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ABSTRACT: The climatology of wind waves over the Southeast Pacific is analysed using a 32-year hindcast from the
WaveWatch III model, complemented by satellite-derived significant wave height (SWH) and buoy measurements for
validation. Using partitioned spectral data, a regional climatology of wind sea and swell parameters was constructed. In general,
the simulated SWH shows a good agreement with satellite and in situ SWH measurements, although the model appears to have
a spatially uniform bias of approximately 0.3 m. The spatial pattern of SWH is clearly influenced by the meridional variation of
mean surface wind speed, where the stronger winds over the Southern Ocean play a significant role generating higher waves at
higher latitudes. Nevertheless, regional features are observed in the annual variability of SWH, which are associated with the
existence of atmospheric coastal low-level jets off the coast of Peru and central Chile. In particular, the seasonal variation of
these synoptic scale jets shows a direct relationship with the annual variability of SWH and with the probability of occurrence
of wind sea conditions. Off the coast of Peru at approximately 15∘S the coastal low-level jet is strongest during austral winter,
increasing the wind sea SWH. In contrast, off central Chile, there is an important increase of wind sea SWH during summer.
The seasonal variation of the wind sea component leads to a contrasting seasonal variation of the total SWH at these locations:
off Peru the coastal jet amplifies the annual variability of SWH, while off Central Chile the annual variability of SWH is
suppressed by the presence of the coastal jet. Although the general conclusions of this research are considered to be robust,
we discuss the limitations of the spectral partitioning method used to distinguish wind sea and swell-sea states.
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1. Introduction

Wind waves contain more than half of the energy of all
ocean surface waves, more even than tsunamis or tides, due
to their ubiquitous presence over the oceans. Wind waves
(hereafter waves) play a major role in many processes
at the air–sea interface (Donelan et al., 1997; Fan et al.,
2009; Cavaleri et al., 2012) and in the coastal environment
(Komar, 1997). Thus, their climatological behaviour is
of interest to both the scientific and coastal engineering
communities. Since the first global maps of satellite-based
wave height measurements were presented by Chelton
et al. (1981), several global-scale wave climatologies have
been constructed using remotely sensed (Young, 1999)
or visual observations (Gulev et al., 2003). For example,
satellite altimetry data have been used to determine the
global distribution of significant wave height (SWH) and
to estimate long-term wave height trends and extremes
(Izaguirre et al., 2011; Young et al., 2011).

The use of numerical wave simulations forced by global
wind data from atmospheric reanalysis (hindcasts) has
become a popular method to assess global wave climate
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(Sterl et al., 1998; Cox and Swail, 2001; Sterl and Caires,
2005). In recent years, several updated wave climatolo-
gies have been published based on newly available wind
reanalysis (Chawla et al., 2013; Rascle and Ardhuin, 2013;
Durrant et al., 2013). Fan et al. (2012) have presented
a fully coupled global wave simulation using a coupled
atmosphere-wave model. Furthermore, numerical wave
models have been used to examine possible changes in
the global wave climate under global warming scenar-
ios (Semedo et al., 2013, Hemer et al., 2013a, Fan et al.,
2013).

There are also many examples of observational and mod-
elling studies that have been performed to describe wave
climate at regional scales. Most of these have examined
coastal regions in the Northern Hemisphere (Allan and
Komar, 2000; Woolf et al., 2002; Dodet et al., 2010; Reis-
tad et al., 2011). Apart from the hemispheric study of
Hemer et al. (2010) who described the interannual wave
variability, very few studies have assessed regional wave
climate in the Southern Hemisphere, where past work
has mostly focused on the coasts of Australia and New
Zealand (Laing, 2000; Gorman et al., 2003; Bosserelle
et al., 2011). To our knowledge, the Southeast Pacific coast
still lacks a high-resolution hindcast and a detailed descrip-
tion of its wave climatology. Since buoy wave measure-
ments are particularly scarce along the coast of South
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America, a model hindcast forced with wind information
derived from atmospheric reanalysis seems an attractive
way to generate a wave climatology in this region, pro-
viding far better spatial and temporal coverage than can be
achieved using observational data alone. BAIRD & Asso-
ciates Coastal Engineering Ltd. have performed a 12-year
hindcast (1985–2005) for the entire Pacific Ocean forced
by National Center for Environmental Prediction (NCEP)
reanalysis winds at 2∘ spatial resolution corrected with
QuikSCAT winds (www.olasdelpacifico.com). Neverthe-
less, these data are not in the public domain, being only
available to other engineering entities. Other efforts in the
region have been mostly related with prospection of wave
energy. For instance, Mediavilla and Sepuvelda (2016)
estimated wave energy resources for the near-shore area of
central Chile (∼33∘S) during the period 2009–2010 using
a very high spatial resolution.

The Southeast Pacific coast is particularly interesting due
to its large latitudinal range that extends from the tropics
to the southernmost tip of South America in the South-
ern Ocean where the global maximum SWH is observed
(Young, 1999). The South American west coast exhibits
distinct near-surface wind climates depending on latitude.
While south of 40∘S the coast is year-round exposed to
the westerly wind belt and associated synoptic scale dis-
turbances, to the north the prevailing winds are mostly
driven by the subtropical Southeast Pacific Anticyclone
(SPA). Off the coast of Peru (∼15∘S), along-shore winds
are equatorward year-round with maximum speeds in aus-
tral winter (Dewitte et al., 2011). Off the coast of north-
ern Chile (∼18∘–28∘S) equatorward winds are weaker
and exhibit little synoptic and seasonal variability (Pizarro
et al., 1994). Along the coast of central Chile (∼28∘–40∘S)
coastal winds exhibit a marked seasonal and synoptic scale
modulation with mean southerly along-shore winds alter-
nating from moderate in winter to strong during spring and
summer, following the seasonal latitudinal migration of the
SPA (Rahn and Garreaud, 2013). The synoptic variability
during spring and summer is mainly due to an alternation
between southerly coastal atmospheric low-level jet events
(Garreaud and Munoz, 2005) and periods of weak souther-
lies or even northerly flow in connection with the passage
of coastal lows (Garreaud et al., 2002). This seasonal and
synoptic-scale variability in surface winds have shown to
significantly impact the surface ocean circulation and sea
surface temperature (Renault et al., 2009, 2012, Aguirre
et al., 2012, 2014). Therefore, it is also expected that these
regional near-surface wind patterns along the west coast of
South America will have an impact on the wave climate.

Although SWH is the most commonly used parameter to
describe waves, it is not able to distinguish between differ-
ent sea states. The co-existence of swells (waves forced
remotely) and wind sea (waves forced by local wind)
could lead to the same SWH. Thus, the separate analy-
sis of wind sea and swell contributions to SWH provides
a better understanding of the factors that determine the
variability of the wave field. For this reason, many stud-
ies have focused on the wind sea and swell separately.
Using visual data from the Voluntary Observing Ship

programme, large-scale climatologies of swell and wind
sea parameters have been constructed (Gulev et al., 2003).
Semedo et al. (2011) used a 45-year hindcast to assess
the global wind sea and swell climatology, and noted the
impact of locally enhanced winds at the coasts where atmo-
spheric low-level jets are present. Furthermore, global pro-
jections of wind sea and swell under climate change sce-
narios have been assessed by Fan et al. (2014).

In this article, we use a 32-year high-resolution hindcast
to examine the wave climatology of the Southeast Pacific
and determine the impact of the regional atmospheric cir-
culation features on the wave parameters and the sea state.
The specific study area may be defined as the region
approximately 1000 km from the Southeast Pacific coast
between the latitudes of 5∘S (northern border of Peru) and
56∘S (Cape Horn). For validation purposes, we consider
satellite-derived SWH data and available in situ observa-
tions. The article is organized as follows: in Section 2 we
describe the model configuration, satellite data and in situ
observations. A validation of the model is presented in
Section 3. In Section 4, we present the climatology con-
structed for the Southeast Pacific. A discussion of some
aspects of the results is included in Section 5 along with
concluding remarks.

2. Model and observations

2.1. Model configuration

The model used in this study is the Wavewatch III version
3.14 (Tolman, 2009), which is a third generation spectral
wind wave model developed by the NCEP. This model
supports the use of two-way nested grids and as such is
a good choice for regional studies where high-resolution
results over limited areas are desirable (Tolman, 2008).

We carried out a simulation for the Pacific Ocean basin,
from 116∘E to 64∘W in longitude and from 66∘N to 80∘S
in latitude, with a spatial resolution of 0.5∘. This parent
grid contained an embedded higher resolution grid (0.16∘)
for the Southeast Pacific, from 85∘ to 65∘W in longitude
and from 0∘ to 59∘S in latitude (Figure 1(a)). While it is
possible that some source regions of remotely generated
swells are outside of the parent domain, such as the Indian
and South Atlantic Ocean, we believe that these swells do
not have a significant impact on the climatology of the
Southeast Pacific. For example, Alves (2006) shows that
extratropical areas of the Indian Ocean do spread wave
energy throughout the Pacific Ocean, but with a very low
persistence in the Southeast Pacific. Extratropical areas
of the South Atlantic Ocean are also able to generate
robust swell systems that propagate westward against the
dominant storm tracks. However, this could affect only the
very southern limit of our domain and unlikely to have a
significant impact over most of the Southeast Pacific.

To generate both grids we used the automated grid
generation tools for Wavewatch III (Chawla and Tolman,
2007) that uses bathymetry from the General Bathymetric
Chart of the Oceans (GEBCO) with a one arc-minute
grid interval. The shoreline data used was the Global
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Figure 1. (a) Pacific Ocean (outer domain) with GEBCO bathymetry used in the WW3 simulation and (b) inner domain for the Southeast Pacific. Buoy
measurement locations are denoted by dots ( ) and locations with spectral data are denoted by squares ( ). In addition, regions off Peru, near-shore
central Chile, offshore central Chile and off Patagonia are demarked by dashed rectangles ( ). [Colour figure can be viewed at wileyonlinelibrary

.com].

Self-Consistent Hierarchical High-Resolution Shoreline
(GSHHS) with resolutions of 5 km for the outer grid and
1 km for the inner grid. To force the model, we used sea ice
and wind fields 10 m above the sea surface with a temporal
resolution of 6 h and a spatial resolution of 0.313∘ from
the Climate Forecast System Reanalysis (CFSR, Saha
et al., 2010). This data set is generated from a coupled
atmosphere, ocean circulation, land surface and sea ice
model. One of the major advantages of using this data set
is its relatively high spatial resolution, allowing for a more
detailed representation of the near-surface coastal wind
features off western South America (Rahn and Garreaud,
2013). In addition, CFSR data have been applied success-
fully in recent wave hindcast described by Chawla et al.
(2013). To test if CFSR data (0.3∘ spatial resolution) ade-
quately capture the coastal jets, we compared these data
with a regional atmospheric simulation of 6 km spatial
resolution off central Chile using the Weather Research
and Forecasting model (Skamarock et al., 2008). Results
showed that in spite of their lower spatial resolution, the
low-level coastal jet is well represented in CFSR data.
Thus, the use of the output of a high-resolution atmo-
spheric model to drive the ocean regional domain would
not modify the results significantly.

The model spectral domain was discretized into 29
frequencies from 0.035 to 0.505 Hz with an increment
factor of 1.1, and 24 regularly spaced directions (15∘
intervals). Parametrizations used include the following:
(1) the Tolman–Chalikov source term package with sta-
bility correction (Tolman and Chalikov, 1996), (2) the
discrete interaction approximation to simulate nonlin-
ear wave–wave interactions (Hasselmann et al., 1985),
(3) dissipation due to bottom friction using the JON-
SWAP formulation (Hasselmann et al., 1973) and (4)
the depth-induced wave breaking using the Battjes and
Janssen formulation, with a Miche-style shallow water
limiter for maximum energy (Battjes and Janssen, 1978).

Using this configuration a 32-year hindcast was car-
ried out for the period between 1979 and 2010. Gridded
SWH, mean wave period (MWP) and mean wave direc-
tion (MWD) were saved at hourly intervals, while spectral
data along the coast were saved every 6 h. The wave par-
titioning allows the identification of swells and wind sea
from directional wave spectra, dividing it into subsets and
calculating statistics for each subset. Here, the wave spec-
tral partitioning method of Hanson and Phillips (2001),
which is adapted from the approach of the Hasselmann
et al. (1994), was used. The detailed implementation of
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this partitioning method in WaveWatch III is described in
Tracy et al. (2007). First, the method isolates energy peaks
in the spectral data, and then uses a wave age criterion
to identify wind seas, such that sea peaks lie within the
parabolic boundaries defined by

fp ≥ g

2𝜋

[
CmultU10 cos 𝛿

]−1 − 𝜋

2
≤ 𝛿 ≤ 𝜋

2

where, f p is the peak frequency of the wind sea in deep
water, g is acceleration of gravity, Cmult is a wave age
factor, U10 is the 10 m wind speed, and 𝛿 is the angle
between the wind and wind sea. This relationship defines
a parabolic region over the spectral matrix and any peak
that falls within this region is considered to be forced by
the wind and defined as ‘wind sea’. Peaks that fall outside
this region are considered to be ‘swell’. Here, K is set to
1.7 following Tracy et al. (2007) to allow for nonlinear
interactions that shift the boundary to lower frequencies.
Statistics of wind sea and primary swell were saved
each 3 h.

2.2. Satellite observations and data processing

Altimeter derived SWH data were obtained from the Radar
Altimeter Database System (RADS) of the Delft Univer-
sity of Technology (Scharroo et al., 2013). Here, we used
data from the Ku-band altimeters ERS-1, ERS-2, TOPEX,
JASON, ENVISAT and GFO. We follow the methodology
of Woolf et al. (2002) and Hemer et al. (2010) to gener-
ate a 2∘ × 2∘ regular latitude-longitude mesh with monthly
temporal resolution from 1993 to 2015.

The RADS environment provides quality flags for all
measurements. To construct our regular grid, all flagged
data were discarded. In addition, data out of the 0–20 dB
range in the radar backscatter or with a wave height stan-
dard deviation higher than 0.1 m range were also rejected,
as high values indicating returns may be contaminated by
rain (Hemer et al., 2010). Since reliable satellite-derived
wave height data requires calibration using in situ mea-
surements (Woolf et al., 2002), we have used the cal-
ibration proposed by Challenor and Cotton (2002) for
ERS-1, ERS-2 and TOPEX altimeters, and the calibra-
tion proposed by Queffeulou (2004) for JASON, GFO and
ENVISAT altimeters. A summary of the wave height cali-
bration equations can be found in Table 1. Occasional gaps
in the maps of SWH occur for a few grid points due to
the sparse sampling by the altimeter. These gaps are filled
using linear interpolation and finally the data is smoothed
using a 5× 5 cell Gaussian digital filter.

In addition, we construct a climatology using 7 years of
SWH derived from altimetry from 2009 to 2015. Daily
maps in a Mercator grid of 1∘ spatial resolution are dis-
tributed by AVISO (archiving, validation and interpreta-
tion of satellite oceanographic data).

2.3. In situ observations

Ten coastal-buoy records are available from Servicio
Hidrográfico y Oceanográfico de la Armada de Chile
(SHOA, Figure 1(b)). Although their low spatial and tem-
poral coverage prevent these records from being useful for

the direct assessment of wave climate, they do represent
a valuable source of information in order to validate
the model simulation. Time series for each buoy have a
temporal resolution of 3 h. However, measurements were
not simultaneous, as listed in Table 2. In addition, hourly
data available online from one offshore buoy operated
by the Woods Hole Oceanographic Institution (WHOI:
station 32012) were used (Figure 1(b)). These data were
obtained from http://www.ndbc.noaa.gov/.

2.4. Spectral data

Additional spectral data were obtained from a wave hind-
cast between 1979 and 2010 using the model WaveWatch
III forced with CFSR hourly winds and sea ice, performed
by the Collaboration for Australian Weather and Climate
Research (CAWCR, Durrant et al., 2013). The complete
data set contains spectral wave outputs at 3683 points of
which we have used only one off Peru (10∘S–80∘W) and
another offshore central Chile (30∘S–80∘W). In addition,
spectral data close to the coast at Valparaíso (∼33∘S) are
obtained by our simulation (Figure 1(b)). We expect con-
sistency between the CAWCR and our data sets, since
they are simulated using the same model, forced with
the same wind and sea ice reanalysis and with simi-
lar parametrizations, except that the CAWCR simulation
uses the source terms parameterizations ST4 of Ardhuin
et al. (2010).

3. Validation

In this section, we evaluate the quality of the simulated
SWH using the satellite altimeter and in situ measurements
described previously in Sections 2.2 and 2.3.

3.1. Comparison of the simulated SWH against
altimeter data

Figure 2 presents maps of the mean SWH (1992–2010),
along with the bias, scatter index (SI) and temporal corre-
lation (R) derived from the comparison between the sim-
ulated and altimeter SWH data. To construct these maps,
the model data were monthly averaged and interpolated on
to a 2∘ × 2∘ grid to match the spatial and temporal scale of
the altimeter data.

The spatial patterns of the simulated and satellite-derived
mean SWH are in close agreement (Figures 2(a) and (b)).
However, the bias map (Figure 2(c)) shows that the model
mean SWH is generally higher than the satellite-derived
mean SWH, with a spatially uniform bias between 0.2
and 0.3 m over the whole domain. This appears to be
consistent with the results of other authors. For example,
in a global simulation performed by Cox and Swail (2001)
the strongest bias was found in the Southeast Pacific
with values between 0.25 and 0.5 m. More recently, Fan
et al. (2012) found a bias of 0.27 m in the Southeast
Pacific using a coupled atmosphere-wave model. This
bias pattern is most likely caused by inadequate swell
dissipation formulation in ST2 parametrization, which
scales with friction velocity and thus vanishes when the
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Table 1. Altimeter data and wave height calibration.

Altimeter Calibration Dates Reference

ERS-1 H= 1.109HERS-1 + 0.334 August 1991–June 1996 Challenor and Cotton (2002)
ERS-2 H= 1.061HERS-2 + 0.035 June 1995–June 2003 Challenor and Cotton (2002)
TOPEX H= 1.052HTOPEX − 0.094 (−0.0004D)* October 1992–September 2005 Challenor and Cotton (2002)
JASON H= 1.059HJASON − 0.057 January 2002–June 2013 Queffeulou (2004)
GFO H= 1.0625HGFO + 0.075 January 2000–July 2008 Queffeulou (2004)
ENVISAT H= 1.0526HENVISAT − 0.199 June 2002–July 2011 Queffeulou (2004)

*In the calibration of TOPEX, D is the number of days since 26 September 1996. It is zero prior to 26 September 1996 and after to 31 August 2002.

Table 2. Buoy data used to validate the model in the Southeast Pacific region.

Site name Latitude (∘S) Longitude (∘W) Start time End time

32012 (WHOI) 19∘22.6′ 84∘22.2′ 29 October 2007 21 July 2010
Arica 18∘27.3′ 70∘22.8′ 07 July 1988 06 July 1989
Iquique 20∘10.9′ 70∘10.3′ 05 June 1986 12 July 1987
Antofagasta 23∘35.6′ 70∘25.6′ 15 October 1990 05 December 1991
Coquimbo 29∘55.7′ 71∘22.6′ 17 August 1989 10 October 1990
Valparaíso 32∘59.7′ 71∘49.5′ 01 January 2010 10 October 2010
Constitución 35∘17.0′ 72∘31.5′ 18 February 1984 22 February 1985
San Vicente 36∘43.9′ 73∘9.2′ 29 November 1985 05 February 1986
Chaihuin 39∘55.1′ 73∘38.2′ 18 April 1985 28 June 1985
Golfo Coronado 41∘40.0′ 73∘56.52′ 13 May 1986 11 July 1987
Diego Ramírez 56∘32.5′ 68∘38.0′ 31 May 1981 10 January 1984

wind ceases. This seems to be unrealistic and a new set of
parameterizations for the dissipation source terms of
the wave energy balance equation have been proposed
and implemented in the latest versions of Wavewatch
III (Ardhuin et al., 2010; Babanin, 2011), suppressing
the SWH overestimation. Nevertheless, comparison of
SWH variability using different source term parametriza-
tions show similar results in centred root-mean-square
(RMS) error and correlation values (Stopa et al., 2016).
Thus, we expect that the bias found in our simulated
SWH does not change the overall conclusions of this
research.

The SI is calculated by dividing the RMS error by the
mean of the simulated SWH at each grid point and mul-
tiplying it by 100. It represents the RMS error as a per-
centage of its mean value. In general, the SI map shows
RMS errors smaller than 10% south of approximately
27∘S, while errors close to 15% are observed in the north-
ernmost part of the study domain. The linear correla-
tion coefficient (R) map shows values typically above 0.9,
except in the coastal region, particularly off the coast of
central Chile, where the correlation drops to about 0.8
(Figure 2(e)).

3.2. Comparison of the model against buoy data

To assess the performance of the model on shorter time
scales, the in situ data were compared with the model
results interpolated to the buoy locations. In general, raw
data were used and only small-time gaps were linearly
interpolated. Table 3 shows summary statistics [bias, the
SI, the linear correlation coefficient R, the linear regression
slope (m) and the y-axis intercept (b)] that describe model
performance for the simulated SWH and MWP, defined as

the second moment wave period (Tm02),

Tm02 =

√√√√√√√√
∫ ∫ E (f , 𝜃) dfd𝜃

∫ ∫ f 2E (f , 𝜃) dfd𝜃

In addition, Figure 3 shows scatter plots for selected
buoys (Valparaiso and WHOI), where measurements are
more recent, and a time series of the MWD at the Val-
paraíso station, the only directional buoy available.

In general, the model shows better performance for
the SWH than for the MWP. The SWH exhibits cor-
relation coefficients in the range 0.77–0.85 (except in
San Vicente), while the MWP shows correlation coeffi-
cients in the range 0.57–0.83 (except in Constitución).
The simulated directional variability shows good agree-
ment with the directional buoy at Valparaiso station, with
a correlation coefficient of 0.68. In general, the MWD
shows waves approaching to the coast from the southwest,
although some events with waves coming from the west are
observed during austral winter. These synoptic changes in
the MWD are represented adequately by the model.

The better performance of the SWH compared with
MWP can also be appreciated in the scatter plots of the
mean values of these variables for all buoys (Figure 4). The
simulated mean SWH shows a good agreement with in situ
observations, but the model has a slight tendency to over-
estimate the mean SWH with an approximately constant
bias of 0.3 m, as shown by the linear regression analysis
(Figure 4(a)) consistent with the bias detected previously
from satellite measurements. The positive bias observed
in MWP (Figure 4(b)) could be attributed essentially to
two combined effects; model limitations, as the inadequate
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Figure 2. (a) Mean simulated SWH (WW3), (b) mean satellite-derived SWH (RADS), (c) Bias between simulated and satellite SWH (WW3
SWH – RADS SWH), (d) Scatter Index (SI) and (e) correlation coefficient (R). [Colour figure can be viewed at wileyonlinelibrary.com].

Table 3. Statistical comparison between simulated and buoy-measured significant wave height and mean wave period.

Site name SWH MWP

Bias RMS SI m b R Bias RMS SI m b R

32012 (WHOI) 0.42 0.51 19.16 1.00 0.42 0.89 3.08 3.23 31.31 0.99 3.15 0.75
Arica −0.12 0.30 23.22 0.60 0.44 0.77 1.12 1.57 12.89 0.80 3.35 0.70
Iquique 0.34 0.43 24.75 0.77 0.66 0.80 1.22 1.47 12.08 0.74 4.08 0.71
Antofagasta 0.15 0.31 20.82 0.64 0.63 0.78 2.52 2.84 26.12 0.66 5.34 0.57
Coquimbo 0.68 0.77 35.59 0.76 1.03 0.78 1.05 1.47 13.36 0.75 3.52 0.71
Valparaíso 0.51 0.66 26.88 0.93 0.69 0.85 2.59 2.78 23.96 0.67 5.45 0.83
Constitución −0.02 0.37 21.49 0.76 0.39 0.83 2.23 2.75 25.29 0.59 5.82 0.44
San Vicente 0.81 0.87 49.15 0.55 1.23 0.43 1.98 2.17 21.42 0.52 5.88 0.58
Chaihuin 0.28 0.75 27.28 0.85 0.67 0.80 0.79 1.28 12.49 0.84 2.30 0.77
Golfo Coronado 0.47 0.73 26.86 0.84 0.82 0.85 1.32 1.68 16.08 0.98 1.50 0.67

swell dissipation used in the physics package (Ardhuin
et al., 2010), and topographic features, since they can mod-
ify winds and waves at coastal areas.

4. Climatology of the wave field

4.1. Significant wave height

Austral winter June, July and August (JJA) and summer
December, January and February (DJF) averages of the
simulated SWH (1979–2010) for the Southeast Pacific
are presented in Figures 5(a) and (b). The lowest waves
are found at the tropical latitudes with mean values of
approximately 2 m. The waves progressively increase in

height towards extratropical areas, reaching the highest
mean values (>4 m) year-round in the southernmost
region (poleward of 45∘S). The region of highest waves
extends to lower latitudes (∼35∘S) during austral winter,
as widely reported in global observations and simulations
(Young, 1999; Fan et al., 2012). Thus, the seasonal cycle
of the SWH (estimated by least-square fitting of an annual
harmonic) has maximum amplitude rather far from the
coast at approximately 37∘S, for both model (Figure 5(c))
and satellite altimetry in RADS and AVISO (Figures 5(d)
and (f)). One striking feature is the reduced seasonal
variability observed close to the coast of central Chile. In
this region, the SWH is approximately 3 m year-round,
producing a minimum in the seasonal SWH variability
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Figure 3. Scatter plots of the simulated and buoy SWH and MWP at the WHOI (upper panel) and Valparaíso (middle panel) stations. Time series of
the simulated and buoy MWD at Valparaíso station (lower panel).

(∼0.1 m), which is even lower than that observed south
of 45∘S. As a climatological feature, this spatial pattern
is robust enough to appear in all SWH data sets presented
here (as well as in other hindcasts not shown as CAWRC
and ERA-Interim) independent of the time period of the
climatology. In contrast, off the coast of Peru (∼15∘S),
where the lowest values of SWH are observed, a sec-
ondary maximum in the amplitude of the annual cycle is

suggested in the altimetry data from RADS (Figure 5(d))
and clearly identified in the simulated and AVISO data
(Figures 5(c) and (e)).

In order to describe the seasonal variability of SWH
over specific regions of the Southeast Pacific, monthly
mean values of SWH were calculated for four rectan-
gular regions of 7∘ of latitude and 4∘ of longitude that
enclose areas off Peru, central Chile offshore, central
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Chile near-shore and Patagonia (Figure 1). The monthly
mean SWH within each region and its spatial and temporal
(interannual) standard deviation are shown in Figure 6.
Off the coast of Peru the annual cycle of the simulated and
the satellite SWH data follow the same pattern reaching
a maximum during the austral winter and early spring.
However, the annual cycle of the simulated data is more
pronounced than in satellite data (as seen previously in
maps), mainly because of the simulation of higher waves
during the peak season (Figure 6(a)). As mentioned above,
the annual cycle is much weaker near the coastal region of
central Chile, the region of lowest seasonal variability in
the Southeast Pacific coast, where the seasonal variation
of the SWH is rather flat with mean values around 3 m
(Figure 6(b)). Offshore of central Chile the SWH shows
strong seasonal variability with maximum SWH during
late fall and austral winter and good agreement between
simulated and satellite SWH data (Figure 6(c)). In con-
trast, off the Patagonia region the monthly mean values
of the SHW do not show a clear annual cycle, but a slight
semi-annual cycle with maxima during April and August
(Figure 6(d)). Although the simulated data show higher
waves than satellite data, the structure of the climatology
is very similar in all four regions.

4.2. Wind sea and swell SWH

The austral winter (JJA) and summer (DJF) mean of
SWH (1979–2010) related to wind sea (SWHsea) and
swell (SWHswell), obtained using the spectral partitioning
method, are shown in Figure 7. In general, maps of the
SWHsea illustrate a large-scale seasonal pattern similar
to that of the SWH, with lower waves equatorward of
33∘S (∼1 m) and the highest waves at higher latitudes,
with values exceeding 3 m. Nevertheless, at a regional
scale, secondary maxima of the SWHsea (∼2 m) are clearly
evident off the coast of Peru (∼15∘S) during austral winter,

and off the coast of central Chile (∼33∘S) during austral
summer. These zones coincide with the well-known loca-
tions of the coastal jets off Peru and Central Chile, as can
also be appreciated from the 7 m s−1 wind speed contours
shown on the maps (Figure 7(a)). These regional maxima
in the SWHsea have a significant impact on the seasonal
cycle, reaching maximum amplitude far from the coast
off central Chile (∼37∘S), and just off the coast of Peru,
consistent with the maximum amplitudes of the annual
cycle of the observed and simulated SWH. However,
near the coast of central Chile (∼33∘S), SWHsea shows
another regional maximum of the amplitude of its annual
cycle with values of approximately 1 m, which contrasts
with the reduced seasonal variability of the total SWH
discussed in the previous section.

The austral winter and summer mean of the SWH
(1979–2010) of remotely forced waves (SWHswell)
show a more uniform spatial pattern with wave heights
between 1.5 and 3 m over almost the entire study domain
(Figure 7(b)). The highest values are found around 37∘S
and SWHswell decreases both northward and southward of
this latitude. The seasonal pattern involves an extension
of the area of higher waves during austral winter, which
progressively decreases until austral summer when wave
heights are reduced in most of the region. In general, the
amplitude of the annual cycle of the SWHswell is smaller
when compared with the SWHsea. However, there is a
notable increase in the amplitude of the seasonal cycle
over the coastal region of central Chile as a result of a
sharp decrease in SWHswell during summer. The physical
meaning of this feature is difficult to assess and is likely
to be related to the limitations of the spectral partitioning
method, as discussed in Section 5.

The monthly mean values of SWHsea and SWHswell are
shown for the four regions of the Southeast Pacific in
Figure 6. The monthly means of the SWHsea are lower
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than the SWHswell off Peru (Figure 6(a)) and central Chile
(Figures 6(b) and (c)). However, seasonal variability of the
SWHsea is more pronounced than SWHswell at the coastal
region of Peru (Figure 6(a)) and the offshore region in
central Chile (Figure 6(c)). Thus, in spite of having lower
mean values, SWHsea seasonality is essential for the devel-
opment of an annual cycle in the SWH at both these areas,
due to higher values during austral winter. In contrast, over
the coastal region of central Chile, the amplitude of the
annual cycles of SWHsea and SHWswell are very similar, but
with opposite phase (Figure 6(b)), SWHsea being higher
during the austral summer and SHWswell during the winter.
These opposite seasonal patterns explain the markedly flat
annual cycle of the satellite and simulated SWH. Thus, in
this region the SWHsea also plays an important role in mod-
ulating the annual cycle of the SWH, in this case decreas-
ing its amplitude. Off the Patagonia region, the SWHsea is
slightly higher than SHWswell and both seem to play a role
in the reduced seasonal variation observed in the SWH.

4.3. Mean wave period and mean wave direction of
propagation

The austral winter and summer averages (1979–2010)
of the MWP and MWD of propagation of the Southeast
Pacific are presented in Figure 8. It is important to note
that MWP is very uniform in space and time with values

between 9 and 12 s over the whole study domain. However,
it is possible to observe seasonal changes in the MWP
associated with the presence of wind sea conditions, which
are characterized by shorter periods. Thus, spatial patterns
and seasonal variability of the MWP show an inverse
behaviour to that of SWHsea. In general, shorter mean
periods are found at higher latitudes and longer periods
at lower latitudes, but this spatial pattern is disrupted
by the presence of wind sea conditions at the coastal-jet
regions of Peru and central Chile, where the mean period
decreases during austral winter-spring and spring-summer,
respectively.

The MWD is essentially constant through the year. The
general spatial pattern consists of westerly waves south-
ward of 45∘S and southwesterly waves northward of 45∘S.
Only a slight seasonal variation is observed off the coast
of Peru, with a more southerly direction of propagation in
winter (vectors in Figure 8).

The most remarkable feature of the MWDsea distribu-
tion is the predominance of local southerly waves along
the Southeast Pacific coast north of approximately 30∘S,
which expands to higher latitudes (∼37∘S) during sum-
mer (not shown). In addition, southeasterly MWDsea are
more frequent offshore, consistent with the trade wind
regime, and close to the coast of Peru (∼15∘S) during win-
ter (along-shore winds). At higher latitudes waves come
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essentially from the west, southwest and northwest, fol-
lowing the westerlies wind belt and associated distur-
bances. This regime extends towards lower latitudes during
the austral winter. Northerly waves also appear in this sea-
son along the coast of southern Chile (35∘–50∘S) which
are absent during summer.

On the other hand, most swell waves come from the
southwest north of 45∘S, with no significant differences
between winter and summer. The second most frequent
direction is from the south, especially off Peru during
summer. Farther south, as was the case for MWDsea, swell
waves come essentially from the west, southwest and
northwest (not shown).

5. Discussion and conclusions

In this work, we have presented a detailed wind wave
climatology for the Southeast Pacific based on a 32-year
simulation using the WaveWatch III model. We have
placed particular emphasis on the characterization of the
amplitude of the annual cycle of SWH and the annual
variation of sea state, using a spectral partitioning method.
The annual mean SWH exhibits clearly the pattern of the
surface wind circulation, the most prominent feature being
the presence of the westerlies at 40∘–60∘S, where the
stronger winds lead to the local generation of waves which
propagate as swells throughout the ocean basin. As such,
a meridional variation of mean wave intensity, with higher
SWH in the south and lower SWH to the north, dominates

over the study area. Wintertime strengthening and north-
ward migration of the westerlies lead to generally higher
SWH in this season. However, in this study we have found
that satellite and simulated SWH, as well as the simulated
MWP, show regional variability that is closely associated
with the spatial patterns and seasonality of synoptic-scale
atmospheric low-level coastal jets off the coasts of Peru
and Central Chile. The existence of these enhanced wind
regions shows a strong relationship with the amplitude of
the annual cycle of the SWH along the coast. In the case of
Peru, the coastal jet is strongest in austral winter, leading
to an amplification of the seasonal variability of SWH,
whereas off Central Chile the coastal winds are strongest
during spring-summer so that locally generated waves are
out phase with swell, leading to a suppressed annual cycle
with nearly constant SWH throughout the year. Thus, our
results support the idea that regional atmospheric features,
such as coastal low-level jets, modify the sea state in terms
of a seasonal modulation of the SHW energy ratio from
wind sea and swell. This regional feature has been noted
in all four eastern boundary current systems (Semedo
et al., 2011), where strong atmospheric low-level jets are
a common feature (Strub et al., 2013). This modulation of
the SHW annual cycle in the Southeast Pacific by coastal
wind jet seasonality appears also as a robust feature in
satellite data.

Although the major conclusions of this research are
unlikely to be affected by the spectral partitioning method
to isolate wind sea and swell wave types, it is of interest
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to discuss its limitations. The wave age criterion used here
(Hanson and Phillips, 2001), is based on the directional
spectra and wind information, and has been widely used
in the past for the climatological characterization of wave
types. For example, this method was used by the CAWCR
wave hindcast (Durrant et al., 2013) and by Fan et al.,
2014 to assess global changes in wind sea and swell under
climate change scenarios. Nevertheless, it is important to
note that this method of partitioning of the spectrum may
have difficulties distinguishing wind sea and swell when
these waves come from similar directions. In this case, the

JJA DJF

9.5 10 10.5 11 11.5 12
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15°S

   0°

Figure 8. Seasonal mean (1979–2010) of the simulated MWP and MWD
for austral winter (JJA) and summer (DJF). [Colour figure can be viewed

at wileyonlinelibrary.com].

method becomes one-dimensional and its accuracy will
depend on whether the wind sea and swell have clearly
separated peak frequencies. As the wave frequencies gen-
erated in high wind speeds approach those of the under-
lying swell wave (∼0.1–0.05 Hz), the method is expected
to have difficulties in high-wind situations when the wind
direction is similar to the predominant swell direction.

In order to examine in more detail, the ability of the
spectral partitioning method to distinguish between
wind sea and swell in our study area, Figure 9 shows
two-dimensional wind speed and direction histograms for
winter (JJA) and summer (DJF), along with the energy
differences between summer and winter in the direc-
tional wave spectrum for three locations: near-shore Peru
(10∘S–80∘W), near-shore Central Chile (33∘S–73∘W)
and offshore Central Chile (30∘–80∘S). Off Peru the
winds are highly concentrated in the S–SE direction
with moderate speeds in winter (∼7 m s−1, Figure 9(a))
and weaker ones in summer (∼5 m s−1, Figure 9(b)).
The associated seasonal variation in the wave spectrum
(Figure 9(c)) is seen as a broad region of higher wintertime
wave energy in the S–SE direction at frequencies between
0.1 and 0.2 Hz. This is clearly differentiated from the
swell-related seasonality, which produces a second region
of higher wintertime energy at lower frequency (∼0.06 Hz)
within the SW–S directional range. In contrast, near-shore
central Chile (Figures 9(d)–(f)) an important summertime
increase of energy at higher frequencies (0.1–0.2 Hz) is
observed (Figure 9(f)) associated with a local increase in
southerly winds during summer (Figure 9(e)). Given that
southerly wind events during summer can reach speeds
of ∼15 m s−1 with significant synoptic-scale and diurnal
variability (Rahn and Garreaud, 2013), we expect these
winds to have an impact in the wave directional spectrum
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over a broad range of frequencies (Figure 9(f)). In this
sense, this seasonal wind intensification off central Chile
could generate southerly wind sea waves that cannot
be adequately differentiated from swell waves coming
from the southwest in the spectral data. As a result,
it is probable that the sharp decrease in swell-related
SWH (SWHswell) during summer, and the consequent
increase in the annual cycle off the coast of central Chile
observed in Figure 8 may be partly or wholly due to a
miss-assignation of swell and wind sea states when the
coastal winds become strong enough to generate wave
frequencies that might be confused with swell. At the off-
shore location (Figures 9(g)–(i)) the winds are generally
weaker, oriented SE and show a reduced seasonal varia-
tion. As such, the summertime wave energy maximum is
weaker and more clearly separated from the swell related
winter maximum at this location (Figure 9(i)).

Another possible source of seasonal variability is the
summertime presence of swell propagating from the NW
direction, generated by storms in the northern hemisphere.

This swell source appears as a NW summer energy max-
imum at 0.07 Hz at all three of the locations shown in
Figure 9. However, the energy input associated with this
wave source is smaller and of similar magnitude for Peru
and Chile (near-shore and offshore) suggesting that this
swell component does not contribute significantly to the
regional variability observed in SWH.

Several global studies of future changes in wind-wave
climate have been performed due their broad
implications for the operation and design of coastal infras-
tructure, for marine renewable energy and for coastal
environmental issues (Fan et al., 2013, Hemer et al.,
2013a; Hemer et al., 2013b; Semedo et al., 2013). Fan
et al. (2014) predict large-scale changes in wind sea and
swell as response to anthropogenic change. For example,
they found that wind sea energy will increase in the South-
ern Ocean as the southern annular mode shifts towards
its positive phase (Guillett and Fyfe, 2013). This will lead
to an increase of the SWH at the Southern Ocean and a
corresponding decrease in the South Pacific mid-latitudes,
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particularly during the austral summer (Hemer et al.,
2013a). Energy ratios between wind sea and swell could
also change as coastal jets shift meridionally in accordance
with the projections of atmospheric surface circulation
(Semedo et al., 2016; Soares et al., 2016). Thus, regional
projections of coastal low-level jets will be necessary to
adequately evaluate changes in the sea state off Chile and
Perú and in other coastal areas where wind jets are present.
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