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Abstract

Anticipating and mitigating wave-related hazards rely heavily on understanding wave variability drivers. Here, we describe
wave conditions related to concurrent Southern Annular Mode (SAM) and El Nifio—Southern Oscillation (ENSO) phases
during the austral summer. To identify such conditions, significant wave height (H,) and peak wave period (7,) daily anoma-
lies were composited during different SAM—-ENSO phase combinations over the last four decades (1979-2018). Surface
wind anomalies were also composited to assist in the interpretation of wave conditions. The composites show significant
wave variability across all ocean basins and in several semi-enclosed seas throughout the different SAM—ENSO phase
combinations. The Southern, Indian, and Pacific Oceans generally experience the strongest 7, anomalies during combina-
tions of SAM phases with El Nifio, and the weakest 7}, anomalies during combinations of SAM phases with La Nifia. The
anomalously large waves observed in the south-western Pacific, Tasman Sea, and the Southern Ocean, previously ascribed
to ENSO conditions, seem to be instead associated with the SAM variability. SAM-related atmospheric conditions are found
to be able to modulate the intensity of ENSO-related winds over the South China Sea, which, in turn, alter the magnitude
of waves in that region. These and other wave anomaly structures described here, especially those contrasting the behaviour
expected for a given ENSO phase, such as the one found along the California coast, stress the importance of understanding
relationships between wave parameters and climate patterns interactions.

Keywords Climate patterns - El Nifio-Southern Oscillation (ENSO) - Global wave climate - Southern Annular Mode
(SAM) - SAM-ENSO interactions - Wave variability

1 Introduction

Ocean surface gravity waves (henceforth waves) threat the
safety of coastal and offshore infrastructures and pose a
substantial risk to people living and working near and on
the ocean. Anticipating and mitigating wave-related hazards
require an in-depth understanding of wave variability driv-
ers at several timescales. Such drivers are relatively well
understood at short timescales (of up to a few days). At
longer timescales, nevertheless, the wave variability result-
ing from the complex atmospheric and oceanic conditions
associated with climate patterns and their interactions make
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coastal hazard risk management and adaptation planning
challenging.

Previous work ascribed wave variability at intra-seasonal
or longer timescales mostly to individual climate patterns
(e.g., Stopa et al. 2013; Reguero et al. 2015; Godoi et al.
2016). By disregarding relationships with the co-occurrence
of multiple climate patterns, these studies camouflage the
actual wave variability drivers (Godoi et al. 2019, 2020).
For instance, during periods when El Nifio co-exists with
active Madden—Julian Oscillation (MJO—Madden and
Julian 1971, 1972, 1994), the anomalously large waves
that generally impact the California coast as a result of El
Nifio-related conditions (Barnard et al. 2015, 2017) only
take place during two out of the eight MJO phases (Godoi
et al. 2020). In other words, most MJO-related conditions
suppress wave increases in that region when coinciding with
El Nifio episodes. Another interesting example of changes
in the expected wave conditions is the sign reversal of wave
anomalies in the South China Sea during the co-occurrence
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of La Nifia with MJO phase 3 (Godoi et al. 2020). Wave
height anomalies are usually positive (waves get larger than
typical waves) in the South China Sea during La Nifia (Zhu
et al. 2015). However, when the latter combines with MJO
phase 3, wave anomalies not only weaken but also become
negative (waves get smaller than typical waves) (Godoi et al.
2020). Therefore, it is essential to understand changes in
wave conditions during the co-existence of multiple climate
patterns so that coastal planners can develop more reliable
management plans. Two climate patterns are of particular
interest because of their already-verified strong interactions,
the Southern Annular Mode (SAM—Limpasuvan and Hart-
mann 1999) and the El Nifio—Southern Oscillation (ENSO—
Walker and Bliss 1932, 1937, Philander 1983; Neelin et al.
1998).

The SAM, or Antarctic Oscillation (Gong and Wang
1999), is the dominant pattern of large-scale atmospheric
variability in the extratropical Southern Hemisphere (Mar-
shall 2003), whose timescales range from intra-seasonal to
inter-annual (Vera and Osman 2018). The SAM is associ-
ated with atmospheric mass exchanges between the mid and
high latitudes (Simmonds and King 2004), which result in
a zonally-symmetric structure (Gong and Wang 1999) that
can be identified year-round (Thompson and Wallace 2000)
in several atmospheric fields, such as geopotential height
and sea-level pressure (Rogers and van Loon 1982). The
positive SAM phase is defined by above-normal mean sea-
level pressure (MSLP) in mid latitudes and below-normal
MSLP in high latitudes (Wang and Cai 2013), accompanied
mainly by the strengthening of the westerly winds that encir-
cle Antarctic (Rogers and van Loon 1982) and by a poleward
movement of this belt (Goodwin 2005). The opposite pattern
characterises the negative SAM phase.

The ENSO is an inter-annual oscillation whose sig-
nals prevail in the 2—7 years range (Trenberth and Hurrell
1994; Cane 2005). Its associated effects occur all over the
world and affect, for instance, agriculture and freshwater
supply (Collins et al. 2010). The ENSO’s main signature
manifests in the central and eastern tropical Pacific as
sea surface temperature (SST) anomalies, with persisting
colder-than-normal waters defining a La Nifa episode and
warmer-than-normal waters an El Nifio episode (Chase
et al. 2006). Under normal conditions (inactive ENSO),
trade winds over the Pacific basin push the surface warm
water westward and pile it up near Indonesia. The accu-
mulated water pushes the thermocline down, while it rises
in the eastern Pacific bringing cold water up to the sur-
face. During La Nifia, strengthened trade winds reinforce
the “normal conditions”, and the typical eastern tropical
Pacific upwelling enhances. During El Nifio, the trade
winds weaken, and reverse direction occasionally, facili-
tating the surface warm water eastward movement from
the western to the central and eastern Pacific. Enhanced
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atmospheric convection develops over the regions where
anomalous warm waters take place during both El Nifio
and La Nifia, and this influences weather patterns dynam-
ics worldwide.

Areas far beyond the regions where the SAM and ENSO
are most pronounced can experience their signals via tele-
connection mechanisms—Liu and Alexander (2007) defined
teleconnection as “the linkage of seemingly unrelated cli-
mate anomalies over great distances”. Several mechanisms
have been proposed to explain how climate patterns prevail-
ing in a given region may be related to remote anomalies in
the ocean and atmosphere; these include, for example, an
“atmospheric bridge” (e.g., Alexander et al. 2002), wave
trains (e.g., Mo and Paegle 2001; Yang et al. 2018), an
eddy-jet stream mechanism (e.g., Yang et al. 2018), and a
stratospheric pathway mechanism (e.g., Mechoso et al. 1985;
Hurwits et al. 2011). Explanations of teleconnection mecha-
nisms generally involve changes in the fluxes of momen-
tum, heat, and moisture associated with the atmospheric
Walker and Hadley circulations. The Walker circulation
links two remote tropical areas (tropic—tropic teleconnec-
tions), whereas the Hadley circulation links a tropical area
to a subtropical one, where Rossby wave sources disturb
extratropical atmospheric and oceanic phenomena through
such waves (tropic—extratropic teleconnections) (Grimm and
Ambrizzi 2009; Shimizu and Cavalcanti 2011). Mid-latitude
excitations of tropical waves can also occur (e.g., Hoskins
and Yang 2000), as part of the two-way tropic—extratropic
interaction (e.g., MacRitchie and Roundy 2016), as well as
inter-hemispheric teleconnections (e.g., Nan and Li 2003;
Wau et al. 2009; Sun 2010; Mamalakis et al. 2018). Fur-
thermore, the signals of a given climate pattern can propa-
gate to distant regions through another climate pattern (e.g.,
Klein et al. 1999). A large body of literature describing tel-
econnection mechanisms is available (e.g., Bjerknes 1969;
Karoly 1989; Mo 2000; Alexander et al. 2002; Turner 2004;
L’Heureux and Thompson 2006; Liu and Alexander 2007;
Sun et al. 2010; Cai et al. 2011a, b; Ding et al. 2012, 2014;
Liu et al. 2015, 2018; Rudeva and Simmonds 2015; Yu et al.
2015; Feldstein and Franzke 2017; Stan et al. 2017; Yang
et al. 2018), and so the reader is referred to the studies cited
in this paragraph for detailed information on this topic.
Regarding SAM—-ENSO interactions, the ENSO teleconnec-
tion to Southern Hemisphere high-latitudes, especially to the
South Pacific (Carleton 2003), has been found to be favoured
during co-occurrences of La Nifia with positive SAM, and
El Nifio with negative SAM (Carvalho et al. 2005; Fogt and
Bromwich 2006; Stammerjohn et al. 2008; Fogt et al. 2011).
These co-occurrences correlate more strongly during the
austral summer (Fogt et al. 2011). The type of ENSO also
appears to play an important role in exciting the SAM; the
central Pacific type exerts a significant impact on the SAM,
whereas the eastern Pacific type does not (Yu et al. 2015).
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Local, regional, hemispheric, and global wave condi-
tions have been related to the SAM (e.g., Harley et al. 2010;
Hemer 2010; Hemer et al. 2010; Godoi et al. 2016, 2018;
Marshall et al. 2018). Changes in wave conditions associated
with ENSO phase shifts have also been vastly explored at
several spatial scales (e.g., Harley et al. 2010; Hemer et al.
2010; Izaguirre et al. 2011; Shimura et al. 2013; Stopa et al.
2013; Stopa and Cheung 2014; Godoi et al. 2016, 2018).
Nevertheless, the way global waves behave under intense
activity of simultaneous SAM and ENSO phases has not
yet been investigated. This knowledge gap has been filled
here by analysing the variability of wave parameters dur-
ing the austral summer (December—February), when ENSO
reaches its mature stage (Philander 1983; Carvalho et al.
2005) and interactions between the SAM and ENSO are
most favoured (Lim et al. 2013). As noted by Marshall
et al. (2018), who examined the association of global wave
variability with SAM phases, changes in wave conditions
have little influence from SAM-ENSO interactions dur-
ing seasons other than summer. The authors verified this
by comparing, for each season, wave anomaly composites
calculated for two sets of periods of active SAM, one that
included both active ENSO and ENSO-neutral episodes
and the other that included only ENSO-neutral years. Mar-
shall et al. (2018), however, did not distinguish between La
Nifia and El Nifio events when considering active ENSO
phases. As shown later in this paper, this distinction is of
paramount importance to thoroughly understand global wave
anomalies during simultaneous summertime SAM-ENSO
events. We investigated wave variability through compos-
ites of daily anomalies in wave parameters calculated for
different SAM—ENSO phase combinations over the period
1979-2018.

The data and methods used in this research are described
in the following section. Section 3 presents the results
obtained and discusses the differences in wave variabil-
ity among the different SAM—-ENSO phase combinations.
Lastly, the conclusions are documented in Sect. 4.

2 Data and methods

Hourly significant wave height (H,) and peak wave period
(Tp) fields, at the spatial resolution of 0.4°, were obtained
from the Centre for Australian Weather and Climate
Research (CAWCR) long-term global wave hindcast (Dur-
rant et al. 2013a, b, 2014). This hindcast was carried out
using versions 4.08 (for the period January 1979-May
2013—Durrant et al. 2014) and 4.18 (from June 2013
onwards—Hemer et al. 2017) of the spectral wave model
WAVEWATCH III (WW3—Tolman 1991, 2014). The
model was forced with hourly 10 m wind and six-hourly
sea ice concentration data from the National Oceanic and

Atmospheric Administration (NOAA) National Centers for
Environmental Prediction (NCEP) Climate Forecast Sys-
tem (CFS) Reanalysis (CFSR) dataset (Saha et al. 2010)
(sourced for the period January 1979-December 2010)
and its extension NOAA NCEP CFS version 2 (CFSv2)
dataset (Saha et al. 2014) (sourced for January 2011
onwards). These wind data were also used here to assist in
the interpretation of the wave anomalies observed during
SAM-ENSO phase combinations. Details on the hindcast
simulation and its validation can be found in Durrant et al.
(2014) and Hemer et al. (2017).

Inhomogeneities in the reanalysed winds due to changes
in the amount of data assimilated by the CSFR atmos-
pheric model and to spatial resolution upgrade (CFSR:
~0.3° CFSv2: ~0.2°) are discussed in Chawla et al.
(2013), Stopa et al. (2013), and Stopa (2018). Although
these inhomogeneities are recognised, it is unlikely that
they influence the results of this work significantly because
(1) temporally-averaged wave anomalies have been used;
(2) the focus of this study is on the spatial patterns of wave
anomalies, rather than on their absolute values; (3) trends
in wave parameters have not been analysed. The potential
inhomogeneity related to the WW3 upgrade from ver-
sion 4.08 to 4.18 is believed to be only minor (if existent
indeed), since there were no changes in the model physics
employed (Hemer et al. 2017).

NOAA Climate Prediction Center (CPC) Oceanic Nifio
Index (ONI) (L'Heureux et al. 2013) and daily AAO index
(referred to here as SAM index) (Ho et al. 2012) were used
to determine ENSO and SAM phases, respectively. ONI val-
ues (3-month running means of SST anomalies in the Nifio
3.4 region) remaining above 0.5 °C and below — 0.5 °C for
at least five consecutive overlapping seasons were defined
as El Nifios and La Nifas, respectively. Following Marshall
et al. (2018), positive and negative SAM phases (+SAM
and —SAM) were defined by SAM index values higher and
lower than one standard deviation (o) about the mean (),
respectively; i.e., +SAM >y + 1o and —SAM <y — lo. To
match the SAM index temporal resolution, the ONI value of
a given month was assigned to all days of that month.

Daily anomalies in H_, Tp, and wind fields were compos-
ited (temporally averaged) over all days comprised by each
SAM-ENSO phase combination during the austral summer
over the period 1979-2018. Significance of the compos-
ites was verified using a two-tailed Student’s ¢ test (Student
1908), considering the 95% confidence level and the effec-
tive number of spatial degrees of freedom (V. eﬂ) (Bretherton
et al. 1999), defined as N,z = N[(1 - p)/(1 +p)]; where N is
the number of days used to calculate the composite, and p is
the lag-1 autocorrelation coefficient of the variable of inter-
est (H,, T,,, or wind velocity). p is used to ensure independ-
ence between the daily anomalies in spatial fields (Wilks
2006).
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3 Results and discussion

Figures 1, 2 and 3 show wind at 10 m, H,, and Tp com-
posites, respectively, for SAM—ENSO phase combinations
during the austral summer over the period 1979-2018.
Only statistically significant results at the 95% confidence
level are displayed.

A few aspects of the long-term wave climate can be
noted in Fig. 2 and supported by Fig. 1. For example, to
maintain the airflow through the Drake Passage, the winds
strengthen (see, e.g., combinations of +SAM with active
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ENSO phases—upper panels of Fig. 1) and create large
waves in that region (Fig. 2). As cyclones are consist-
ently generated and propagate over the Southern Ocean,
this is a very active wave generation zone (Young 1999;
Sterl and Caires 2005), in which increases and decreases
in wave height are highly sensitive to changes in wind
velocity (see the differences in wind and H patterns
between positive and negative SAM phases). Trade winds
intensify in the central Pacific during La Nifia (easterly
anomalies) and weaken during El Nifio (westerly anoma-
lies) (Fig. 1). Despite the wind intensification during La
Nifia episodes, waves do not increase in the central Pacific
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Fig.1 Wind at 10 m daily anomaly composites for SAM-ENSO
phase combinations over the austral summer (DJF) during the period
1979-2018. +SAM and —SAM stand for positive and negative SAM
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phases, respectively. Only statistically significant anomalies at the
95% confidence level are displayed
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Fig.2 Significant wave height daily anomaly composites for SAM—
ENSO phase combinations over the austral summer (DJF) during the
period 1979-2018. +SAM and —SAM stand for positive and negative

(see combinations of SAM phases with La Nifla—Fig. 2)
because the wave climate of tropical latitudes is dominated
by swells (Young 1999; Chen et al. 2002; Semedo et al.
2011), i.e., remotely-generated waves that can propagate
over long distances after leaving their generation zones.
Although La Nifia-related stronger winds can generate
larger wind-seas, i.e., waves within the generation zone
that are still growing and developing longer periods as
a result of the wind action, the overall spectral energy is
still dominated by swells. Thus, the energy of wind-seas
does not contribute to H (average of the highest one-third

050
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SAM phases, respectively. Only statistically significant anomalies at
the 95% confidence level are displayed

of waves that occur in a given time interval) in the central
Pacific during combinations of SAM phases with La Nifia.

The main signatures of both the SAM and ENSO are
remarkably present in the wind and H, composites (Figs. 1,
2). Irrespective of the ENSO phase, combinations with
+SAM are associated with larger waves in the Southern
Ocean (Fig. 2) as a result of stronger mid- to high-latitude
westerlies (Fig. 1). These wave anomalies are less evident
in the Atlantic sector of the Southern Ocean, due likely to
the shadowing caused by the South American landmass,
which blocks the propagation of swell from the Pacific sector
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Fig.3 Peak wave period daily anomaly composites for SAM—-ENSO
phase combinations over the austral summer (DJF) during the period
1979-2018. +SAM and —SAM stand for positive and negative SAM

(Hemer et al. 2010). Conversely, weaker mid- to high-lat-
itude westerlies over the Southern Ocean (represented by
easterly anomalies with negative speed—Fig. 1) lead to
smaller waves in the same region when —SAM combines
with ENSO phases (Fig. 2). In the same ocean, anomalies
in H, have only small magnitudes during the SAM neutral
phase, indicating the SAM dominance in the Southern Hem-
isphere storm track region (30-60° S). The dominance of
ENSO in the tropical and central North Pacific manifests
through larger waves during El Nifio and smaller waves
during La Nifia, regardless of the SAM phase (Fig. 2). The
most notable feature, in this case, is the blob of positive H;
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phases, respectively. Only statistically significant anomalies at the
95% confidence level are displayed

anomalies to the north of Hawaii that appears during com-
binations of SAM phases with El Nifio. This blob varies in
size and strength depending on the SAM phase, being most
pronounced during +SAM-EI Nifio (anomalies of up to 0.8
m). The associated wind anomalies are predominantly from
the west (Fig. 1).

In general, Tp anomalies in the Southern, Indian, and
Pacific Oceans are strongest during combinations of SAM
phases with El Nifio (+SAM-EI Nifio, —SAM-EI Nifio, and
SAM-neutral-El Nifio, respectively—Fig. 3). The Atlan-
tic Ocean, on the other hand, experiences the strongest TP
anomalies during +SAM-ENSO-neutral. Shorter-period
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waves cover large portions of the Southern, Indian, Pacific,
and Atlantic Oceans during combinations of SAM phases
with La Nifla (—SAM-La Nifia, SAM-neutral-La Nifia,
SAM-neutral-La Nifia, and +SAM-La Nifia, respectively).
Therefore, the overall picture of T,7 anomalies in the main
ocean basins during SAM-ENSO phase combinations sug-
gests these anomalies are mostly driven by ENSO-related
conditions. Waves generated in the Southern Ocean have
long been known to propagate across the Pacific and, con-
sequently, impact coasts in Central and North America
(Munk and Snodgrass 1957; Munk et al. 1963; Snodgrass
etal. 1966; Young 1999). Despite this, positive 7, anomalies
generated by the stronger winds that blow over the Southern
Ocean during +SAM-ENSO-neutral (Fig. 1) are confined
to that ocean (Fig. 3). This result does not mean that longer-
period waves do not propagate across the Pacific Ocean dur-
ing +SAM-ENSO-neutral, it only means that, on average,
they are not statistically significant. Durrant et al. (2014)
mentioned that the sheltering coefficient of Ardhuin et al.
(2010) source terms was adjusted when producing the hind-
cast data used here to minimise the positive bias in H, found
in the Southern Ocean in comparisons to measured data.
Such adjustment affects the shorter-period waves generated
under high wind speed conditions and, therefore, should not
affect the longer-period waves under question. Other inter-
esting characteristics of the 7, anomaly composites can be
enumerated as follows: (1) Tp anomalies in the central and
eastern Pacific are almost mirrored during combinations
of SAM-neutral with opposite ENSO phases (see 3rd row
of Fig. 3); (2) —SAM-related conditions strengthen the 7,
anomalies that appear in the South China Sea during combi-
nations of SAM-neutral with active ENSO phases (compare
the panels in the 2nd row of Fig. 3 to those in the 3rd row);
(3) Although negative T, anomalies appear in the South
China Sea during +SAM-ENSO-neutral, conditions asso-
ciated with active ENSO phases dominate that region. Such
conditions make 7, anomalies disappear during +SAM-EI
Nifio and reverse their sign during +SAM-La Nifa; (4) Neg-
ative T, anomalies appear all over the Sea of Japan during
—SAM-EI Nifio, whereas positive anomalies are experienced
in its southern portion during —-SAM-La Nifia.

As expected, H, and T, composites for combinations of
SAM phases with ENSO-neutral (Figs. 2 and 3, respec-
tively) resemble those of Marshall et al. (2018) in which
the authors excluded active ENSO years from their calcu-
lations (as previously mentioned, Marshall et al. (2018)
analysed relationships between wave variability and SAM
phases). Since we used the same wave hindcast data as
Marshall et al. (2018), the differences in the compos-
ites can be attributed to the longer period analysed here
(1979-2018) relative to that (1979-2009) considered by
Marshall et al. (2018), meaning that the present analysis
covers more +SAM/—SAM-ENSO-neutral events. For

+SAM-ENSO-neutral combinations, the most notewor-
thy differences between the two studies are the presence of
negative H anomalies off north-western Australia and in the
south-western Atlantic, most noticeable in Marshall et al.
(2018), and of the strip of positive H; anomalies between
Hawaii and Baja California, observed here. Regarding T,
positive anomalies in the central South Atlantic and nega-
tive anomalies in the central Pacific and the South China
Sea are most apparent in the present work. In terms of
—SAM-ENSO-neutral, the larger waves that appear in the
eastern Indian Ocean in Fig. 2, from the Bay of Bengal to
north-western Australia, and those occurring to the south
of Japan and in the Philippine Sea are not seen in the cor-
responding composite of Marshall et al. (2018). Moreover,
Fig. 2 shows positive H; anomalies in the southern South
Atlantic that cover a considerably wider area than those
observed in the composite of Marshall et al. (2018). On the
other hand, negative H, anomalies in their composite have
greater absolute magnitude (are more negative) and occupy
larger areas of the North Atlantic, eastern Pacific, and the
Southern Ocean, especially close to South America. Similar
characteristics define the differences in 7, anomaly patterns
between Fig. 3 and the corresponding composite of Mar-
shall et al. (2018) for -SAM-ENSO-neutral, except for (1)
the positive anomalies in the southern South Atlantic (as in
Fig. 2), absent in both studies; (2) the longer-period waves
around the south-western coast of Africa and the shorter-
period waves in the south-western Pacific, observed in Fig. 3
and absent in the composite of Marshall et al. (2018); and
(3) the longer-period waves off the Japanese coast, absent in
Fig. 3 and present in the composite of Marshall et al. (2018).

In the Pacific basin, SAM—-ENSO interactions are associ-
ated with striking features in the extratropical latitude band
of both hemispheres. The anomalously large waves expected
to occur along the California coast during El Nifio events
(Barnard et al. 2015, 2017—also noted in the SAM-neu-
tral-El Nifio composite of Fig. 2) do not appear when the
SAM is active. The stretch of coastline free from the impact
of larger waves during active SAM shows this feature to
be noticeable during —SAM more than +SAM (compare
—SAM-EI Nifio to +SAM-EI Nifio in Fig. 2). In the South-
ern Hemisphere, a —SAM background seems to be requisite
for the generation of the larger waves that typically impact
New Zealand coasts during El Nifio years. This link with El
Nifio conditions was reported in previous work (e.g., Gor-
man et al. 2003; Godoi et al. 2016), which showed that larger
waves occur all around New Zealand, except in the waters off
the northern coastline. Surprisingly, these waves appear even
in the absence of El Nifio (—SAM-ENSO-neutral—Fig. 2),
suggesting that they are related to wind conditions associ-
ated with —SAM more than to those associated with El Nifio.
The wind composites (Fig. 1) confirm this is indeed the case.
South-westerly winds are anomalously strong around New

@ Springer



3998

V. A. Godoi, A. R. Torres Junior

Zealand during —-SAM-ENSO-neutral. Under an El Nifio
background (—SAM-EI Nifio), these winds strengthen even
more and act over a much broader area. On the other hand,
wind anomalies are almost negligible around New Zealand
when the SAM is in the neutral phase and El Nifio is tak-
ing place. In these circumstances, the existing wind anoma-
lies are negative and cover only a small area off the eastern
coast. This is reflected in the corresponding H; composite
(Fig. 2), which shows a similar anomaly spatial pattern.
Another aspect that corroborates the assumption that wave
anomalies around New Zealand are related to the SAM more
than to ENSO is their sign reversal during +SAM relative to
—SAM for the same ENSO phase (El Nifio)—wave anoma-
lies become negative during +SAM-EI Nifio. The analysis
of wave anomalies during combinations of SAM phases with
La Nifia episodes reinforces this assumption once more. Pre-
vious work states that waves are expected to increase to the
north of New Zealand during La Nifia episodes (Gorman
et al. 2003; Godoi et al. 2016). Figure 2 shows this only
happens during +SAM-La Nifia. The +SAM-ENSO-neu-
tral and SAM-neutral-La Nifia phase combinations reveal
that the waves affecting the New Zealand northern coast are
indeed generated by SAM-related wind conditions, and not
by those conditions related to La Nifia (Fig. 1).

By looking at tropical latitudes, one observes slightly
larger waves covering a large portion of the Pacific Ocean
basin during SAM-neutral-El Nifio (Fig. 2), with concomi-
tant longer periods in the eastern half (Fig. 3). The area of
strongest H; anomalies (up to 0.6 m) coincides with that
of strongest wind anomalies in the central North Pacific
(Fig. 1), whereas the strongest 7, anomalies are found to
the south (Fig. 3), in tropical latitudes. Similar spatial pat-
terns of H, wind, and T, but with opposite anomalies, occur
during SAM-neutral-La Nifia.

As storm propagation over the Southern Ocean has a
particular behaviour depending on the SAM phase, so do
waves. Waves generally increase in the waters off south-
western Australia during —SAM because storm tracks
over the Southern Ocean are shifted northward compared
to the long-term mean track (Bosserelle et al. 2012).
These larger waves are the most remarkable feature of the
—SAM-ENSO-neutral composite (Fig. 2); they reflect the
cyclonic wind intensification over the same region (Fig. 1).
Similar patterns for both wind and H, are observed off south-
western Australia when El Nifio coincides with —SAM,
but, in this case, they exhibit weaker anomalies. Contrary
to —SAM-related conditions, +SAM is associated with a
southward displacement of cyclone tracks over the Southern
Ocean (Gillett and Thompson 2003). This creates belts of
stronger westerly winds (Thompson and Solomon 2002) and
larger waves (Hemer et al. 2010) in that region, like the ones
shown in the +SAM-ENSO-neutral composites of Figs. 1
and 2, respectively. The formation of these belts has been
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favoured by the trend toward more positive SAM phases
(Thompson and Solomon 2002; Marshall 2003), especially
in recent summers (Marshall 2003; Fogt et al. 2009). As
seen for combinations of —SAM with both ENSO-neutral
and El Nifio, wind and H| patterns in the Southern Ocean
have similar characteristics during +SAM-ENSO-neutral
and +SAM-EI Nifio. Under an El Nifio background, none-
theless, winds strengthen and waves increase in the Indian
Ocean sector of the Southern Ocean (along the “furious fif-
ties”) relative to ENSO-neutral, while the opposite happens
in the Pacific Ocean sector.

Two areas have the most noteworthy anomalously large
waves in the Atlantic basin, one in the Southern Hemisphere
during —-SAM-EI Nifio and the other in the Northern dur-
ing +SAM-ENSO-neutral. The Southern Hemisphere
one is found in the south-eastern Atlantic, and consists of
waves generated locally (Fig. 2) by stronger cyclonic winds
(Fig. 1). Intensification of these winds is favoured by condi-
tions associated with both —SAM (Veitch et al. 2019) and El
Nifio (Colberg et al. 2004). Comparison between the wind
composites for -SAM-ENSO-neutral and SAM-neutral-El
Nifio clearly shows the SAM dominance in wind strengthen-
ing (Fig. 1). The waves generated by these stronger winds
in the south-eastern Atlantic during —-SAM-EI Nifio impact
the whole coastline of South Africa (Fig. 2), and are associ-
ated with longer periods in most parts of it (Fig. 3). These
results support the findings of Veitch et al. (2019), who ana-
lysed the wave record of a location near Cape Point, on the
southwestern coast of South Africa. The area encompassing
the most striking larger waves in the North Atlantic extends
across the northern section of this ocean, and consists of
H, anomalies that are strongest in its central portion and
of sizeable magnitude in the Bay of Biscay and surround-
ing coasts (+SAM-ENSO-neutral—Fig. 2). These anoma-
lies show no relationships with active ENSO phases. This
independence from ENSO was recently discussed by Mar-
shall et al. (2018), who noted in addition that teleconnec-
tions associated with active ENSO phases act to dampen
SAM-related Northern Hemisphere wave anomalies. Our
composites reaffirm their remark on the damping effect.
On the other hand, teleconnections triggered by conditions
related to simultaneously active SAM and ENSO phases
may contribute to changing the spatial structure of wave
anomalies relative to when the activity of only one of the
patterns (either the SAM or ENSO) induces teleconnections.
For instance, during +SAM-EI Nifio, larger waves occur
in the waters adjacent to the coastline sector from south-
eastern Florida, in the United States, all the way up to Nova
Scotia, in Canada (Fig. 2). In this case, +SAM-related and
El Nifio-related anomalies are neither intensified nor damp-
ened during +SAM-EI Niflo. When combined, +SAM and
El Nifio lead to a distinct anomaly spatial structure (compare
H, anomalies in that area during +SAM-EI Nifio to those
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during both +SAM-ENSO-neutral and SAM—neutral-El
Nifio). The longer wave periods associated with such anoma-
lous waves along the United States eastern seaboard increase
the likelihood of more severe damage to coastal infrastruc-
ture (Fig. 3). These notable anomalies in H, and 7}, do not
appear in the composites of Marshall et al. (2018) because
El Nifio and La Nifia episodes are not treated separately in
their analysis. This difference between the present work and
that of Marshall et al. (2018) reinforces a comment made in
the introduction, which states that the distinction between
La Nifa and El Nifio events is necessary for a thorough
understanding of wave anomalies during periods in which
the SAM and ENSO share anomalous activity. Although
not considered part of the Atlantic, the North Sea can be
strongly influenced by the winds that blow over this ocean
and eventually traverse the United Kingdom, as is the case
during +SAM-EI Nifio (Fig. 1), when the North Sea experi-
ences larger and longer-period waves (Figs. 2, 3). It is also
worth mentioning that weaker winds off the United King-
dom’s Atlantic coasts (Fig. 1) produce smaller waves with
shorter periods that arrive at the coastline during —-SAM-La
Nifia (Figs. 2, 3). At least during the periods in which this
phase combination takes place, such wave conditions will
contribute to lessening the multi-hazard effects resulting
from waves superimposed to extreme sea-level increases
projected for that area (Vousdoukas et al. 2017).

Wave anomaly patterns in the Indian Ocean are not as
prominent as those observed in the other ocean basins.
During —-SAM-ENSO-neutral, longer wave periods in the
eastern Indian Ocean (Fig. 3) indicate that these waves are
generated by remote sources. The corresponding wind com-
posite shows a cyclonic circulation off south-western Aus-
tralia (Fig. 1), which seems to be responsible for generating
the swells that propagate into the eastern Indian Ocean and
those that arrive in the Bay of Bengal (Fig. 2). Also during
—SAM-ENSO-neutral, local wind sources (Fig. 1) increase
the waves in the Andaman and Timor Seas, with H; anoma-
lies reaching 0.4 m in the latter (Fig. 2). Those larger waves
in the Timor Sea are likely associated with the more intense
activity of tropical cyclones in north-western Australia, typi-
cal of the summer season (McBride and Keenan 1982; Dare
and Davidson 2004). These results, however, disagree with
those of Kumar et al. (2019), who reported increases in H,
in that area during +SAM, rather than —SAM. When La
Nifia combines with SAM-neutral, local wind sources have
a stronger effect along the equatorial Indian Ocean (Fig. 1),
where stronger westerly winds generate slightly larger wind-
seas that impact the Indonesian coast (Fig. 2). As the Indo-
nesian landmass does not block these winds (Fig. 1), they are
also capable of generating slightly larger waves with longer
periods in the Java Sea (Figs. 2, 3). Positive small-amplitude
H, anomalies cover a large area of the north-western Indian
Ocean and the Arabian Sea during +SAM-La Nifia (Fig. 2).

When examining the Gulf of Mexico and the Caribbean
and South China Seas, interesting wave patterns can also
be noted. Opposite wave anomalies appear in the eastern
portion of the Gulf of Mexico during SAM—neutral-EIl
Nifio and +SAM-ENSO-neutral (Fig. 2), demonstrating
the teleconnecting nature of both the SAM and ENSO.
Further evidencing the capability of the SAM teleconnec-
tion in changing wave conditions in that area are the slight
but statistically significant differences in the wave anom-
aly pattern between SAM-neutral-El Nifio and -SAM-EI
Nifio. In the Caribbean Sea, wave anomalies are inexist-
ent during combinations of active SAM with ENSO-neu-
tral (Figs. 2, 3). Marshall et al. (2018) obtained the same
results, not only for these specific phase combinations but
also for those considering active ENSO. Here, in contrast,
H_ anomalies of opposite signs occur in the Caribbean Sea
during +SAM-EI Nifio and +SAM-La Nifia (Fig. 2) as a
consequence of opposite local wind anomalies (Fig. 1). By
comparing these composites to those for SAM-neutral-El
Nifio and SAM-neutral-La Nifia, it is possible to identify
some significant differences. Although anomalies in the
Caribbean Sea during combinations with +SAM result
primarily from conditions associated with active ENSO
phases, the +SAM-related teleconnection does seem
to play a role in that region, since wind and H; anoma-
lies are observed at different locations relative to those
generated during SAM-neutral. The difference in loca-
tion of the wave anomalies between +SAM-EI Nifio and
SAM-neutral-El Nifio is considerably more evident for
T, with shorter-period waves covering most parts of the
Caribbean Sea during +SAM-EI Niflo, whereas only a
very small area at the far end of its eastern portion expe-
riences shorter-period waves during SAM-neutral-El
Nifio. The results obtained for the Caribbean Sea, once
again, stress the importance of distinguishing between La
Nifia and El Nifio when analysing wave anomalies during
periods of active SAM and ENSO. As reported by Klein
et al. (1999) and corroborated by the wind composites of
Fig. 1, the atmospheric circulation over the South China
Sea during El Nifio opposes the mean austral summertime
north-easterly flow, while during La Nifia, the mean flow is
enhanced. These wind anomalies maintain their sign under
an active SAM background. Nevertheless, SAM-related
atmospheric conditions can modulate the intensity of
ENSO-related winds (Fig. 1) and, hence, the magnitude of
waves in the South China Sea (Fig. 2), where larger waves
are expected during La Nifa (Zhu et al. 2015) and smaller
waves during El Nifio. The strengthening of north-easterly
winds during combinations of —SAM and +SAM with La
Nifa (Fig. 1), relative to periods of SAM—neutral-La Nifia,
causes larger waves in the South China Sea northern half
(Fig. 2). In combinations with El Nifio, waves get even
smaller during —SAM, when compared to SAM—neutral
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periods, and become statistically non-significant in most
areas of the South China Sea during +SAM, except in the
southern portion.

4 Summary and conclusions

Understanding the differences in ocean wave conditions
among the various coincident climate patterns phases is
essential to protect vulnerable coastal and offshore infra-
structures. We selected two climate patterns that have far-
reaching-associated effects on the atmosphere and ocean,
SAM and ENSO, and examined changes in ocean wave
conditions during phase combinations between them. The
examination was carried out by compositing daily anomalies
inH,, Tp, and surface winds during the austral summer over
the period 1979-2018.

Despite tropic—tropic and tropic—extratropic teleconnec-
tions causing wind and wave anomalies across all ocean
basins during the different SAM—-ENSO phase combinations,
the composites showed the dominance of these climate pat-
terns in the areas where their respective signals are most
evident. As a result of stronger mid- to high-latitude westerly
winds blowing over the Southern Ocean, larger waves are
observed in this ocean during combinations of +SAM with
any ENSO phase. During combinations of —SAM with any
ENSO phase, these winds are weaker, leading to smaller
waves in that region. On the other hand, the larger waves off
south-western Australia and in the southern South Atlantic,
consistent with the northward displacement of storm tracks
during —SAM, change significantly when —SAM is under
an El Nifio background. The waves in the southern South
Atlantic increase even more and impact the southern African
coast, whereas those off south-western Australia move fur-
ther offshore and get smaller. The ENSO dominance mani-
fests in the central and North Pacific, where waves increase
during El Nifio and decrease during La Nifia, irrespective of
the SAM phase. Peak wave periods behave somewhat differ-
ent. Their composites revealed that the association of 7}, with
ENSO is generally stronger than with the SAM and that the
strongest T[7 anomalies in the Southern, Indian, and Pacific
Oceans prevail during El Nifio episodes, and the weakest 7,
anomalies during La Nifias.

Two remarkable wave anomaly structures appear in the
Pacific basin. Teleconnections associated with active SAM
prevent the anomalously large waves expected along the Cal-
ifornia coast during El Nifio events from occurring. In the
Southern Hemisphere, wave anomalies around New Zealand,
ascribed to El Nifio and La Nifia in past work (e.g., Gorman
et al. 2003; Godoi et al. 2016), were found to be instead
modulated by SAM phases in this study. These anomalies
take place not only in the south-western Pacific Ocean, but
also in the Tasman Sea and parts of the Southern Ocean.
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Consistent with previous work (e.g., Marshall et al. 2018),
larger waves in the North Atlantic demonstrate strong inter-
hemispheric teleconnection to the SAM during its positive
phase. Larger-than-usual waves impact the Bay of Biscay
and surrounding coasts when +SAM and ENSO-neutral
take place simultaneously. During El Nifio episodes, posi-
tive wave anomalies in the North Atlantic are most critical
along North America’s coasts. Multi-hazard effects may
arise from the co-occurrence of sea-level increases along
the United States eastern seaboard (Domingues et al. 2018)
with the larger and longer-period waves that impact that
region during +SAM-EI Nifio. While such co-occurrence
is likely to exacerbate coastal infrastructure damage, the
waves experienced along the United States eastern seaboard
when SAM-neutral and La Nifia combine may help allevi-
ate multi-hazard effects, since these waves are smaller than
those that typically approach that region.

Changes in wave conditions are not limited to Ocean
basins; semi-enclosed seas also experience marked vari-
ability due to SAM-ENSO interactions. Wave anomalies of
opposite signs in the Caribbean Sea during periods in which
+SAM combines with opposite ENSO phases are an exam-
ple of the importance of distinguishing between El Nifio and
La Nifia when the SAM and ENSO share anomalous activity.
Previous work that considered active ENSO phases, but did
not distinguish them when analysing relationships between
wave anomalies and SAM phases (Marshall et al. 2018),
could not identify these opposite anomalies in the Caribbean
Sea. In the South China Sea, wind conditions associated
with active ENSO phases dominate the signs of H, and T,
anomalies during SAM-ENSO phase combinations, while
SAM-related conditions can modulate the intensity of such
anomalies.

Although some wave anomaly structures are more likely
to happen due to the trend toward more positive SAM
phases (Thompson and Solomon 2002; Marshall 2003), to
the apparent changes in ENSO “flavour” (Ashok and Yama-
gata 2009; Freund et al. 2019), and the potential changes
in ENSO frequency and magnitude (Cai et al. 2014, 2015),
future climatic changes are still unclear (Yang et al. 2018).
Whether these wave anomaly structures will hold or the
extent to what they will change can only be determined
through continuous climate monitoring. In spite of that, the
wave composites presented here provide planners with valu-
able information on potential areas for wave disaster during
SAM-ENSO phase combinations.

The chaotic nature of the ocean—atmosphere coupled
system does not allow us to disregard the potential contri-
bution to our results of wave conditions related to patterns
other than those analysed here. Nevertheless, our findings
demonstrate that assessing relationships between wave con-
ditions and multiple concurrent climate patterns should be
part of the broad scope of wave-related studies. We hope
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these findings encourage similar investigations at regional
and local scales considering other variables that can also
impact the coast significantly, as, for instance, sea-level vari-
ability. These investigations will benefit coastal communities
by assisting them in dealing better with multi-hazard effects.
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