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A B S T R A C T

The wind fields along the five eastern boundary currents (EBC) systems (California, Canary, Humboldt, Benguela, and West Australia) are highly seasonal. This
seasonality is mostly determined by the position of the semi-permanent high pressure cells over the ocean. During summer these high pressure cells, with a thermal
low pressure systems inland, are the synoptic drivers of along coast winds. These strong summer winds, along the EBC systems, off-shore mid-latitude continental
coasts, generate waves that can be rather extreme, considering that these areas can be seen as limited fetch wave fields. A qualitative analysis of the wave climate
over the mid-latitudes western coastal areas, along the five EBC systems, based on the ERA-Interim reanalysis wave data, is presented. The influence of coastal wind
speed intensification processes in these areas, like the occurrence of coastal low-level jets, and expansion fans in the lee of headlands and capes, on the local wave
field is studied. It is shown that, despite the distance between the five EBC systems, their wave fields, particularly during summer, are very similar when the wind sea
and swell characteristics are balanced. In summer locally generated wave heights and energy content, along EBC areas, are comparable or even higher than swell
ones.

1. Introduction

Wind-waves are the inevitable consequence of the wind action over
the air-sea interface, with gravity acting as the restoring force (hence
they can also be called “surface gravity waves”). Wind-waves (hence-
forth simply called waves) mediate the exchange of primarily mo-
mentum between winds and the ocean surface. But they also modulate
exchanges of heat, mass, and gases between the ocean and the atmo-
sphere, also altering the radiative characteristics of the ocean surface
(Babanin et al., 2012). Waves therefore play an important role in the
coupled ocean-atmosphere climate system (Rutgersson et al., 2010;
Cavaleri et al., 2012; Patricola et al., 2016). While generated by the
local wind, waves have the ubiquitous characteristic of propagating
away from their generating area. For that reason, at the ocean surface,
two types of waves coexist. Waves under growing process, intimately
coupled with the local wind field, are called wind sea. Once these waves
propagate away from their generation area, out-speeding the local wind
and no longer receiving energy from it, they are called swell. Swells can
travel across entire ocean basins, losing very little energy (Ursel, 1956;
Munk et al., 1963; Snodgrass et al., 1966; Young et al., 1999;
Alves, 2006, Ardhuin et al., 2009) before they eventually shoal and
break at a coast. Swell waves can be called as young or old swells,
depending on the distance to their generation area. It is because swells
can propagate long distances that the wave field in the open ocean is
most of the times the result of contributions from local and remotely
generated waves, with different origins and ages (Hanley et al., 2010;

Semedo et al., 2008; Semedo, 2010). Recently, it has been shown that
swell dominates the global wave field (Chen et al., 2002; Semedo et al.,
2011) even along the main wave generation areas, along the northern
and southern hemisphere extratropical storm paths.

Several observational studies (e.g. Drennan et al., 1999, Smedman
et al., 1999, 2009, Hogstrom et al., 2009, 2013) have shown that waves
impact on the air-sea exchanges is sea state dependent, i.e., it depends
on the qualitative characteristics of the wave field, being influenced by
the prevalence of one type of waves over the other. When swell waves
propagate into light wind areas, with phase speeds much higher than
the local wind speed, they can have an impact on the lower atmosphere,
inducing a pressure perturbation in the first few meters of the marine
atmospheric boundary layer (MABL). In these situations, waves lose
energy to the atmosphere as they propagate (Ardhuin and
Jenkins, 2006), and accelerate the airflow at lower altitudes in the form
of the so called “wave driven wind” (Harris, 1966; Sullivan et al., 2008)
or “wave driven low level-jet” (Hogstrom et al., 2009). This accelera-
tion of the flow at low levels induces a departure from the logarithmic
wind profile (Semedo et al., 2009, Nilsen et al., 2012). For this reason,
swell has a consistent influence in the overall structure of the MABL in
light wind areas, since it reduces the wind shear in the boundary layer
and consequently the mechanical production of turbulence
(Smedman et al., 1999; Potter, 2015). On the other hand, under the
wave generating process, momentum is transferred from the atmo-
sphere into the ocean. This momentum is extracted from the wind field
(Jansen et al., 2002; Janssen, 2004), generating waves, but also driving
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wind currents and triggering wave breaking and whitecapping (Koeman
et al., 1994, 1998). Waves also induce the so called wave induced
currents at the ocean surface (Stokes, 1847), that are mostly driven by
wind sea waves (McWilliams and Restrepo, 1999; Carrasco et al.,
2014). The wave breaking and white-capping that occurs in high wind
speed regimes, when waves are being generated, enhances the turbu-
lence in the ocean surface mixing layer, with great influence in the mass
and gas transfer between the ocean and the lower atmosphere
(Semedo et al., 2009; Babanin, 2011). While the influence of swell
waves in the MABL can extend up to the top of the boundary layer
(Sullivan et al., 2008), in wind sea dominated areas, when waves are
being generated, the effect of waves is restricted to the first few meters
of the atmosphere (Janssen, 2004; Hristov et al., 2003).

The climatological global wave heights resemble the global surface
marine wind field. The mean near-surface wind speeds and the corre-
spondent extremes are highest in the mid- to high-latitudes, along the
extratropical storm tracks, with seasonal climatological maxima in the
hemisphere winter (Gulev et al., 2003, Caires and Sterl, 2005;
Young, 1999; Semedo et al., 2011; Stopa et al., 2014). Wind speeds are
lowest in the tropical and low latitudes. Nevertheless, although some
connection exists, the climatological global significant wave heights
(SWH) do not exactly match the overlaying local marine wind field, due
to the propagating effect of waves. This detachment between winds and
wave heights ends up being highest in the inter-tropical latitudes. There
the mean surface wind speeds are low, but north and south bound swell
waves, generated in the mid-latitudes, prevail (Young, 1999), having
almost no relation with the local wind field (Semedo, 2010).

Hanley et al. (2010) and Semedo et al. (2011) showed that in most
areas of the world ocean the wave field is dominated by swell, more
than 75% of the time, even along the intense wind speed extratropical
storm tracks. In some areas the wave field characteristics have a strong
seasonality, for example in marginal or enclosed seas (Cavaleri et al.,
1991; Tuomi et al., 2011; Galanis et al., 2012; Semedo et al., 2014).
This is also the case along equator-ward eastern boundary currents
(EBC) systems, as already noticed by Semedo et al. (2011), where coast
parallel strong local winds can occur, playing an important role in the
definition of regional wave climates. These winds in the eastern flanks
of the semi-permanent subtropical high-pressure cells, along the five
EBC systems, are highly seasonal. The semi-permanent high pressure
highs are part of the poleward branch of the Hadley cells, with a pro-
nounced intra-annual seasonality. In winter, due to the equatorward
migration of the semi-permanent highs, the winds in the west mid-la-
titude coastal areas are mostly from the west and northwest
(Ranjha et al., 2013; Lima et al., 2018). During summer the high-
pressure systems migrate poleward and are more prevalent, and
thermal low pressure systems develop inland towards the east, due to
the day-time radiative heating increase. Persistent equatorward coastal
parallel wind features develop as the geostrophically adjusted response
to the correspondent synoptic pattern: a high-pressure over the ocean
and a low pressure inland (Rijo et al., 2015; Lima et al., 2018). These
winds are strongly linked to regional ocean dynamics, with impacts
both in the atmosphere and the ocean, through an intrinsic atmosphere-
ocean coupling process (Beardsley et al., 1987). They drive upwelling
along the mid-latitude west coasts, due to offshore Ekman transport,
bringing cold water to the surface (Vallis, 2012, Rijo et al., 2017). The
low sea surface temperature (SST) along the mid-latitude continental
west coasts in summer, further sharpens the temperature and pressure
gradients, driving a local wind speed increase right at the coast. It is
within these coast parallel strong winds that, mostly in summer, coastal
low-level jets (CLLJ; Winant et al., 1988, Ranjha et al., 2013) develop.
That is the case off the coasts of: California-Oregon, along the California
Current, Iberia and Northwest Africa, along the Canary Current, Chile,
along the Humboldt Current, Namibia-Angola, along the Benguela
Current, and West Australia, along the West Australian Current. The
previously mentioned synoptic and regional patterns, responsible for
these coastal winds, start to build during late spring and lasts until early

fall (Ranjha et al., 2013; Soares et al., 2014; Rijo et al., 2014, 2017;
Lima et al., 2018). Although the interaction between the winds and the
upwelling along EBC systems has been relatively well documented in
previous studies (e.g. Bakun, 1990, Gersbach et al., 1999, Small and
Nicholls, 2003; Mohtadi et al., 2005, Narayan et al., 2010; Miranda
et al., 2013), that is not the case of the regional wave climate in these
areas. Due to the strong seasonality of these coast parallel regional
winds, the wave climate characteristics there is also highly seasonal. A
qualitative analysis of the wave climate over the mid-latitudes western
coastal areas, along the five EBC systems, is precisely the main goal of
this study.

The need for a qualitative analysis of the sea state characteristics has
two fundamental reasons. On the one hand, as mentioned above, the
air-sea interaction and exchanges are sea state dependent, hence the
need to understand which type of waves are more prevalent in a specific
area. On the other hand, characterizing the wave climate in a specific
area (or globally), by using the traditional SWH and mean wave period
(MWP) parameters, might not be enough, since they provide a limited
description of the sea-state. Two wave fields with the same SWH and
MWP may still be different in detail, because they can be more or less
dominated by one type of waves (Holthuijsen, 2007, Semedo et al.,
2011). The SWH and MWP are integrated parameters, computed di-
rectly from the wave spectra. Different sea states, for example, resulting
from a light to moderate wind condition with incoming propagating
swell, and a locally generated wind sea from local winds can have si-
milar SWH, or even MWP. For this reason a more detailed investigation
is needed to correctly characterize the wave field characteristics and the
wave climate of a certain ocean area. That is the case of the mid-lati-
tudes eastern continental coastal areas along the EBC systems, where
the wind regime varies considerably from winter to summer
(Ranjha et al., 2013; Lima et al., 2018), potentially inducing similar
variations on the regional wave fields.

Wind sea and swell wave parameters can be investigated separately
by the partitioning of the wave spectra into a high and low frequency
parts (Gerling, 1992; Hanson and Phillips, 2001). The availability of
wave spectra observations is scarce, even in coastal areas. Wave spectra
observation are available from in situ buoy measurements, mostly in
coastal areas in the northern hemisphere. These point observations are
nevertheless sparse, and frequently have continuity problems due to
gaps in the wave records, and are therefore not suited for wave climate
studies in large areas. Coastal HF (high frequency) radars can also
provide wave spectra observations, but the coverage is also limited and
do not offer long enough data sets. Remote sensing synthetic aperture
radar (SAR) could be an alternative to wave buoys, since they provide
collocated wind and wave spectra observations. Nevertheless, the re-
trieval of wave spectra from SAR observations still poses problems that
limit its use for wave climate purposes (Pandian et al., 2011), parti-
cularly due to the fact that the high frequency part of the wave spectra
is most of the times not observed (Kuo et al., 1998, Violante-
Carvalho et al., 2005). Wave models are a good alternative to the
limitations imposed by in situ and remote sensing observations, offering
global wave spectral data with the adequate temporal and spatial re-
solution. Wave reanalyses, despite some problems, like the lack of
homogeneity (Sterl, 2004; Stopa and Cheung, 2014) or even some
shortcomings related to long term tendencies (Aarnes et al., 2015) are,
so far, the only global wave dataset that can be used for wave climate
qualitative studies, where wave spectra are needed.

Here a detailed study of the wave climate along EBC systems is
presented, following the previous studies of Semedo et al. (2011, 2014),
and the studies of Raza et al. (2013) and Lima et al. (2018) where the
coastal winds in these areas where analyzed. Ranjha et al. (2013)
identified 6 major areas of occurrence of coastal low-level jets: along
EBC systems and along the coast of Oman (see also Ranjha et al.,
2015a). Our study is restricted to the five main upwelling areas of the
ocean, along the EBC systems. The current study uses the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim
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reanalysis (Dee et al., 2011). The regional distribution and seasonal
variation of the wind sea and swell SWH and MWP parameters, and
how they combine in the total SWH and MWP, are presented. The
analysis of the prevalence of one type of waves over the other, from an
energy and predominance point of view, is also examined.

The remainder of the paper is organized as follows. The ERA-Interim
reanalysis and the details about how wind sea and swell parameters are
computed are presented in Section 2. Section 3 presents the climatology
of the regional wind sea and swell characteristics in each of the five EBC
systems, and these results are discussed in Section 4. The paper ends
with the concluding remarks in Section 5.

2. Data and methodology

2.1. ERA-Interim reanalysis data

Reanalyses have the goal of overcoming inhomogeneities related to
model and data assimilation upgrades that occur regularly in opera-
tional forecasting models. Unfortunately, inhomogeneities due to un-
even data coverage in time and changes in observation systems remain
(Uppala, 1997; Sterl, 2004; Aarnes et al., 2015; Stopa et al., 2016). In
the present study wind and wave data from the ECMWF ERA-Interim
reanalysis are used. ERA-Interim is a third-generation reanalysis of
meteorological observations, starting in 1979, and being updated al-
most in real time. The ERA-Interim was produced using the ECMWF
Integrated Forecasting System (IFS; release cycle Cy31r2): a two-way
coupled atmosphere-wave model system (Janseen et al., 2002;
Janssen, 2004), and it includes both atmospheric and wave variables. It
is in fact the only reanalysis (along with ERA-40; Uppala et al., 2005)
that outputs wave parameters, and assimilates wave data through a
4DVAR (four-dimensional variational) data assimilation scheme
(Dee et al., 2011, Lorenc and Rawlins, 2005). Observations of ocean
wind speeds from VOS (voluntary observing ships), buoys, and remote
sensing satellite scatterometery have been assimilated in the reanalysis
process. Satellite altimetry wave heights were also assimilated since
1991. The wave model used in the IFS coupled model system was the
third-generation WAM model (WAMDI Group, 1988; Komen et al.,
1994). The horizontal resolution of the atmospheric model is approxi-
mately 79 km (T255 spectral truncation) on a reduced Gaussian grid,
while the wave model is run with shallow water physics, with a hor-
izontal resolution of 1° (about 110 km). The output resolution of ERA-
Interim is 6 h. The wave model set up in the ERA-Interim reanalysis
uses the 2-minute gridded elevations/bathymetry data for the world
(ETOPO2; NGDC 2006). Additional details about the ERA-Interim re-
analysis can be found in Dee and Uppala (2009), Dee et al. (2011), and
Aarnes et al. (2015). Here we use the period from 1979 to 2013.

2.2. Wave and wind parameters

Besides the total wave parameters, wind sea and swell parameters
are also used in the present study, with the goal of assessing, qualita-
tively, the role of local and remotely generated waves along EBC sys-
tems. In the wave model WAM the integrated wave parameters are
computed from the two-dimensional (2D) wave energy spectra [F(f, θ),
where f is the frequency and θ the propagating direction]. The wave
spectra are outputted at each grid point upon solving the so called
spectral wave action balance equation (WAMDI Group, 1994;
Koeman et al., 1994). In the present study, the SWH, MWP and mean
wave direction (MWD) parameters from the total (Hs,Tm,θm), swell
H T θ( , , )s

s
m
s

m
s , and wind sea H T θ( , , )s

w
m
w

m
w wave fields, respectively, are

used. Besides wave parameters, wind speed (U10) and the wind direc-
tion (φ) at 10m height are also used, since the wind is a crucial
parameter in the definition of the areas of study. The wind sea and the
swell parameters are computed by integrating F(f, θ) over the high and
low frequency parts of the energy wave spectra, respectively, separated

by a characteristic frequency f , corresponding to a wave phase speed:

= = ×
−

g π u cosĉ (2 f̂ ) 1.2*28 * (Δ),
1

(1)

where u* is the friction velocity, and Δ is the difference between the
wave propagating direction and the wind direction (Δ= θ−φ;
Bidlot 2001). The factor 28 corresponds to the peak wave phase speed
from the Pierson-Moskowitz spectrum (Pierson and Moskowitz, 1964;
Alves et al., 2003), and 1.2 is a tuning parameter.

To assess the wind sea and swell wave climates along the EBC areas,
the ERA-Interim wind and wave parameters were processed for sea-
sonal statistics. Following the WMO (World Meteorological Society)
standards, where seasons are defined and named as: DJF (December to
February), MAM (March to May), JJA (June to August), and SON
(September to November). The climatological analysis is based on the
DJF and JJA seasons (winter or summer, depending on the hemi-
sphere), despite some remarks in the text concerning MAM and SON.
The analysis is focused on the mid-latitudes western coastal areas, along
the five EBC: California, Canary, Humboldt, Benguela, and West
Australia.

3. Waves climate along Eastern boundary currents

3.1. Global wind and wave climates

The JJA and DJF seasonal maps for the climatological mean U10 and
φ global fields are shown in Fig. 1. As can be seen, during boreal
(Fig. 1a) and austral (Fig. 1b) summers, coast parallel intense mean
wind speeds occur off the mid-latitude western continental coasts,
along the EBC systems. These areas of interest, where the present study
will be focused, are highlighted in red boxes, in the respective hemi-
sphere summer in Fig. 1a,b. These boxes are similar to the ones shown
in Ranjha et al. (2013) and Semedo et al. (2015), where coastal jets
were investigated. An exception is the area along the Canary EBC, here
a single area of study is assumed here, instead of separating it into two
areas: Iberia and Northwest Africa.

In JJA (Fig. 1a), the highest climatological mean wind speeds in the
North Pacific sub-basin occur along the California current. These sea-
sonal regional winds, in JJA, are in fact stronger than the larger scale
winds along the North Pacific extratropical storm tracks and North
Pacific Trades. To some extend a similar situation takes place during
JJA in the North Atlantic sub-basin, along the Canary current, although
only off the coast of Northwest Africa are the wind speeds higher than
along the mid-latitude storm tracks and Trade winds paths. In DJF
(Fig. 1b) the close to surface wind speed fields, in these two northern
hemisphere areas, are substantially different from JJA. During boreal
winter the mean wind speed is now lower there, and considerably lower
than in the extratropical storm tracks and along the respective Trade
Winds path.

In DJF, in the southern hemisphere, high climatological mean wind
speeds also occur along the Humboldt, Benguela, and West Australia
currents, off the coasts of Chile, Namibia-Angola, and West Australia,
respectively. Nevertheless, in the southern hemisphere the strongest
summer mean wind speeds still occur in the extratropical storm tracks,
in the Southern Ocean storm belt, which displays a lower inter-seasonal
variability, compared to the northern hemisphere. During the Austral
winter, in these areas, the wind speed is also considerably different,
with a decrease in the local wind strength and an equatorward migra-
tion of the southern hemisphere storm belt. From here onwards, when
the South Pacific, Indian, and Atlantic Oceans are mentioned, it is as-
sumed that the respective Southern Ocean sectors at higher latitudes
are included, unless otherwise mentioned.

The DJF and JJA global mean SWH wave fields, generated by the
close to surface winds, are shown in Figs. 2 and 3, respectively. The
climatological mean Hs, Hs

s, and Hs
w, and the correspondent θm, θm

s , and
θm

w, are shown separately, allowing the propagating effect of swell and
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the local generation of wind sea waves to be seen and analyzed sepa-
rately and in greater detail. The seasonal large-scale mean Hs, Hs

s, and
Hs

w, from ERA-40 (Uppala et al., 2005), were also presented by Semedo
et al. (2008, 2011). The ERA-40 reanalysis has been shown to under-
forecast high and extreme wave heights (Sterl and Caires, 2005, Stopa
et al., 2013). Although the comparison between ERA-40 and ERA-In-
terim SWH is out of the scope of this study, it is worth noticing that the
climatological mean SWH are, as expected, higher in ERA-Interim,
compared to the former. This is most noticeable in the mean Hs fields,
along the extratropical storm tracks, in the respective hemisphere
winter (with differences in excess of 0.5 m), as well as in the mean Hs

w

fields, also along the storm tracks, in winter, but also along the EBC
systems and the Trade Winds paths, in summer. These differences be-
tween the two most recent ECMWF reanalyses are also present in the
climatological mean U10 fields shown in Fig. 1.

Besides the large-scale features of the global mean Hs fields (Figs. 2a
and 3a), with higher seasonal mean maxima along the extratropical
storm tracks during the respective hemisphere winter, particularly in

the Southern Ocean (Indian sector), and larger (lower) inter-seasonal
variability in the North Pacific and North Atlantic (Southern Ocean), a
careful attention should be taken to the mean JJA and DJF Hs

s, and Hs
w

fields. The swell propagation features away from the wave generation
areas in the mid- and high latitudes towards the low latitudes are very
clear (Figs. 2b and 3b), and are more noticeable than in the mean Hs

fields. The swell propagation is clearer in the southern hemisphere
winter (JJA), particularly in the Pacific Ocean, reaching far into the
northern hemisphere, but also in the Indian Ocean, and, to a less ex-
tend, in the South Atlantic sub-basin. The highest mean Hs

w values
(Figs. 2c and 3c) are found during the respective hemisphere winter,
along the storm tracks. In JJA, in the North Pacific and North Atlantic
the highest mean Hs

w values coincide with the high mean U10 values
along the California and Canary EBC areas, in the North Pacific and
North Atlantic, respectively (Fig. 1a). In DJF, in the southern hemi-
sphere, the mean Hs

w values, along the Humboldt, Benguela, and
Western Australia EBC areas, are not the highest in the respective sub-
basins, since the climatological Hs

w maxima, despite being summer, lay

Fig. 1. Seasonal means of U10 (m/s) and φ (arrows; °) for (a) JJA, and (b) DJF. The arrows are scaled with the U10 background fields. The regions of interest are
enclosed in red; (a) California and Canary currents, and (b) Humbolt (Chile), Benguela (Namibia-Angola) and West Australia.
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along the intense extratropical storm tracks in the Southern Ocean, as
for the mean U10 values (Fig. 1b). The lowest mean Hs

w values are found
in the low latitudes, regardless of the season (also in MAM and SON; not
shown). The general features of the mean Hs

w and U10 are very similar
(which does not happen between Hs

s and U10), reflecting the coupling

between both fields. This similarity is particularly noticeable along the
five areas of study, in the respective summer, when U10 increases, as
does the local Hs

w. The alignment between θm
w and φ along the EBC areas

(coast parallel) is also noticeable.

Fig. 2. Seasonal means for JJA of (a) Hs (m) and θm (°), (b) Hs
s (m) and θm

s (°), and (c) Hs
w (m) and θm

w (°). The arrows are scaled with the background fields. The color
scales vary between the panels.
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3.2. Regional wave climates

A detailed analysis of the wave climate along the five EBC systems is
presented in Figs. 4–8. The mean and extreme values of wind sea and
swell parameters are shown, allowing a comparison between the wave

climates along the five areas of interest. The summer (JJA or DJF, de-
pending on the hemisphere) climatological spatial distribution of the
mean Hs

w 99% percentile, as well as the ratios between Hs
s and Hs

w, Pw
s

and Pw
w (where Pw

s and Pw
w are the swell and wind sea wave energy

fluxes, respectively), Hs
s and Hs

w 99% percentiles, Pw
s and Pw

w 99%

Fig. 3. Same as in Fig. 2 but for DJF. The color scales vary between the panels.
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percentiles, and the mean wind sea spectral energy weight at the sur-
face Ew/ET (where Ew and ET are wind sea and total spectral density
energies, respectively), are shown.

The swell and wind sea wave energy fluxes (or power, in watts per

linear wave crest meter; w m−1) are defined as:

=P
ρg

π
T H

64
( ) ,w

s
m
s

s
s

2
2

(2)

Fig. 4. California EBC, JJA (a) climatological mean Hs
w99% percentile, climatological distribution of the (b) mean H H/s

s
s
w (dimensionless), (c) mean H H/s

s
s
w

99% 99%
(dimensionless), (d) mean P P/w

s
w
s (dimensionless), (e) mean P P/w

s
w
w

99% 99% (dimensionless), and (f) and mean Ew/ET (dimensionless).
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=P
ρg

π
T H

64
( ) ,w

w
m
w

s

2
2 2

(3)

respectively, where ρ is the sea water density, and g is the gravitational
acceleration.

The Hs
w 99% percentile (Hs

w
99%; Fig. 4a) can reach values consistently

higher than 2m offshore California. The maximum value is 2.4 m, at the
location marked as a white triangle. On each area a key point is chosen,
using the Hs

w
99% maximum value (see Table 1 for geographic positions).

See also Table 2 for the Hs
w
99% maximum values. These extreme locally

generated waves, occurring about 1% of the time, are steep waves with
short wavelengths (and periods; not shown), covering an area spanning
from about 34°N to 44°N, with an offshore extend of about 800 km.
These waves are the result of locally intensified extreme wind speeds
(also not shown), that have grown rapidly in a limited fetch dimension.
Coast parallel winds along the EBC systems, in summer, are primarily
intensified by the ocean-land temperature contrast at the coast, but also
due to the interaction of the flow with the coastal orography. The warm
subsiding air from the subtropical high-pressure systems above and the
cold marine air at the surface, origin sharp temperature inversions that
cap the MABL at the coast, constraining the flow and the wind speed
maxima at lower altitudes. The temperature decrease of the marine
layer along the coast, due to the upwelling and low SST, is further re-
sponsible for the sloping of the capping inversion towards the coast.
The increase of the wind speed nearshore, in summer, along the coastal
areas above the five EBC systems, is therefore the result of channelled
flow, with a temperature inversion above (at ∼400 to 500m; Ranjha
et al., 2013, Soares et al., 2014, Rijo et al., 2017), a sharp pressure
gradient from the ocean to the coast, and, most of the times, a me-
chanical constraint imposed by the coastal topography (Winant et al.,
1988; Burk et al., 1999, Ranjha et al., 2015b). The low level coastal
atmospheric flow along the EBC systems can also be intensified by the
coastal topography and orientation (Burk and Thompson, 1996;
Tjernström and Grisogono, 2000), resulting in additional local en-
hancement of the wind speed through a process called expansion fan in
the lee of capes and headlands (Winant et al., 1988). This local en-
hancement of the wind speed is, despite the coarse resolution, captured
by the ERA-Interim (Ranjha et al., 2013, 2015a), with a direct impact
on the wind sea waves field, as seen in Fig. 4a, where a bubble shaped
area of intensified Hs

w occurs south of central California coastal head-
lands. When compared to the mean swell heights in the same area
(Fig. 4b), the mean summer Hs

w can be, in the core of the intensified

wind sea heights, practically the same as Hs
s (where ≅H H/ 1s

s
s
w ; see

Table 2), which is a rare situation in the global ocean (Figs. 2 and 3, and
Semedo et al., 2011). When looking at the comparison between the
summer extreme swell (Hs

s 99% percentile: Hs
s
99%) and wind sea wave

heights (Fig. 4c) it can be seen that extreme wind sea heights, offshore
the coast of central California, are now higher than swell heights
( ≅H H/ 0.8s

s
s
w

99% 99% ). This occurs, given the proper conditions, due to
headland intensification of the local wind speed, and then to the in-
tensification of the locally generated waves, that become higher than
the remotely generated ones. It must be understood, nevertheless, that
this is the effect of several interconnected processes: the synoptic pat-
tern (subtropical high and thermal low) that aligns the along coast wind
with the coastal headlands, the low STT at the coast that sharpens the
coastal wind speed, and the low swell wave heights, which, in the
summer, can originate in the northern and southern hemisphere.

The wave energy flux (or the ability of waves to actually perform
work), is a function of the wave heights, to the second order, but also of
the wave periods, to the first order. Hence, for equal wave heights,
longer waves carry more energy per wave crest unit length Eqs. 2 and
(3). The ratio between the swell and wind sea wave energy fluxes
(Fig. 4d) shows that, despite the long swells reaching the area, the lo-
cally generated wave energy flux is, on average, comparable, i.e.,

≅P P/ 1.5w
s

w
w (1.03 at the peak; see Table 2). It is worth mentioning the

combination of the sheltering effect of the Southern California Bight
and the intake of long swells from the south (most probably from the
southern hemisphere), rising P P/w

s
w
w to values close to 20 or more. The

situation slightly changes when the summer swell and wind sea wave
energy fluxes extreme values are compared (Fig. 4e) through the ratio
between the swell and wind sea 99% percentiles (Pw

s
99% and Pw

w
99%, re-

spectively). Now extreme wind sea wave heights, although short in
length, can carry more energy than swell waves under extreme situa-
tions ( <P P/ 1w

s
w
w

99% 99% ). During about 1% every summer (ca. 1 day per
summer) extreme locally generated waves, consistently higher than 2m
height, short, but highly energized, can occur offshore central Cali-
fornia, having a high destructive capability and posing a serious threat
to the local navigation and ocean related seasonal tourism. Still having
in mind wave energy, and how it is distributed by wind sea and swell
waves along the California EBC, the mean wind sea spectral zeroth
moment (mo

w), and the total mean spectral moment (m0), were com-
puted, with the goal of assessing the summer mean wind sea energy
density (Ew) weight. The zeroth wave spectral moment is defined as

∫∫=m f F f θ dfdθ( , ) ,0
0

(4)

and mo
w was computed by integrating the spectra from the separation

frequency f to the highest frequency in the wave model frequency
range (and from 0° to 360° in direction). The wave (density) spectral
energy content (or energy spectral weight, as called by
Semedo et al. (2011)) of the wind sea was computed as the ratio

=E E m m/ /w T w
0 0, where ET is the total wave energy density It should be

noted that = − =E E E E m m/ 1 / /w T s T s
0 0, where Es is the swell energy

density, and m s
0 is the swell spectral zeroth moment, computed by in-

tegrating the spectra from lowest frequency in the frequency range and
separation frequency f , and from 0° to 360° in direction. The summer
mean wind sea spectral weight offshore California (Fig. 4f), shows that
the wind sea part of the spectra is, on average, less that the swell one.
The JJA mean Ew/ET maximum value is close to 0.5, but less than that
in most of the area, meaning that at its maximum wind sea accounts for
about half of the wave energy in the mean wave spectra. Nevertheless,
these values are within a range of 0.3–0.5, making the locally generated
wave energy slightly lower and comparable to the one generated re-
motely, which is an uncommon feature along the world oceans, as
shown by Hanley et al. (2010) and Semedo et al. (2011).

In Fig. 5 the same statistics shown for the coast of California-
Oregon, are presented for the Canary EBC in JJA, covering an area
along Iberia, Morocco, and Western Sahara. The Hs

w
99% along the Canary

Table 1
Geographic positions of key points in each area of interest
(see white triangles on panels a. on Figs. 4–8), referred to
the respective Hs

w99% percentile summer maxima.

Area Position key point

California 39° N −126° W
Canary 31° N–12° W
Humboldt 35° S–74° W
Benguela 27° S–13° E
West Australia 28° S–111° E

Table 2
Summary of results at key points (white triangles on panels a. in Figs. 4–8;
positions in Table 1) – seasonal mean values, with the exception of Hs

w99%.

Area Hs
w99% (m) H H/s

s
s
w H H/s

s
s
w

99% 99% P P/w
s

w
s P P/w

s
w
w

99% 99% Ew/ET

JJA
California 2.4 0.99 0.79 1.03 0.83 0.44
Canary 1.7 1.09 0.89 1.41 1.13 0.43

DJF
Humboldt 1.9 1.76 1.36 4.03 3.01 0.26
Benguela 1.9 1.40 1.18 2.47 2.08 0.33
W. Australia 2.0 1.54 1.24 3.18 2.32 0.30
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current (Fig. 5a) shows different values from offshore west Iberia to
Northwest Africa, with a clear separation between these two areas de-
fined by the Gulf of Cadiz, where locally generated waves decrease. The
extreme wind sea wave heights are lower along Iberia (∼1–1.2m)
compared the ones west of Morocco and Western Sahara (∼1.4–1.6 m,

reaching a maximum of 1.7m; see Table 2), and lower overall than
along the California EBC. Mean (Fig. 1a) and extreme wind speeds (not
shown) are higher offshore California, compared to Iberia and North-
west Africa (Ranjha et al., 2013), and for that reason mean and extreme
wind sea wave heights are also higher there. The wind speed is

Fig. 5. Same as in Fig. 4 but for Canary EBC in JJA.
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intensified in the lee of several capes, mostly along the coast Morocco
and Western Sahara, with a direct impact on the locally generated
waves. When summer wind sea and swell wave heights are compared
(Fig. 5b; H H/s

s
s
w), only offshore Western Sahara Hs

w becomes compar-
able to Hs

s (despite H H/s
s

s
w being always higher than 1, with a minimum

value of 1.09; see Table 2), with values similar to the offshore California
ones. This happens due to the local intensification of the wind speed
driven by the interaction of the flow with the coastal orography. This
wind speed intensification has a direct impact on the raise of the locally
generated wave heights that become, in JJA, comparable to the re-
motely generated ones. The local comparison between the JJA swell
and wind sea extreme wave heights (Fig. 5c; H H/s

s
s
w

99% 99%) along Canary
Current shows that, particularly in the lee of major capes in Morocco
and Western Sahara, extreme wind seas are higher than the swells, al-
though lower, comparably, than in California. Along western Iberia

>H H/ 1s
s

s
w

99% 99% , since not only extreme wind sea waves are lower there
than in Africa, but also swell wave heights are higher.

The unique characteristic of the wind and wave fields long the
Canary EBC, compared with the remaining four EBC, should be noted.
Not only the Canary Current is disrupted by the influx of Mediterranean
(denser) water into the North Atlantic basin, sinking as if flows through
the Gibraltar Straight, but also interacting with the equatorward surface
flow (Pastor et al., 2015), but also the coast line is also different from
other continental mid-latitude western coasts. The Gulf of Cadiz dis-
rupts the coast south of Portugal, and the flow encounters open waters
situations, finding coastal environment some hundreds of kilometers
south, in Northwest Africa. Therefore, two separated centers of action
exist along the Canary Current: along Western Iberia, and along the
Northwest African coast. This fact was also mentioned by
Ranjha et al. (2013), which separated the Canary coastal jet in two: the
Iberian Coastal jet and the North Africa coastal jet.

From the comparison between the swell and wind sea wave energy
fluxes in JJA (Fig. 5d) it can be seen that, despite the local in-
tensification of the wind speed, as in California, swell waves along the
Canary EBC still carry, on average, more energy than the former, with
values of the ratio >P P/ 1.5w

s
w
w (1.41 at its minimum; see Table 2). The

higher mean values of P P/w
s

w
w (representing less wind sea energy flux)

take place are along West Iberia. When summer extreme values of swell
and wind sea wave energy fluxes are compared (Fig. 5e), Ps

w
99% values

are closer to Ps
s
99%, particularly along the coasts of Morocco and Western

Sahara, but still remotely generated waves carry more energy than the
local ones (which is not the case along the California EBC, where in
extreme events ≅P P/ 1s

s
s
w

99% 99% ). Nevertheless, in extreme situations,
mostly along the Northwest coast of Africa, severe wind speed events
can lead to extreme locally generated wave heights, carrying con-
siderable amounts of energy. The wind sea wave energy density weight
(Fig. 5f) is about the same as in California: close to 0.4 at its peak along
the Western Sahara coast. The sheltering effect of the Canary Islands
limits, to a certain extent, swell energy density content there, while the
local intensification of the wind speed, due to the interaction of the flow
with the coastal headlands, increases the relative content of the wind
sea energy density role.

Analogous statistics were also computed for the southern hemi-
sphere EBC areas, for the Austral Summer. One of the characteristics of
the winds along the southern hemisphere EBC, particularly along the
Humboldt and Benguela currents, is their lower seasonality, compared
to the northern hemisphere (Ranjha et al., 2013; Lima et al., 2018).
Hence, besides DJF, relevant wind sea waves are expected to be gen-
erated there in MOM and SON (not shown), but also during the Austral
Winter (Figs. 1b and 2).

The summer wave field statistics along the Humboldt EBC are
shown in Fig. 6. The mean extreme wind sea wave heights (Fig. 6a;
H )s

w
99% there, are, at its peak, of the order of 1.8–1.9m (see Table 2):

lower than offshore California, but comparable to the Canary EBC area.
The local intensification of the wind speed due to the interaction of the
flow with coastal topography has also been previously documented

(Muñoz and Garreud, 2005; Garreud and Muñoz, 2005), and has a di-
rect impact on the wind sea wave heights locally. The comparison be-
tween the mean DJF wind sea and swell wave heights (Fig. 6b; H H/s

s
s
w)

reveals that, contrary to what happens along the northern hemisphere
EBC areas, offshore Chile, the wind sea wave heights are lower that the
swell ones, therefore H H/s

s
s
w is always clearly higher than 1 (1.76 at its

peak; see Table 2). The Southern Ocean wind speed and wave height
seasonality is lower than in the northern hemisphere (Figs. 1–3). For
that reason, despite the clear local generation of wind sea waves in
summer along the Humboldt EBC, waves keep being generated along
the Southern Ocean storm belt, in the Pacific and Indian Sectors, pro-
pagating northward as swells and reaching the coast of Chile. So, in that
area, the mean wind sea wave heights are clearly lower that the swell
ones, making wave climate offshore Chile different from the equivalent
areas in the northern hemisphere. The situation changes slightly when
extreme wind sea and swell wave heights are compared (Fig. 6c;
H H/s

s
s
w

99% 99%). Now the local extreme waves are more comparable to the
swell extreme wave heights, but still >H H/ 1s

s
s
w

99% 99% (1.36 at its peak;
see Table 2) is the overall situation, which is, still, different from what
occurs in the northern hemisphere, once again due to the strong swell
intake.

The Southern Ocean swell effect along the Humboldt EBC in DJF is
even more pronounced when the swell and wind sea wave energy fluxes
are compared (P P/w

s
w
w; Fig. 6d). Longer and still relatively high swell,

therefore carrying a great amount of energy, reach the area. The wind
sea wave energy flux, when compared to the swell power, is clearly
lower, and >P P/ 4w

s
w
w . This ratio is different from the northern hemi-

sphere, where the locally generated wave energy flux is comparable to
the swell one. The total wave energy flux offshore Chile (not shown) is
also higher than along the California and Canary currents. The extreme
wind sea and swell energy fluxes are more comparable (Fig. 6e) than
their respective means, although remotely generated waves still dom-
inate energy wise, compared to the locally generated ones. The ratio of
the swell and wind sea wave energy fluxes 99% percentiles (P P/s

s
s
w

99% 99%;
Fig. 6e) shows that swell waves power is still 3–3.5 times higher than
wind sea waves (with a minimum value of 3.01; see Table 2). A similar
pattern occurs when looking at the DJF wind sea energy spectral weight
(Ew/ET; Fig. 6f), which is lower, compared to similar patterns along
California, and Iberia and Northwest Africa. The wind sea energy
spectral weight in this region is, at its peak, of the order of 30%, and
less than that in most of the area offshore Chile. Swell waves, generated
far in the Pacific extratropical storm tracks thus have a higher role
along the Humboldt EBC, in terms of energy, compared to the locally
generated waves, and in comparison to the northern hemisphere.

As in the Humboldt current, Benguela has two characteristics dif-
ferentiating it from the northern hemisphere EBC. On the one hand, the
coastal winds offshore Namibia and South Angola have a lower sea-
sonality (Ranjha et al., 2013; Patricola et al., 2016; Lima et al., 2018),
with a considerable occurrence of coastal low level jets, almost all year
round (Lima et al., 2018). On the other hand, the South Atlantic, as in
the Indian and Pacific Oceans, is still very active storm wise in summer,
with considerable wave generation activity (Figs. 1–3). Nevertheless,
the South Atlantic has some unique characteristics that make it dif-
ferent from the South Pacific. The narrow Drake Passage prevents most
of the South Indian and Pacific Oceans swell to penetrate the South
Atlantic (which is not the case of the Pacific Ocean, that receives swell
waves from the South Indian Ocean; Young, 1999; Alves et al., 2003;
Semedo et al., 2011), and the South Atlantic storm activity and strength
(and wind speed) are less intense than their Indian and Pacific Ocean
counterparts (Fig. 1). Fig. 7 depicts the Benguela EBC wave climate
statistics. The extreme wind sea wave heights (H )s

w
99% shown in Fig. 7a

are similar to the Humboldt EBC (∼1.7–1.8 m). On the other hand,
since the intake of South Atlantic swell into the area is lower, the DJF
mean wind sea and swell wave heights ratio (Fig. 7b; H H/s

s
s
w) is slightly

lower (1.4 minimum value; see Table 2) than offshore Chile, revealing a
higher contribution of locally generated waves. As in the remaining
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EBC, the local intensification of the wind speed along the Benguela
Current due to the interaction with costal morphology (Nicholson,
2010; Patricola et al., 2016) contributes to the increased role of the
locally generated waves, seen also in the comparison between extreme
wind sea and swell waves (Fig. 7c; H H/s

s
s
w

99% 99%) with values close to 1,

lower than offshore Chile (1.4; see Table 2). This effect is not enough to
raise the wind sea wave energy flux to the same level of the swell power
in the area. Nevertheless, swell and wind sea energy fluxes are more
comparable (Fig. 7d) along the Benguela EBC than offshore Chile, with

∼P P/ 3w
s

w
w (2.47 minimum; see Table 2), which is lower than along the

Fig. 6. Same as in Fig. 4 but for Humboldt EBC in DJF.
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Humboldt EBC, and closer to the California and Canary currents. The
results of the comparison between the extreme swell and wind sea wave
fluxes (Fig. 7e, P P/s

s
s
w

99% 99%) are very similar the mean values compar-
ison, with extreme swells transporting around at least twice more en-
ergy (2.47 at the peak; see Table 2) than extreme locally generated
waves. The DJF wind sea wind sea energy spectral percentage (Fig. 7f;
Ew/ET) is very similar to the one in Chile (30–35%), and lower than the
EBC currents in the northern hemisphere.

The Indian Ocean wave climate has also some distinctive

characteristics, compared to the Pacific and the Atlantic Oceans. Its
north span ends in the Arabian Sea at around 20°N, and it has only one
main wave generation area, in the south extratropical storm tracks. On
the other hand, the highest mean wave heights in the global ocean
occur in the Southern Indian Ocean (while the most extreme wave
heights occur in the North Atlantic sub-basin; not shown). In JJA, the
mean Hs along the Southern Ocean storm belt (Indian Sector) reaches
mean values of the order of 6m (Fig. 2a), and in DJF these values are
still high, with mean Hs higher than 4m (Fig. 2b). These waves

Fig. 7. Same as in Fig. 4 but for Benguela EBC in DJF.
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propagate eastward as swell all year round, but also northward, literally
propagating wave energy across the entire Indian Ocean basin (Figs. 2b
and 3b). These swells also reach the West Australia coast, where local
waves are generated due to the summer wind speed increase, as in the
remaining EBC areas. The DJF statistics of the balance between wind
sea and swell waves offshore west Australia, the last of the five EBC
depicted here, are shown in Fig. 8. The extreme locally generated
summer waves along west Australia (Fig. 8a; Hs

w
99%) are almost as high

the California EBC ones (2.0 m maximum; see Table 2). Opposite to
what happens along the other two southern hemisphere EBC, winds
offshore west Australia have a well-defined seasonality (being virtually
absent in winter), and are also slightly stronger than along the coasts of
Chile and Namibia-Angola. For these reasons, despite the high mean
swell waves that propagate from the higher latitudes into the area,
mean locally generated wave heights are still comparable to those, with

H H/s
s

s
w values of the order of 1.5 (Fig. 8b), similar to Humboldt and

higher than in Benguela. When considering extreme local waves off-
shore West Australia they are now more comparable to extreme swells
(Fig. 8c; H H/s

s
s
w

99% 99%). Extreme wind speeds contribute to these high
locally generated waves, reaching heights close to swell waves, where
H H/s

s
s
w

99% 99% shows values closer to 1 (1.24 at its peak; see Table 2),
lower than along Humboldt EBC and similar to offshore Namibia-An-
gola. Long swell waves, generated southward, are still more energized,
carrying, on the mean, more energy than local waves (Fig. 8d), since

∼P P/ 3w
s

w
w or higher. When extreme waves are considered (Fig. 8e,

P P/s
s

s
w

99% 99%) these values are lower (2.3 at its peak; see Table 2). The
West Australia wind sea wind sea energy spectral percentage (Fig. 8f;
Ew/ET) is of the order of 25–30%, which is comparable to the Humbolt
and Benguela EBC areas, but lower than along the California and
Canary EBC currents.

Fig. 8. Same as in Fig. 4 but for West Australia EBC in DJF.
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Summer and winter scatter diagrams of Hs and U10 are shown in
Fig. 9 for the five EBC. The scatter plots are built for the respective DJF
and JJA season, from specific key points (marked as white triangle on
panels a. in Figs. 4–8) and the 8 grid points around them. The key
points were chosen considering the peak values of Hs

w
99% at each area,

during the correspondent summer, and are seen as representative ex-
treme summer wind sea positions of the respective areas. The Pierson
Moskowitz fully developed seas empirical relation, between U10 and Hs,
is also shown in each scatter plot. This empirical relation, found by

Pierson and Moskowitz (1964), and further corrected by
Alves et al. (2003), defined as:

=H U0.025 ,s 10
2 (5)

is shown as a red line in the scatter plots. The fully developed relation
(line) can be seen as a separation between the wind sea and swell sea
states: the U10 and Hs pairs under the line represent developing seas,
where wind sea dominates, and the ones above are considered swell
dominated seas, with wave ages lower and higher than 1.2, respec-
tively. According to the wave growth theory U10 and Hs follow a
monotonic relation at the growing sea state (Koeman et al, 1994), until
a fully developed spectrum, corresponding to a saturated level is
achieved. The equilibrium (saturated) state, represented by Eq. (5), is
an asymptotic state, where the wave spectrum is fully developed, and
from then on only its shape and peak frequency are changing slowly in
time. The wave age parameter is defined as cp/U10 (where cp is the peak
wave phase speed). From Eq. (5), and from the Pierson and Moskowitz
spectral theory (Pierson and Moskowitz,1964), it can be demonstrated
that the fully developed sea state corresponds to a wave age of 1.2,
where cp=1.2U10 (Holthuijse, 2008; Alves et al., 2003; Semedo, 2010;
Semedo et al., 2012; Högström et al., 2011).

The higher levels of scattering at the five areas, in the respective
winters (Fig. 9a,c for California and Canary, and Fig. 9f,h,j for Hum-
boldt, Benguela, and West Australia), and the highest density of points
clearly above the respective fully developed seas lines, emphasizes the
dominant presence of swell (or remotely generated waves). Interest-
ingly, despite the distance between the areas of interest, the shape of
the scatter plots is rather similar, indicating the same type of winter sea
state regimes. The California EBC has a higher dispersion of the
(Hs, U10) pairs, and a different scatter plot shape (Fig. 9a), due to the
presence of northern and southern hemisphere swells. The open shape
of the Pacific Ocean and to the strong wave generation activity in the
Southern Ocean, even during the Austral Summer allows the arrival of
swells from both hemispheres in DJF to the coast of California. During
JJA, in the California and Canary EBC areas, the situation changes
significantly: the dispersion is much lower, with more points con-
centrated in the vicinity and below the fully developed line, revealing a
wind sea dominated sea states. The situation in the northern hemi-
sphere, during the Boreal Summer, is different from the southern
hemisphere, since the extratropical storm activity is low, and the high
wind speed events do occur but along the two EBC, giving rise to strong
wind sea dominated sea states offshore California and (mostly) Morocco
and West Sahara. Nevertheless, some swell waves, generated in the
southern hemisphere, propagate into California in JJA, hence in this
area the number of points above the fully developed seas line is higher
(as is the dispersion). During DJF, along the Humboldt, Benguela, and
West Australia EBC, the scattering is lower than in JJA, with a higher
number of points on the wind sea dominated side. The dispersion of the
(Hs, U10) pairs in these three areas, although lower than in winter, is
higher than in the two northern hemisphere areas. This occurs due to
the low seasonality of the wave climate in the southern hemisphere,
with waves being generated in the extratropical latitudes even in
summer, which propagate into the coasts of Chile, Namibia-Angola, and
West Australia.

3.3. Intra-annual variability

Fig. 10 displays the intra-annual variability (monthly means) of the
close to surface wind speed (U10), significant wave heights (Hs, Hs

s, and
Hs

w), and mean wave periods (Tm, Tm
s , and Tm

w), at 9 grid points: at the 5
key points in each EBC area plus the 8 grid points around them). The
intra-annual variability of U10 in the five key points shows a gradual
increase of the local wind speed during the hemisphere summer. This
increase is more defined in the California and Canary currents, and in
the West Australia current. Along these areas, a clear peak in July, for

Fig. 9. Scatter diagrams of Hs (m) and U10 (ms−1) for the respective key points
(see Table 1 and white triangles on panels a. on Figs. 4–8) and 8 grid points
around it for California EBC in (a) DJF and (b) JJA, Canary EBC in (c) DJF and
(d) JJA, Humboldt EBC in (e) DJF and (f) JJA, Benguela EBC in (g) DJF and (h)
JJA, and West. Australia EBC in (i) DJF and (j) JJA. The overlaid red lines
represent the Pierson Moskowitz theoretical relation between U10 and Hs, a
defined in Eq. (5), for fully developed seas.
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Fig. 10. Intra-annual variability of U10 (ms−1; red line with “x” at upper right scale), T T,m m
s and Tm

ws (s; black full line, black dashed lie, and black dashed dot line,
with full triangles, respectively, at central left scale), and H H,s s

s and Hs
w (m; blue full line, blue dashed lie, and blue dashed dot line with full circles, respectively, at

bottom right scale), averaged for the respective key points and 8 grid points around (see Table 1 and white triangles on panels a. in Figs. 4–8) for (a) California EBC,
(b) Canary EBC, (c) Humboldt EBC, (d) Benguela EBC, and (e) Western Australia. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the northern hemisphere areas, and January, for West Australia, can be
seen, corresponding to the highest summer mean wind speed. This
summer increase is lower and more gradual offshore Chile and Na-
mibia, with a less defined mean wind speed increase, and highest wind
speeds occurring during 4 months (from November to February) in the
Humboldt EBC, and virtually for 6 months in the Benguela EBC (from
October to March). Not surprisingly the Hs

w and Tm
w intra-annual vari-

abilities, at the five areas of interest, show a very high correlation with
the close to surface wind speed inter-annual variability (>0.95). In the
California and Canary areas, the mean Hs decreases during summer, as
does Hs

s. Nevertheless, the decrease in Hs is lower than the swell
heights, due to the effect of the locally generated waves, that are higher
during summer, balancing the decrease ofHs

s. In the Canary EBC, during
July, the mean Hs actually increases, due to the increase of the mean
July Hs

w, since the Hs
s also decreases during that month. In July, the

mean values of Hs
w, offshore California and the Atlantic coast of Mor-

occo, is almost the same as Hs
s. A similar behaviour and relation can be

found in the West Australia EBC, with the peak of Hs
w taking place in

January. Nevertheless, in this area the mean Hs
w is always lower than

Hs
s, despite the fact that locally generated waves do drive the slight

increase tendency of the mean Hs during the austral summer, opposite
to the Hs

s behaviour. The intra-annual variability of the wave heights
offshore Chile and Namibia is different from the remaining three areas.
In these two regions, the mean Hs

s variation throughout the year is very
low. Despite the increase of the locally generated wave heights during
part of the year (cantered in the austral summer months), it has a low
effect on the annual cycle of Hs, which ends up being more controlled
by the all year round impinging swells.

4. Discussion

As shown in the previous section, the effect of the summer in-
tensified wind speeds on the local wave field, along the five EBC, is
notorious. Along these five areas, the ratio between the swell and wind
sea wave heights (H H/s

s
s
w) decreases in summer, due to the rise of the

locally generated wave heights. This increase is also reflected in the
higher energy content of the local waves during summer, as well as in
extreme locally generated wave heights (summary in Table 2). The
effect of the summer local winds in the local wave field is similar be-
tween the five regions, nevertheless some differences prevail, due to the
intake of swell waves, but also due to the different wind speed seasonal
variabilities, as shown in Fig. 10. A clear indicator of these differences
can be seen on Fig. 9, from the dispersion along the fully developed seas
line, during summer. The dispersion of the (Hs,U10) pairs is lower in
summer (compared to the respective winter): lower in the California
and Canary EBC, compared to the remaining southern hemisphere EBC.
This dispersion has been assessed by computing the percentage of
(Hs,U10) pairs above and below the fully generated seas line, but also by
computing the mean distance to this line for the points above and below
the line (where positive values represent the former and negative values
the later). Additionally, the standard distance (SD) of the (Hs,U10)
scatter distribution has been computed. The standard distance measures
the compactness of a distribution, providing a single value (a distance)
representing the dispersion around the centre, computed as
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where n is the number of events, in this case 460,188 (9 points times
12,783 days, in the 1979–2013 period, time 4 outputs per day), and Hs
and U10 are the mean values of the SWH and wind speed at 10m. These
statistical parameters have been computed (for JJA and DJF) for nine
grid points, centred at each area respective key point (see white triangle
on panels a. in Figs. 4–8, and geographic positions in Table 1), and can
be seen on Table 3. The California EBC (mostly on the Norwest African
sector) area stands out as the area where, in summer, locally generated

waves are highest, more extreme, and carry more energy (Fig. 4 and
Table 2). Nevertheless, the summer wave field along the Canary EBC
shows that wind sea dominated wave fields are more prevalent, com-
pared to off-shore California and to the remaining southern hemisphere
EBC areas. In JJA wind sea dominated wave events occur 48.4% of the
times (Table 3a), when the (Hs,U10) are under the fully developed curve
(Fig. 9d) in the Canary EBC. This is in fact higher than in California
(43.5% in JJA) and Humboldt, Benguela, and West Australia (20.3%,
27,9%, and 24.1%, respectively) in DJF, the southern hemisphere
summer. Also along the Canary EBC the summer wave field is less
scattered, i.e., more compact along the fully developed sea state and its
mean (centre) value, since the mean distance of the swell and wind sea
events to this curve are (0.53 and −0.31; Table 3b) are lower than in
any other area, as is the standard distance (1.90; Table 3c). On the other
hand, in DJF, wind sea events along the Canary EBC, off-shore North-
west Africa, are low (occurring only 8.1% of the times; Table 3a), which
is lower than in California. West Australia is the EBC area with lowest
wind sea dominated winter events (only 4.1% in JJA; Table 3a). This
occurs because there is virtually no local wind in winter along West
Australia (Fig. 1 and Ranjha et al., 2013).

Although strikingly similar, as mentioned before, the characteristics
of the southern hemisphere regional wave fields along the three EBC,
have some differences compared to the California and Canary EBC
areas. Summer (DJF) wind sea (swell) dominated events are lower
(higher) than in the northern hemisphere. This occurs mostly due to the
lower seasonality of the wind along the Southern Ocean storm belt (in
the Pacific, Atlantic and Indian sectors), generating waves that propa-
gate as swell even in summer, that reach the southern hemisphere EBC
areas. For example, the mean wind speed along West Australia is re-
latively high in DJF: higher than along the Humboldt and Benguela, and
comparable to the California in JJA (Figs. 1 and 10). Nevertheless, the
swell intake in the Indian Ocean is so high, that prevents wind sea
events to prevail in that area. To a certain extent the same occurs off-
shore Chile, and Namibia-Angola.

A summary of the mean Hs, Hs
s, and Hs

w values in the same nine grid
points mentioned above (centered each area respective key point) for
JJA and DJF, as well as for the respective summer months (June to
August and December to February) are shown in Table 4. The mean Hs

during Austral Summer, along the three southern hemisphere EBC, is
higher than in California and Canary EBC areas in JJA. That occurs due
to the intake of swell in the southern hemisphere, since in those three
areas, in DJF, the mean Hs

s is considerably higher than the mean Hs
w

there. The summer difference between Hs
s and Hs

w, along California and
Canary EBC, is smaller. When looking at the mean monthly values, as in

Table 3
Summary of scatter plots results for each area of interest, at the respective key
points (white triangles on panels a. in Figs. 4–8; positions in Table 1) and 8
adjacent grid points: (a) percentage of swell and wind sea points, (b) mean
departures of swell and wind sea heights relative to the Pierson and Moskowitz
fully develop seas curve (m), and (c) standard distance of Hs (m; see Eq. 5.).
Summer (winter) refers to JJA (DJF) for the northern (southern) hemisphere
areas and DJF (JJA) for the southern (northern) hemisphere ones.

Area (a) (b) (c)

JJA
California 56.5 / 43.5 0.84 / - 0.42 2.74
Canary 51.64 / 48.4 0.53 / - 0.31 1.90
Humboldt 91.7 / 8.3 1.61 / - 0.36 2.45
Benguela 87.4 / 12.6 1.35 / - 0.34 2.13
West Australia 95.9 / 4.1 1.89 / - 0.32 2.05
DJF
California 87.0 / 12.9 1.74 / - 0.46 3.05
Canary 91.9 / 8.1 1.37 / - 0.27 2.44
Humboldt 79.7 / 20.3 1.10 / - 0.33 2.55
Benguela 72.1 / 27.9 0.81 / - 0.31 2.64
West Australia 75.9 / 24.1 0.86 / - 0.29 2.43

A. Semedo et al. Ocean Modelling 129 (2018) 39–57

54



Fig. 10, clear peak monthly mean Hs
w values can be identified (June for

California and July for Canary) in the northern hemisphere areas,
which is not the case in the southern hemisphere areas, where the mean
Hs

w is almost the same throughout the Austral Summer. The Summer
mean Hs

woffshore Chile and Namibia-Angola is lower than in California,
but higher than Along the California EBC. The Summer mean Hs along
the West Australia is the highest of the five EBC areas, with the highest
summer mean Hs

s, and the same mean Hs
w as in California.

5. Concluding remarks

A qualitative analysis of the wave climate over the mid-latitudes
western coastal areas, along the five EBC systems, has been presented,
based on the ERA-Interim reanalysis wave data. The analysis used the
swell wind sea partition from the wave model WAM, and the swell and
wind sea parameters available in ERA-Interim data set, as in e.g.
Hanley et al. (2010) and Semedo et al. (2008, 2011, 2014). Despite the
relatively coarse resolution of ERA Interim (0.7° in the atmospheric
parameters and 1° in the wave parameters), it can be seen as an ade-
quate data set, even in these coastal areas (Ranjha et al., 2013 and
Lima et al., 2018), allowing a coherent relative comparison between the
five areas of interest.

The strong seasonality of the coastal winds along the five EBC
(Ranjha et al., 2013; Lima et al., 2018. and Fig. 1), has been shown to
have a direct influence on the locally generated waves, triggering a
peculiar regional wave climate:

• Strongly dominated by swell in the winter, when the local mean
local wind speed is low; and

• High wind sea waves in summer, when the along coast wind speed
increases and is responsible for the locally generated waves.

The locally generated waves along the EBC, in extreme wind speed
situations, become high (of the order of 2–2.5 m; Table 2 and panels a.
on Figs. 4–8), which can be seen as considerably high if we look at the
areas downwind of capes and coastal headlands as limited fetch areas.
Since these local waves are young waves, they are also relatively short
lengthened, and hence rather steep (not shown), posing serious threats
to coastal community seafarers, such as fishing vessels or summer
tourism boating activity. It should be noted that the five main ocean
upwelling systems lay exactly along the mid-latitude western coasts,
due to the strong summer wind speed. These cold upwelled nutrient
reach waters are responsible for the rich fishing resources, mainly in
summer, when coastal fishing activity is stronger (Vallis, 2000;
Leitão et al., 2014).

The direct effect of the summer intensified wind speeds on the local
wave field, in the western mid-latitudes coastal areas, along the five
EBC, has been studied. A qualitative study of the wave fields in these
areas has been presented by comparing swell (remote) and wind sea
(local) waves, quantifying their relative weight, not only in terms of

their SWH, but also on their mean and extreme energy content. The Hs
w

role, compared to Hs
s, in Summer, is highest than in any of the re-

maining four EBC areas. Offshore California extreme wind sea wave
heights are highest (2.4 m), have almost the same mean height and
mean wave energy flux as swell, and have the highest spectral weight of
the five EBC areas (see Table 2.). Despite the distance between them,
the wave climates along these five EBC areas are strikingly similar. For
example the California EBC area wave field is rather similar to the
Australia EBC one (Figs. 2 and 3 and Tables 2–4), where, for example,
the summer mean Hs

w is the same, and the swell wind sea weight
(H H/ )s

s
s
w is only lower in Australia because of the higher mean swell

wave heights there. The reason for the similarities between the five
areas lays in the fact that the atmospheric synoptic and regional scales
responsible for the winds and waves (basin wide and regionally) share
similar mechanisms. Although similar, the characteristics of the
southern hemisphere regional wave fields along the three EBC, have
some differences compared to the California and Canary EBC areas.
These differences being due, mostly, to the lower seasonality of the
Southern Ocean storm belt, generating waves that propagate equator-
ward as swell, even during the austral Summer, and defining regional
and ocean basin scale wave climates.

A study of how waves impact the regional climates of the mid-la-
titude continental coastal areas, and consequent impact in-land, re-
mains to be studied. It can be assumed that during summer, when wind
sea waves are more prevalent, and the wave field is more prone to wave
breaking and white capping, the wave induce turbulence further in-
duced the mixing of the ocean surface layer. This mixing should
therefore decrease the SST in the wind sea dominated areas (where the
wind speed is highest) and contribute to the local thermal (pressure)
gradient and ultimately to an increase of the wind speed. The study of
the impact of enhanced wind speed and CLLJ in the lee of capes and
headlands on the atmosphere has been studied (Nuss et al., 2000;
Patricola and Chang, 2016). The direct impact of these enhanced wind
speeds due to expansion fan processes in the local upwelling and SST,
and on how locally generated waves interact with the upwelled cold
waters remains to be studied. Also the interaction of the locally gen-
erated waves and the local wave driven currents, stronger in summer as
shown by Carrasco et al. (2014) and the larger scale EBC is a subject
that should be addressed in future research.

Climate change impact on the wind fields along the EBC systems has
been the subject or recent research (Miranda et al., 2013; Semedo et al.,
2016; Cardoso et al., 2016; Soares et al., 2016, 2017) It has been shown
that coastal winds are projected to occur in the future, with West Iberia
being on of the areas where potential changes might occur. In the
context of wave climate projections studies (e.g. Hemer et al., 2013;
Semedo et al., 2013; Dobrinyn et al., 2013, 2015), global to regional
wave climate projections along the eastern boundary currents should
therefore be studied.
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