. Tp values must
always be greater than 8 s.

• After the beginning of the swell event, ∂Tp/∂t
must be negative, however, Tp must not decrease
too fast, to avoid mixing with different wave
groups: ∂Tp/∂t⩾−2 s/6 h. For the same reason,
∆MWDp ⩽ 10◦.

• Swell events must last at least 24 h.

d and t0 were obtained by computing a lin-
ear regression during the entire duration of the
swell events. The respective 95% confidence inter-
vals were defined, and events were excluded when
the relative error between the upper and lower
ones exceeded 30%. Events with trajectories over
land were also excluded. The HS (U10) mean con-
ditions inside a 3◦ × 3◦ (2◦ × 2◦) domain, for
48 h centered on the time of origin, were used
as conditions at origin, to account for the uncer-
tainty related to the confidence intervals and MWDp

discretization.

2.3. The wave age parameter
The wave age parameter (χ10), developed by Jef-
freys (1924, 1925) is defined as the peak phase speed,
divided by the wind speed, as equation (4):

χ10 =
cp
U10

. (4)

The ‘age’ of the waves is closely related to the fun-
damentals of air-sea interaction, specifically to the
transition between wind sea and swell dominated
wave fields, and to the feedbacks from waves to the
atmosphere, and its subsequent impact in the MABL.
Further details can be found in Grachev and Fairall
(2001), Högström et al (2009), Semedo et al (2009,
2012) and Rutgersson et al (2009). A swell dominated
wave field occurs when χ10 > 1.2. The impact of a
swell dominated wave field in the atmosphere, giving
rise to wave driven wind maxima (jets), including the
reversal momentum flux, is maximized for χ10 > 5
(Högström et al 2009, 2015).

2.4. Projected changes and statistical significance
A total of 4582773 swell events were selected during
PC20, and 5367598 during FC21, corresponding to a
projected increase of 17.1%. After selection, the asso-
ciated parameters were re-gridded into 2◦ × 2◦ cells.
Weighted means were computed for each parameter
(X) inside each cell, as in equation (5), based on the
relative errors obtained for d and t0. A weight (w) of

1 (0.1) was attributed to the swell event with the low-
est (highest) errors, linearly decreasing with increas-
ing errors:

X̄=

∑N
i=1Xiwi∑N
i=1wi

. (5)

A minimum of 20 events per cell was estab-
lished, to compute the swell-related statistics in
figures 3–5. In figures SM1–SM5 (available online at
stacks.iop.org/ERL/16/064080/mmedia), however, all
swell events were considered. Statistical significance
of the projected changes was computed using a t-test
for difference in means. The dots in figures 3–5 cor-
respond to statistically non-significant areas, at the
90% confidence level. In figure 2, stippling refers to
areas with at least two statistically non-significant
members (out of 7). Projected changes are shown as
normalized differences: FC21 minus PC20, normal-
ized by PC20 (in %).

2.5. Wave generation areas
Five wave generation areas were selected along the
extratropical latitudes of both hemispheres. These
correspond to the common areas where a min-
imum of 200 swell events are originated, under at
least −1% (Northern Hemisphere) and 1% (South-
ern Hemisphere) mean wind speed (U10, where the
bar denotes ‘mean’) projected change. This threshold
ensured that all waves departing from each genera-
tion area were originated under similar conditions,
thus allowing to explore the propagation of the cli-
mate change signal. The areas were named as: NPAC
(North Pacific), SPAC (South Pacific), NATL (North
Atlantic), SATL (South Atlantic) and SIND (South
Indian). Projections for the number of events in
figures SM1–SM5 (crosses and dots) were computed
considering only the areas with more than 200 events
(thus addressed to as ‘meaningful’). The number of
swell events is denoted asN, such as:NOR at origin (at
the wave generation areas) and NARR at arrival. Like-
wise, the HS exclusively associated to swell events is

denoted as HOR
S at origin and HARR

S at arrival.

2.6. Evaluation
An evaluation of the ensemble presented here, under
a similar algorithm, in comparison with a wave hind-
cast, was presented in Amores and Marcos (2019).
Their results showed the ensemble’s ability to simu-
late swell events arriving at the global coastlines, des-

pite a slight HARR
S underestimation.

3. Results

Five wave generation areas were selected, as the most
likely origin of swell events in present climate, under
U10 projected changes (see section 2 and figure 2(a)).
19.4% of all global present climate swell events are
generated at SPAC, followed by SIND (19.2%), SATL
(14.2%), NPAC (8.43%) and NATL (2.44%). The
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Figure 1. Global swell events’ a, NOR
PC20 and b, N

ARR
PC20, and meaningful (see section 2) projected changes (FC21 vs PC20), above 20%

(crosses) and below−20% (dots).

future projected ranking is similar but shows a greater
contribution of the Southern Hemisphere (SH) to
the global swell climate, having SPAC generating
22.9% of all events, followed by SIND (19.6%), SATL
(15.5%), NPAC (6.52%) and NATL (1.96%). The
combined contribution of the five areas corresponds
to about 63.7% (66.4%) ofNPC20 (NFC21). Figure 1(a)
shows that meaningful NOR

PC20 (see section 2) projec-
ted changes, above 20%, occur essentially at the SH
high latitudes (below −20% in the mid latitudes),
possibly due to the projected poleward shift of the
extratropical storm tracks, by the end of the 21st cen-
tury (Bengtsson et al 2009, Wu et al 2010, Arblaster
et al 2011, Tamarin and Kaspi 2017). This is notice-
able as well in the Northern Hemisphere (NH). The
eastern halves of the three major ocean basins (‘swell
pools’; Chen et al 2002) correspond to the most likely
swell arrival locations (figure 1(b)).MeaningfulNARR

PC20

projected increases at arrival, above 20%, dominate
the tropics and subtropics, especially in the SH.

At NPAC and NATL, statistically significant pro-
jected decreases in U10 are visible, down to −5.44%
and −7.24%, respectively (figure 2(a)). On the other
hand, for SPAC, SATL and SIND, U10 projections
show a statistically significant expected increase,
peaking at 6.67%, 6.29% and 9.20%, respectively.

The total HS (combined wind sea and swell) pro-
jected changes (figure 2(b)) follow the U10 pat-
terns where greater wind-sea contribution is present
(namely inside the selected wave generation areas),
being detached where swells prevail. Since the total
HS accounts for all directions and frequencies at
each grid-point, the associated projections are often
flattened, especially in areas where swell waves from
different origins coexist, carrying distinct climate
change signals. To highlight the advantages of consid-
ering specific incoming directions in HS projections,
three recurrent swell-arriving locations, roughly in
the center of each ocean basin (and in the vicinity
of populated archipelagos, namely the Hawaii, the
Azores and the Maldives), were selected (figure 2(b)),
allowing, at the same time, to locally quantify the
propagation of climate change propagation, through
swells, from different generation areas.

Projections ofHOR
S (i.e. of theHS associated to the

swell events at the selected wave generation areas),
in figures 2(b), (e), 3(b), (e) and 4(b) show close
resemblance to theU10 (figures 2(a), (d), 3(a), (d) and
4(a)) and totalHS ones (figure 2(b)), due to the strong
coupling betweenwind andwave behavior there (typ-
ical whenwind sea dominates over swell). NPAC swell
events radiate eastwards and southwards, affecting
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Figure 2. (a) Ensemble U10 projected changes, selected generation areas and corresponding acronyms. (b) Ensemble total HS

projected changes and P1, P2 and P3 locations. Stippling denotes areas without statistical significance at the 90% confidence level
(see section 2).

the Central and Eastern Pacific tropical and subtrop-
ical areas. NARR

PC20 projected changes below −20% are
visible there, suggesting less events from NPAC arriv-
ing to the tropical Pacific in the future (figure SM1).
SPAC events show not only a wider area of propaga-
tion, covering most of the Eastern Pacific, as far as
the coasts of Alaska, but also broaderNARR

PC20 projected
increases, exceeding 20% in most of the area (figure
SM2), including along the coasts of North and South
America.

Considering the events originated at NPAC,
8.99% (36.6%) of the swell arrival locations show
statistically significant HARR

S projected increases

(decreases). NPAC HARR
S decreases can be expec-

ted mostly in the Central Pacific (figure 3(c) and
table 1), the same region where a lower number of

NPAC events are projected to arrive at (figure SM1).
Events coming from the SPAC, on the other hand,

show statistically significantHARR
S projected increases

(decreases) in 35.8% (9.31%) of their area of effect,
being increases dominant throughout most of the
tropical and subtropical Pacific (figure 3(f)), as far as

the southern coasts of California. HARR
S follows quite

reasonably the behavior of HOR
S (figures 3(b), (e)

and ultimately UOR
10 ; figures 3(a) and (d)), especially

when statistical significance is included, stressing the
dependency of swells characteristics on their genera-

tion area. In fact, table 1 shows that the NPAC UOR
10

and HOR
S (averaged for the entire area) are projected

to decrease 3.2% and 4.8%, respectively, being the

HARR
S (averaged for all NPAC originated events) also

expected to decrease 2.7%. Likewise, SPAC averaged

UOR
10 , H

OR
S and HARR

S are projected to increase 2.9%,
5.0% and 2.9%, respectively.

At P1 location, South of Hawaii (figure SM7),
most of the arriving PC20 swells are generated at
NPAC (193 events, or 22.2% more than at SPAC;
table 2). Enhanced southerly swell prevalence, com-
bined with fewer northerly events, is expected to
reverse this balance in the future, with SPAC con-
tribution surpassing NPAC in 25.3% (213 events
versus 170). Figure 2(b) shows that the total P1 HS

is projected to decrease (−4.15%; table 2). How-

ever, opposite HARR
S projections are visible there

(figures 3(c)and (f)), ranging from −8.25% for the
northerly events (NPAC) to 3.96% for the south-
erly ones (SPAC), being the difference similar for
the mean above the 90% percentile (−9.06% to

3.18%, respectively; table 2). P1-related HOR
S and

UOR
10 projections agree with theHARR

S ones, indicating

5
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Figure 3. UOR
10 projected changes (FC21 vs PC20; in %) at (a) NPAC and (d) SPAC. HOR

S projected changes at (b) NPAC

and (e) SPAC. HARR
S projected changes for events generated at (c) NPAC and (f) SPAC. Dots denote areas without statistical

significance at the 90% confidence level.

propagation of climate change signal through swells:
projected decreases at NPAC (−3.47% and −1.95%,
respectively), and projected increases at SPAC (4.36%
and 1.88%, respectively), with greater gaps for the

upper percentiles. Additionally, projected increases
in χ10 (figure SM6a) and extreme χ10 frequency
(figure SM6b) in most of the Pacific indicate a poten-
tially higher swell influence on the MABL, with
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Table 1. PC20 and FC21 HARR
S (m), HOR

S (m) and UOR
10 (m s−1) considering the entire swell generation areas and respective arrival areas

(under the threshold NARR > 20), and percentage of these areas showing statistically significant (SS) projected changes, together with the
percentage covered by positive (+) or negative (−) ones.

NPAC SPAC NATL SATL SIND

HARR
S PC20 1.86 2.07 1.40 2.06 2.13

HARR
S FC21 1.81 2.13 1.34 2.08 2.15

HOR
S PC20 3.33 4.01 2.94 3.26 3.97

HOR
S FC21 3.17 4.22 2.80 3.40 4.13

UOR
10 PC20 9.52 10.5 9.65 9.49 10.4

UOR
10 FC21 9.32 10.8 9.32 9.79 10.7

∆HARR
S %SS 45.6 45.1 50.6 35.9 39.8

∆HARR
S %SS (+) 8.99 35.8 4.53 23.4 14.6

∆HARR
S %SS (−) 36.6 9.31 46.1 12.5 25.2

∆HOR
S %SS 49.5 70.8 36.8 66.5 66.1

∆HOR
S %SS (+) 1.69 70.5 2.14 65.1 66.1

∆HOR
S %SS (−) 47.8 0.28 34.7 1.43 0

∆UOR
10 %SS 23.2 44.4 20 50.4 48.4

∆UOR
10 %SS (+) 2.17 42.4 0.36 49.9 48

∆UOR
10 %SS (−) 21.0 1.97 19.6 0.48 0.42

Table 2. Projected changes (∆; in %) for the HS, HARR
S , HOR

S and UOR
10 (in %) and corresponding means above the 90% percentile at P1

(South of Hawaii), P2 (South of Azores) and P3 (Maldives), considering each of the contributing generation areas with NARR > 20.

South of Hawaii (P1) South of Azores (P2) Maldives (P3)

∆HS −4.15 −4.69 −1.20

∆HARR
S NPAC −8.25 NATL −3.78 SATL 3.16

∆HARR
S > P90 −9.06 −13.1 3.80

∆HOR
S −3.47 −13.6 8.11

∆HOR
S > P90 −6.60 −10.4 9.36

∆UOR
10 −1.95 −9.64 3.77

∆UOR
10 > P90 −8.09 −7.02 5.32

NARR
PC20 193 217 262

NARR
FC21 170 184 507

∆HARR
S SPAC 3.96 SATL 3.71 SIND −2.47

∆HARR
S > P90 3.18 13.2 −4.16

∆HOR
S 4.36 3.87 1.93

∆HOR
S > P90 4.01 16.8 −0.27

∆UOR
10 1.88 1.57 −0.01

∆UOR
10 > P90 −1.81 10.5 1.09

NARR
PC20 158 65 921

NARR
FC21 213 114 998

repercussions in lower atmosphere turbulence struc-
ture, as part of the waves momentum, originally
transferred from the winds during the generation

process, is now fed back into the atmosphere, in the
form of wave-driven winds.

Despite traceable from the Indian basin, most
NATL swell events affect the tropical Atlantic and
the eastern North Atlantic (figure SM3). Like NPAC,
NARR

PC20 projected changes are mostly negative at
low latitudes (reaching below −20%), yet localized
increases (above 20%) are visible for the European

coastlines. Swells originated at SATL show a larger

area of propagation, covering the three main ocean

basins (figure SM4). In the Atlantic, SATLmeaningful
NARR

PC20 projected increases are visible essentially at the
tropical and SH subtropical latitudes, but also in the
NH mid latitudes.

Statistically significant HARR
S projected increases

(decreases) are visible for NATL events in 4.53%
(46.1%) of the arrival area, in the Atlantic tropical
and subtropical latitudes (figure 4(c) and table 1).
SATL events are less expressive in the Atlantic basin

7
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Figure 4. Same as figure 3, but for the NATL and SATL areas.

since a considerable portion propagates to the Indian

basin. Nevertheless, statistically significantHARR
S pro-

jected increases are visible west of Africa and in
the subtropical North Atlantic (figure 4(f)). Overall,

23.4% (12.5%) of the statistically significant HARR
S

projections associated to SATL events are positive

(negative). Again, these patterns are compatible with

the ones for HOR
S (figures 4(b) and (e)) and UOR

10

(figures 4(a) and (d)), especially when statistical sig-
nificance is included (table 1). An increase of the χ10

8
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Figure 5. Same as figure 3, but for the SIND area.

can also be expected in the future, throughout most
of the Atlantic basin (figure SM6).

At the P2 location, South of the Azores (figure
SM7), most of the arriving PC20 swells are gen-
erated at NATL (217 events, 234% more than the
ones generated at SATL; table 2). In close resemb-
lance to P1, southerly (northerly) swells are projec-
ted to become more frequent (scarcer) in the future,
reducing the difference to 61.4% during FC21. Des-
pite a total HS projected change of −4.69% at P2

(figure 2(b)), HARR
S projections show, in fact, oppos-

ite signals there (figures 4(c) and (f)), ranging from
−3.78% for the northerly events (NATL) to 3.71%
for the southerly ones (SATL), exacerbated for the
mean above the 90% percentile (−13.1% to 13.2%,
respectively; table 2). Thus, at P2, while more NATL
events are still projected to occur in the future, a
weakening of their intensity is expected, in contrast
to stronger and more frequent projected swells from

SATL. Showing a similar behavior to theHARR
S projec-

tions, P2-relatedHOR
S andUOR

10 ones (table 2) indicate
that the climate change signal is effectively propag-
ated from wave generation areas, to swell arrival
locations.

The SATL area is also responsible for generating a
considerable portion of the swell events arriving in the
Indian basin (figure SM4), as the second most con-

tributing area there, surpassed just by SIND (figure
SM5). High SATL NARR

PC20 values are visible at the east-
ern Indian Ocean along the coasts of Myanmar and
Sumatra (Indonesia), comparable to the values in
the Gulf of Guinea (Atlantic). While no meaningful
change is expected in the areas showing the largest
SATLNARR

PC20 values in the Atlantic Ocean, SATLN
ARR
PC20

is projected to increase more than 20% throughout
most of the Indian Ocean. The area of effect for
SIND swell events is also quite extensive (figure SM5).

Nevertheless, contrary to SATL, no meaningfulNARR
PC20

projected changes are expected in the areas where
swells arrive more frequently (e.g. the tropical Indian
Ocean).

Despite the clear U10 projected increases at SIND
(figure 2(a)), 14.6% (25.2%) of the swell arrival loca-
tions for events generated there show statistically sig-
nificant projected increases (decreases; table 2). In

the Indian basin, SIND HARR
S projections are mostly

negative, with relatively small statistically signific-
ant areas (figure 5(c)). SATL events there, on the
other hand, show widespread statistically significant

HARR
S projected increases, overlapping with the area

of highest NARR
PC20 projections (between Madagascar

and Myanmar; figure SM4). χ10 is also expected to
increase, especially in the northern half of the basin
(figure SM6).
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At the P3 location, near the Maldives (figure
SM7), while the contribution of SIND clearly sur-
passes SATL during PC20 (in 351%; table 2), this gap
is expected to be reduced during FC21 (196%), with
nearly a doubling of SATL swell events arriving there
(from 262 to 507). SIND NARR

PC20 is also projected to
increase, although marginally (8.36%; from 921 to
998). Thus, it is safe to assume that changes in Mal-
divian swell climate will be mostly driven by SATL

generated events, with a HARR
S projected increase of

3.17% (3.80% for extreme events) at P3, contrasting
with the negative projection of−2.47% (−4.16%) for
SIND events. Note that the total HS projections at
P3 simply show a decrease of −1.20% (figure 2(b)),
underrepresenting the effects of waves from specific
directions. P3-related behavior at origin shows that

SATL and SIND HOR
S is projected to increase 8.11%

and 1.93%, respectively.UOR
10 , however, is projected to

increase for SATL (3.77%), and slightly decrease for
SIND (−0.01%). The discrepancy between SIND res-

ults for P3 (negative HARR
S projection together with a

positiveHOR
S one and a slightly negativeUOR

10 one), can
indicate that the future strongest SIND swells (asso-
ciated with projected increases in the westerlies, vis-
ible in figures 2(a) and 5(a)) will in fact be pushed
towards the Pacific (figure 5(c)), while the weaker

ones (associated with local projected UOR
10 decreases;

table 2), will more easily be diverted to the center
of the Indian basin. The strong eastward compon-
ent in the direction of propagation of the strongest
future swells is also noticeable for SPAC events, some
of which arrive in the Atlantic basin (traceable from
as far as the Canary Islands), with projected increases
of up to 15% (figure 3(f)), and SATL events, which
end up in the Indian basin (figure SM4).

4. Conclusions

The behavior of waves associated to swell events
under climate change presents a new set of features
not previously contemplated in conventional wave
climate studies, focused on wave parameters accoun-
ted from all incoming directions and frequencies at
one place (e.g. Hemer et al 2013, Fan et al 2014,
Lemos et al 2019, 2020, 2020b, Morim et al 2019).
We investigated the propagation of the climate change
signal through swell events, as they radiate from their
generation area towards remote locations, applying
a swell tracking algorithm to a multivariate dynamic
ensemble of wave climate projections. Future projec-
ted changes in swell-related significant wave heights
were shown to be highly linked to the ones at their
origin and, therefore, to the main direction of swell
propagation.

At the Pacific and Atlantic basins, more frequent
(scarcer) southerly (northerly) swells were shown to
be expected towards the end of the 21st century,

paired with HARR
S projected increases (decreases),

enhanced for the extreme events. In the IndianOcean,
similar behavior was shown for SATL (SIND) events.
At the three selected swell-arriving locations (P1, P2
and P3), it was shown that the projected changes for
the conventional HS tend to misrepresent the climate
change signal which is propagated in different direc-
tions through swells from remote origins.

The unbalanced statistically significant projected

changes in swell eventsHARR
S , often showing opposite

signals, are mostly compatible with those at the wave

generation areas (HOR
S andUOR

10 ). TheU
OR
10 projections

are, in turn, consistent with a broader knowledge on
future projected changes in the atmospheric regimes
along the extratropical latitudes of both hemispheres
(Collins et al 2013), the effects of which are shown
to be felt far away in the tropical and subtropical lat-
itudes. Additionally, both χ10 (figure SM6a) and its
associated extreme value frequency (χ10 > 5; figure
SM6b) were shown to be projected to increase in
most of the global ocean, enhancing not only the
swell impacts at the coast, but also in the open
ocean, through repercussions on the MABL vertical
wind profile (Högström et al 2009) and turbulence
structure.

Our results share a new perspective on global
wave climate projections, differing notably from the
conventional HS ones, unable to distinguish spe-
cific features from multiple incoming wave direc-
tions, critical for improved vulnerability assessments
from the climate community. The direction of incom-
ing swell waves plays a crucial role in wave-related
impacts at the coast and offshore (Hemer et al 2008,
Ranasinghe 2016, Harley et al 2017), often enhan-
cing other climate change implications such as sea-
level rise. Several areas of the global ocean were
shown to be exposed to more than a single domin-
ant swell wave direction, each associated to a differ-
ent climate change signal. A directional approach on
future wave climate studies, able to adequately rep-
resent the disproportionate flux of energy carried by
swells propagating in multiple directions, is there-
fore recommended, to prevent potentially costly mal-
adaptation to wave climate change, especially in the
tropical and subtropical latitudes.
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