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Abstract It is well known that the majority of buoy mea-
surements are located around the US coast and along some
Europeans countries. The lack of long-term and densely
spaced in situ measurements in the Southern Hemisphere in
general, and the South Atlantic in particular, hinders several
investigations due to the lack of detailed metocean informa-
tion. Here, we present an effort to overcome this limitation,
with a dense network of buoys along the Brazilian coast,
equipped with several meteorological and oceanographic
sensors. Out of ten currently operational buoys, three are
employed to present the main characteristics of waves in the
Southern part of the network. For the first time, sensor char-
acteristics and settings are described, as well as the methods
applied to the raw wave data. Statistics and distributions
of wave parameters, swell propagating events, comparison
with a numerical model and altimeters and a discussion
about the occurrence of freak waves are presented.

Keywords Wind-waves - Buoy network - South Atlantic

1 Introduction

The lack of in situ measurements in the Southern Hemi-
sphere is well known, and the South Atlantic (SA) is no
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exception (Hemer et al. 2009; Chawla et al. 2013; Rapizo
et al. 2015; Souza and Parente 1988; Cuchiara et al. 2009;
Pianca et al. 2010). More specifically, studies based on wave
measurements over the Brazilian coast are up to the present
spatially sparse, limited mainly to its most important oil
fields, located in Campos Basin (Violante-Carvalho et al.
2004). The shortage of in situ wave data in this region has
resulted in numerical modelling becoming the most widely
used tool for the investigation of its wave climate (Parise and
Farina 2012). Comprising around 7.5 thousand kilometres,
the Brazilian coastline is the longest in the SA, consequently
of prime importance for its characterization.

Most of the wave buoys under supervision of the National
Oceanic and Atmospheric Administration (NOAA) are
located in mid-latitudes in the Northern Hemisphere mainly
in relatively shallow waters. The other major source of
directional wave data is the network deployed along the
coasts of Western Europe, as well in comparatively shal-
low waters. The majority of the Brazilian coast is located
in the tropical zone, being strongly affected by swell all
year round and therefore with most of the energy in the
low frequency portion of the spectrum (Violante-Carvalho
et al. 2004). Multi-modal spectra is another common fea-
ture in the southernmost part of the Brazilian coast, with in
average only one fourth of the cases classified as unimodal
(Violante-Carvalho et al. 2004). The availability of in situ
data with such characteristics, multi-modal spectra with the
presence of a swell component all year round, is very scarce.

In an attempt to overcome the lack of in situ measure-
ments, Brazil’s PNBOIA (National Buoys Program) was
launched in April 1997 along with the pilot program GOOS
(Global Ocean Observing System-Brazil). The goals of
this program encompass the collection of metocean data
in the Atlantic Ocean along the Brazilian coast, by means
of a network of moored buoys and drifters supporting
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meteorological and oceanographic activities important to
public institutions and companies. Coordinated by the
Brazilian Navy, the program involves the collaboration of
public universities, PETROBRAS (the Brazilian Oil Com-
pany) and public research institutions. It is PNBOIA’s inten-
tion to install a monitoring program with a total of ten
moored buoys (Fig. 1, zoom out and Table 1), with historical
data freely downloadable at http://www.goosbrasil.org.

Here, the focus will be mainly in the three southernmost
buoys which have simultaneous measurements, named Rio
Grande/RS (RIG), Florianopolis/SC (FLN) and Santos/SP
(SAN) (Fig. 1, zoom in), approximately 400 km apart, span-
ning a distance of over one thousand kilometers. These
buoys were deployed on the edge of the continental shelf, at
a depth of approximately 200 m and roughly aligned along
the great circle along which swells propagate in the region,
in a nearly southwest-northeast direction.

The current dataset is particularly interesting because of
the lack of consistent and available measurements in the
subtropical zone of the SA, which have distinct typical val-
ues of for instance wave age and wave slope when compared
to higher latitudes of the northern hemisphere, where in
general most in situ acquisitions are conducted. The charac-
teristics of the wind waves are key in the air-sea interface
exchanges and in the modulation of the lower atmosphere
(Badulin et al. 2007). Therefore, the subtropics with their
particular wind forcing and energy ratio between high and
low frequency bands are an interesting area to investigate
wave generation, propagation and attenuation. It is worth
noting that the few previous studies published about the SA

were either based on numerical modelling or referred to
a single location. This paper presents wave characteristics
for the Brazilian southern offshore region, based on a five
month series (February/2012—June/2012) where wave data
was simultaneously measured by three directional buoys
without significant gaps.

The paper is organized as follows. In Section 2, sen-
sor characteristics and settings are described, as well as the
methods applied to the raw wave data. Statistics and distri-
butions of the wave parameters are presented and discussed
in Section 3.1. Some events of swell propagating along
the three aligned buoys were recorded and in Section 3.2
we describe one of them in terms of its spectral evolu-
tion. A comparison between the in situ data and a wave
hindcast from WAVEWATCH III (WW3) numerical model
is presented in Section 3.3, employing two distinct source
terms. A comparison against radar altimeters is made in
Section 3.4. Another interesting feature of this dataset is
that some sea states present a value of the ratio Hmax/Hs
higher than 2, which are related to freak waves, consider-
ing the criteria normally encountered in the literature (Liu
2007; Kharif and Pelinovsky 2003). They are discussed in
Section 3.5.

2 Methods

In Table 1, the location (city/state), position, distance to
shore (DS) and depth (DP) of the ten buoys are listed. With
the exception of the two buoys in the state of Rio de Janeiro

Fig. 1 Location of the ten
oceanic buoys (on the top left)
and a zoom on the three
southernmost ones (on the
right). The larger area (on the
top left) coincides with Grid 1
employed in the wave model,
while the one in detail is the
same as Grid 2 (see Table 4 for
more information). The circle
represents the position of
Campos Basin

10°S

20°S

30°S

40°S

@ Springer

30°W 20°W 10°W


http://www.goosbrasil.org

Ocean Dynamics (2017) 67:1577-1591

1579

Table 1 Buoy’s location, distance to shore (DS) and depth (DP) of the

Table 2 Most common settings of the sensors used in the metocean

ten PNBOIA’s buoys buoys
Buoy’s location Lat/Lon DS (km) DP (m) Parameter Samp. Freq. Samp. time
Barra Norte/AM 01.094/—-46.350 307 200 Wind direction 1 Hz 10 min
Fortaleza/CE —02.987/-38.819 61 200 Wind intensity 1 Hz 10 min
Recife/PE —08.149/—34.560 34 200 Wind gust 1 Hz 5s
Porto Seguro/BA —18.151/-37.944 150 200 Air temperature 1 Hz 10 min
Vitéria/ES —20.278/—-39.727 41 200 SST 1 Hz 10 min
Cabo Frio/RJ —22.995/-42.187 5.7 60 Atmospheric Pressure 1 Hz 10 min
B. Guanabara/RJ —22.924/—43.150 1.8 25 Relative air humidity 1 Hz 10 min
Santos/SP —25.283/—44.933 180 200 Dew point 1 Hz 10 min
Florianopolis/SC —28.500/ —47.366 130 200 Solar radiation 1 Hz 10 min
Rio Grande/RS —31.566/—49.966 100 200 Wave height 1.28 Hz 17 min
Wave period 1.28 Hz 17 min
Wave spectrum 1.28 Hz 17 min
(Baia de Guanabara and Cabo Frio, deployed at 25 and 60 m  wave direction 1.28 Hz 17 min
deep, respectively), the others are located at the edge of the  Current velocity 1 Hz 20 min

continental shelf, at the 200 m isobath.

Most of PNBOIA’s buoys were developed by AXYS
Technology with a 3 m diameter hull (Axys-3M). This
type of buoy is able to provide directional wave informa-
tion using the directional wave sensor TriaxisTM, which
is equipped with three accelerometers and three angular
sensors that enable to measure vertical and horizontal accel-
erations, as well as heave, pitch and roll movements. Raw
data are pre-processed in the buoy’s internal module and
sent via satellite. Only wave parameters such as signif-
icant wave height (Hs), maximum wave height (Hmax),
peak period (Tp) and peak direction (Dp) are sent to inland
servers. The direction represents where the waves comes
from. The raw wave data (spectra and time series) are stored
in the buoy’s internal memory and retrieved during period-
ical maintenance. Besides providing wave information, this
type of buoy also measures meteorological parameters and
ocean current profiles.

The buoys are equipped with two anemometers, located
at 3.7 and 4.7 m above sea level. The measured data can
be corrected to the 10 m height according to the methodol-
ogy described by Liu et al. (1979). Wind gust is represented
by the average of the five highest values of wind velocity
during the sampling period. Relative air humidity is mea-
sured together with air temperature and dew point by means
of a hygrothermograph. A pyranometer is used to measure
the solar radiation. Each PNBOIA’s buoy has a 400 kHz
ADCP (Acoustic Doppler Current Profiler) mounted 0.5 m
below the water level, looking downwards. This configura-
tion allows the measurement of ocean currents in 20 layers
of 2.5 m thickness each with a blanking distance of 5 m.
This way it is possible to obtain current data down to almost
60 m. The ADCP has a built in thermometer that is used to
measure the sea temperature at 0.5 m depth. Table 2 lists the
most common settings of the sensors.

Wave data analysis was performed both in the time and
frequency domain. In time domain, each individual wave
was selected using the zero-crossing method and then the
significant wave height (Hs) and maximum wave height
(Hmax) were computed. Three time series were used to per-
form the spectral analysis, the vertical displacement 7 (t)
and n»(t), and n3(t), the east-west and north-south dis-
placements, respectively. Sampling intervals with a length
of 17 min were taken each hour with a sampling rate of
1.28 Hz. The spectral estimators were obtained using the
Welch method (Welch 1967) employing a Hanning win-
dow and 50% overlap between adjacent segments. Records
consisting of 1312 data points were segmented into 4 par-
titions of 328 points yielding 14 degrees of freedom and a
frequency resolution of 0.0039 Hz. Wave spectral parame-
ters, such as the zero-moment wave height (HmO0) and the
peak period (Tp) are obtained from the wave spectra. The
first two Fourier coefficients (a; and b1) are calculated from
the co- and quadrature spectra (Tucker and Pitt 2001) and
the mean wave direction (6,) corresponding to the peak
frequency ( f)) is obtained according to the following:

bl(fp)]

1
al(fp) )

0, = arctan |:

3 Results
3.1 Wave parameters statistics
The statistical analysis aims to describe the general wave

parameters for each one of the three aligned buoys. His-
tograms of the main wave parameters, tables with mean and

@ Springer



1580

Ocean Dynamics (2017) 67:1577-1591
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maximum values and joint distributions are given. The wave
analysis was made both in time and frequency domain.

Normalized distributions of the zero-moment wave
height (HmO) and peak period (Tp) are shown in Fig. 2, as
well as Rayleigh and normal curves for comparison with
HmO (left panel) and Tp (right panel), respectively. On the
right panel, two maxima of peak period are discernible. One
is representative of wind-sea with 6 to 8 s and the other
representative of swell with approximately 12 s.

Table 3 shows that the mean HmO values decrease from
south to north, inversely to what happens to the mean Tp

values. The mean peak direction (Dp) values are mainly
from SE, but it is important to keep in mind the bimodal
characteristics of waves in this region, with predominant
winds (and consequently the high frequency waves) from
NE. In the southern Brazilian coast, the swell generally
comes from the S/SW and wind-sea varies from NE under
the influence of the South Atlantic Anticyclone (SAA)
and from S/SE to S/SW in the presence of extratropical
cyclones. The maximum significant wave height (HmO),
registered for the three buoys, shown in Table 3, represents
the same event, in June 2012. For the Rio Grande buoy,

Table 3 Mean values for

HmO, Tp and Dp for the three ‘Wave Param. RIG FLN SAN

buoys (above dashed line) and

absolute maximum significant HmO (m) 2.1 2.0 1.9

wave height (max. HmO) values Tp (s) 94 9.6 99

atta'med during the sarerlmg Dp ) 133 138 142

period (below dashed line) )
N° of points 3469 3463 3377
Date max. HmO0 2012/06/09 07 h 2012/06/07 11 h 2012/06/10 01 h
HmO (m) 5.3 5.1 53
Hmax (m) 7.8 7.6 74
Tp (s) 13.5 9.9 14.2
Dp (°) 181 214 185

Dates of the occurrence of maximum HmO recorded, as well as Hmax, Tp and Dp values associated with the
sea state during which the maximum HmO took place are also shown
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HmO reached 5.3 m on 2012/06/09 at 07 h. Two days before,
the Florianopolis buoy measured 5.1 m and then the San-
tos buoy measured 5.3 m one day after. The maximum wave
height (Hmax) related to this event was 7.8, 7.6 and 7.4 m
for Rio Grande, Florianopolis and Santos, respectively, with
Tp values of 13.5,9.9 and 14.3 s and Dp of S, SW and S. The
periods related to the maximum wave height (THmax, esti-
mated with the zero upward crossing method) were 14.8 s
for Rio Grande, 10.1 s for Florianopolis and 14.0 for San-
tos. The average values of the main wave parameters were
similar in all of the three buoys, with values of HmO0, Tp and
Dp close to 2.0 m, 9.6 s and 137°, respectively.

Wave height and wave period roses (Fig. 3) show that the
main wave directions on Rio Grande are from S/SW with
wave heights up to about 4.5 m and periods over 16 s. Flo-
rianopolis’ wave heights present values as high as 4.5 m
but with a lower percentage of occurrences than that of Rio
Grande’s and maximum wave period values reaching up to
18 s. Santos buoy recorded waves with short periods com-
ing from E/NE and with a higher occurrence of long period
waves from S. In Florianopolis, there is still a clear domi-
nance from southerly and northeasterly waves, although the
waves are more evenly distributed than in Rio Grande.

In order to assess the distributions of surface elevation
at the three buoys, located in relatively deep waters, and
to compare with normal distributions, all time series were
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Fig. 4 Heave values distribution. Comparison with normal distribution
(dashed line). o is the standard deviation and P98 is the 98th percentile

united to plot the histogram shown in Fig. 4 (only shows
Rio Grande). The shapes of these histograms are similar
with maximum and minimal values for Rio Grande’s buoy
of 5.56 and —4.63 m, and the standard deviation and the
98th percentile of 0.55 m and 1.23 m, respectively.

The joint distribution of HmO and Tp, shown in Fig. 5,
helps to understand how sets of simultaneous values of

HmO (m)
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Fig. 3 Wave height roses (upper panel) and wave period roses (lower panel), from left to right: Rio Grande, Florianopolis and Santos. The

direction represents where the waves comes from
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Fig. 5 Joint distributions of the 6 15
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height and period, correspond to a given probability of
occurrence. There is a clear dominance of peak period
classes of 6-8 s and 1012 s in all of the buoys. For Floria-
nopolis’ and Santos’ buoys the modal classes of Tp between
6-8 s are more evident, with 12.95% of occurrence for HmO
classes of 1.5-2.0 m in Florianopolis’ and 14.02% for HmO0
between 1.0-1.5 m in Santos’. It is important to stress that
waves with large peak periods are more common in Flori-
anopolis’ and Santos’ buoys, generally related with higher
HmO. Waves greater than 4 m occurred in 2.94% of the sea
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states in Rio Grande. In Florianopolis and Santos, these per-
centages are equal to 2.1% and 1.18% respectively. On the
other hand, Tp values that exceeded 14 s occurred in 2.36%
(Rio Grande), 3.26% (Florianopolis) and 4.01% (Santos).

3.2 Spectral evolution
As shown in Fig. 1, the majority of the metocean buoys

are within the subtropical zone, a region strongly affected
by swell all year round. Campos Basin, located in the
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Fig. 6 From top to bottom:
zero-moment wave height
(HmO), peak period (Tp) and
peak direction (Dp), spanning
the period between the end of
March and the beginning of

HmO (m)
O NWAUO
[eNeoloNoNoloNe)

April, 2012. The types of lines

are related to different
directional wave buoys, the solid
line is the southernmost one and
the dotted line the northenmost
one. The arrival of the energetic

waves as they propagate from

south to north is evident,
especially from the wave height
time series (top panel). The
dashed vertical lines depict two
moments 24 h apart that are
discussed in Fig. 7

RN T

Southeastern coast of Brazil (in the vicinity of 23S, 43W)
and one of the most studied areas in the South Atlantic
given its economic importance. As presented in Violante-
Carvalho et al. (2004), around 75% of the 5800+ wave
spectra recorded by a buoy deployed in deep water over a
period of four years have two, three or more peaks with the
low-frequency band containing most of the wave energy.
The frequent occurrence of multi-modal spectra is related
to the typical meteorological conditions encountered there.
The SAA, in general, generates waves at the higher fre-
quency part of the wave spectrum. The lower frequency
band of the spectrum, on the other hand, is associated with
southerly waves generated by the passage of extratropi-
cal cyclones. The most typical trajectories of extratropical
cyclones in the South Atlantic as well as the main cyclo-
genesis areas are presented in Rocha et al. (2004) and the
references therein. This southerly swell is responsible for

Fig. 7 Top panels display the

2012 -03-2818h

2012/031272012[03I2%012I03/2%012I03I3%012I03’312012I041012012[04I022012[04103

most of the spectral energy in Campos Basin, and is ubiq-
uitous along most of the Brazilian coast (Violante-Carvalho
et al. 2004).

Swell attenuation propagating over large ocean basins is
still poorly understood and therefore poorly predicted by
numerical models. In the swell-dominated regions, the sig-
nificant wave height tends to be overestimated due to a
deficient representation of its energy attenuation. Measure-
ments that quantify this energy decay are rare, especially
because the instruments have to be aligned along which the
waves propagate. One of the few experiments with in situ
measurements was performed in the 1960s in the classical
work by Snodgrass et al. (1966), with sensors covering most
of the Pacific Ocean.

Since 1991, with the launch of ERS-1 and its successors
ERS-2, ENVISAT and Sentinell carrying a Synthetic Aper-
ture Radar (SAR), directional wave spectra are routinely

2012-03-2918h

50.0

50.0

energy spectra for the three
southernmost buoys. Continuous 40.01 40.0
line: Rio Grande, dashed line: T 30.01 30.0
Florianopolis and dotted line: E 20.01 20.0
Santos. Thfe loner panels shows 10.01 10.0
the wave direction (per ) ;
frequency) measured at each 9-8050.0750.10.12 98 00.
buoy. The left panels correspond -~ 360 7 360
to the moment depicted by the = 3151 315

. LT S 2709 270
left vertical dashed line in Fig. 6 5 2251 225
(2012-03-28 at 18 h), while the L 180+ 180
right panels to the right vertical g 1351 135
dashed line (2012-03-29 at 18 h) § e s

—— HmO0=52m; Tp=13.5s; Dp=184"°

0.050.0750.10.1250.150.1750.2 0.2250.25 0.050.0750.10.1250.150.175 0.2 0.2250.25
Frequency (Hz)

Frequency (Hz)
—— Hm0=2.1m; Tp=10.7s; Dp=181"°

----- Hm0=43m; Tp=11.1s; Dp=214° ----- Hm0=2.5m; Tp=12.2s; Dp=193°
-------- Hm0=33m; Tp=10.3s; Dp=224° -+ Hm0=3.4m; Tp=128s; Dp=180"°
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Table 4 Computational grids used in the simulations: Ay ) is the grid
spacing in x and y, respectively. Lat;, and Lon;, are the initial latitude
and longitude. Laty; and Lon y; are the final latitude and longitude

Domain Ayy Lat;, Lon;, Laty; Long;
Grid 1 1.00° —80° —-90° 60° 20°
Grid 2 0.25° —45° —65° —-5° —10°

measured from space. In wave mode, an area of approxi-
mately 5 km by 5 km is mapped every second or so along the
satellite track, yielding an enormous amount of directional
information with global coverage. The extraction of wave
spectra from SAR images is, however, a difficult task. The
process of synthesizing a large antenna causes loss of infor-
mation beyond a high frequency cut-off; therefore, the 2D
wave spectra are limited in the azimuthal direction. More-
over, the transfer functions are complex and some degree of
uncertainty is involved in the process (see the seminal paper
by Hasselmann and Hasselmann 1991). Nonetheless, SAR
onboard satellites are doubtless a powerful tool (Ardhuin
et al. 2009).

The three southernmost metocean buoys (from south to
north: Rio Grande, Florianopolis and Santos, depicted in
Fig. 1) are particularly interesting for investigations on swell
decay. Covering a distance of over 1000 km and being
around 400 km apart of each other in roughly deep waters
(200 m depth), they are aligned in one of the main directions
in which long waves propagate towards lower latitudes.
Figure 6 presents one energetic event on the 28th of March
at 18 h when significant heights over 5 m and periods of

Fig. 8 Time series of the

around 14 s were measured by the Rio Grande buoy, prop-
agating at 200° (S/SW). A few hours later, they reach the
other buoys, with the energy gradually reducing over the
next two days.

The wave spectra at two moments represented by the ver-
tical dashed lines in Fig. 6 are shown in Fig. 7. The left
panels correspond to the moment when the wave energy
peaked at the Rio Grande buoy (continuous line), with sig-
nificant wave height of 5.2 m and peak period of 13.5
s. At this moment, the peak energy decreases northwards,
while the peak frequency increases. At the right panels 24 h
on, the direction of the waves at the three buoys are very
close, with the northernmost buoy (Santos, dotted line) in
turn measuring the longer and more energetic waves. In
contrast, the energy and the peak frequency now decreases
towards the south. This is a typical event of swell propa-
gating roughly along the great circle where the three buoys
are moored. Since the main generation areas are around one
to two thousand kilometers away, these buoys are poten-
tialy interesting for investigations of swell evolution over
comparatively shorter distances.

3.3 Comparison against wave model
3.3.1 Validation statistics

A wave hindcast for the 5 months of simultaneous buoy
data was set using NCEP’s Climate Forecast System Ver-
sion 2 (CFSv2) wind and ice database. The hindcast was
carried out using the third generation wind wave model
WAVEWATCH 1III (hereinafter WW3) developed at the US
National Centers for Environmental Prediction (NCEP).

RIG

zero-moment wave height 6.0
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WW3 solves the spectral action density balance equation  shifting due to water depth and mean current variations.
for wavenumber-direction spectra. The governing equations ~ Parameterizations of physical processes (source terms)
of WW3 include refraction and frequency/wavenumber  include wave growth and decay due to the actions of
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wind, nonlinear resonant interactions, whitecapping, bot-
tom friction, depth-induced breaking and scattering due to
wave-bottom interactions (Tolman and Group 2014).

WW3 includes various source term packages (or
physics): ST1 (or WAM3) (Komen et al. 1984; Snyder et al.
1981), ST2 (or TC96) (Tolman and Chalikov 1996), ST3
(WAM4+) (Bidlot et al. 2007; Janssen 1991), and recent
implementations of ST4 (Ardhuin et al. 2010) and ST6 (or
BYDRZ) (Zieger et al. 2015).

The ST4 parameterization is described by Ardhuin
et al. (2010). This parameterization uses a positive part
of the wind input that is taken from WAM4, with mod-
ified friction velocity to balance saturation-based dissipa-
tion. The dissipation term is defined as the sum of the
saturation-based term, the cumulative breaking term, and
the wave-turbulence interaction term (Ardhuin et al. 2009).
Depending on the quality of the wind field, a wind-wave

Table 5 Bias (b), root mean square error (¢), scatter index (SI) and
correlation coefficient (p) for the correlations between wave parame-
ters given by the buoys and those given by WW3, considering the ST4
and ST6 packages

Index ‘Wave Param. RIG FLN SAN
HmO (m) —0.10 —0.08 —0.04
b-ST4 Tp (s) 0.59 0.57 0.53
Dp (°) 10.58 11.74 9.59
HmO (m) 0.32 0.32 0.32
e -ST4 Tp (s) 2.03 2.00 2.03
Dp (°) 43.63 51.32 34.02
HmO 0.15 0.16 0.17
SI-ST4 Tp 0.22 0.21 0.20
Dp 0.33 0.37 0.24
HmO 0.92 0.91 0.90
p-ST4 Tp 0.68 0.71 0.69
Dp 0.71 0.62 0.75
HmO (m) —0.04 —0.06 —0.04
b - ST6 Tp (s) 0.67 0.70 0.72
Dp (°) 10.30 11.84 9.22
HmO (m) 0.35 0.36 0.33
¢ - ST6 Tp (s) 2.12 2.10 2.05
Dp (°) 43.60 52.77 35.51
HmO 0.16 0.18 0.17
SI-ST6 Tp 0.23 0.22 0.21
Dp 0.33 0.39 0.25
HmO 0.90 0.89 0.89
p-ST6 Tp 0.65 0.69 0.70
Dp 0.71 0.61 0.72
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growth parameter B, can be adjusted. B,,r iS set to
1.55 for our implementation, as suggested by Ardhuin et al.
(2010) (TESTA405).

The ST6 or Babanin/Young/Donelan/Rogers/Zieger
(BYDRZ) (Zieger et al. 2015) scheme implements
observation-based physics for deep-water source/sink terms
and includes negative wind input, whitecapping dissipation,
and wave-turbulence interactions (swell dissipation). In the
ST6, bulk adjustment to the wind field can be achieved by
re-scaling the drag parameterization through the parameter
FAC. This has a similar effect to the tuning variable 8,4, in
ST4 source term package. In this work, the parameter FAC
is adjusted to FAC = 1.230E-4, which performs well in the
simulation using the CFSv2 wind.

The WW3 model was run for two different grids. Grid 1
covers the Atlantic Ocean and part of the Pacific Ocean and
grid 2 covers the Southern Atlantic Ocean. Grid details can
be found in Fig. 1 and Table 4.

Bathymetric data were obtained from ETOPO-1 database
(Amante and Eakins 2009). The model has a resolution of
36 directions (10° angular bandwidth) and 35 logarithmi-
cally spaced frequencies, between 0.0377 Hz (26.5 s) and
0.9631 Hz (1.04 s).

Direct comparison between model simulations using
WW3-ST4 package and the Rio Grande buoy data is pre-
sented in Fig. 8. In general, a good agreement can be noticed
for wave height, peak periods and directions. Although the
HmO results from WW3-ST4 are relatively close to the
observed values, the largest wave heigths were underesti-
mated.

Furthermore, the WW3-ST4 model skill is evaluated
against package ST6 using buoy data through the standard
error metrics: Bias (b), Root Mean Square Error (¢), Scat-
ter Index (SI) and Pearson’s correlation coefficient (p). If x;
represents the measured values, y; the simulated values and
n the number of observations, the mentioned statistics are
defined as follows:

Yoy (i — i)

Bias = (2)
n
ne o2
e — iz (i = yi)? 3)
n
£
SI == 4)
y
Y =i =) 5)

p =
SO G T2 0 = D)
where the overbar denotes average values.
Scatter density plots of the zero-moment wave height
(HmO) are shown in Fig. 9 considering the ST4 and ST6
packages. In addition, statistics were computed for the zero
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moment wave height, peak wave period and mean wave
direction corresponding to the peak period. The values of
the statistical parameters are displayed in Table 5.

It can be noticed that the ST4 and ST6 source terms are
fairly consistent in overall error statistics. In terms of HmO,
the scatter index values (or relative error) are less than 0.2
for both runs (ST4 and ST6). The ¢ is 0.32 m for ST4 on
the three buoys. For ST6, the ¢ varies from 0.33 m at Santos
buoy to 0.36 m at Florianopolis buoy. Both parameteriza-
tions show a negative bias, but the bias is a little lower in the
ST6 runs. However, in terms of ¢ and SI, the wave heights
are better with the ST4 source term packages.

Regarding wave periods, results are better with ST4,
while for directions ST6 gives slightly better results. From
Table 5, ST4 provides slightly better results than the ST6

RIG
6.0

source term. Therefore, the next considerations will be made
with the ST4 source term.

3.3.2 Swell arrival

The knowledge of swell arrival time plays an important role
for many offshore activities and navigation. The evaluation
of this arrival time in numerical models is an important task
which has been studied to improve this physics in wave
models. Jiang et al. (2016) shows that models can be 20 h
early or 20 h late compared with observed data, but usually
predicts an early arrival of swell, about 4 h on average, in a
distance of thousand of kilometers.

To make considerations about swell arrival, a time window
for waves with peak period greater than 10 s was chosen.
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Fig. 10 a—c Wave height, d—f peak period, g—i peak directions (Buoy -
black; Model - gray), and j-1 arrival time differences of the same swell
event in Rio Grande, Florianopolis and Santos buoys (HmO - blue; Tp -

green and Dp - red). Positive lag means model delay (i.e. swell arrives
early in the buoy compared with the model
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Figure 10 shows HmO, Tp and Dp in the first three rows,
respectively, and the last row presents arrival time differ-
ences (correlation coefficient and time lag - positive lag
means model delay) for each wave parameter (HmO-blue;
Tp-green and Dp-red). Each column represents one buoy.

In general, it is possible to verify that HmO and Tp were
well represented by the model, that is, the time lag equals
zero. However, there is a clear delay in the peak direction in
the buoys in Florianopolis and Santos. In Florianopolis the
model shows a time lag of minus 5 h (model is early) and
minus 6 h for Santos.

3.4 Comparison against radar altimeters

Radar altimeters onboard satellites are also capable of pro-
viding high-quality wave heights (HmO), of which the typi-
cal accuracy in terms of ¢ is about 0.2 m (e.g., Zieger et al.
2009). The calibration and validation of altimeter-observed
HmO, however, were mainly achieved in the North Hemi-
sphere, especially the area close to the US coastline (see
Fig. 1 of Zieger et al. 2009 for example). With the network
of wave buoys described herein, we are able to evaluate
HmO (and wind speed Ujg) measurements from altimeters
in the south Atlantic Ocean, particularly along the Brazilian

5 7
H? =1.116 x H, —0.167 /7
N=94 e
Noui =1 o //
S1=0.09 ,

44-{p=0.97 57
b= —0.06 m o ® 7
e=0.20m £
e*=0.19m o s

L]

Buoy H, [m)]

0 T T T
0 1 2 3

Altimeter H [m]

g
(%]

Fig. 11 Comparison of wave height (HmOQ) observed by altimeters
(horizontal axis) and buoys (vertical axis). Collocated measurements
are considered within 50-km radius and 30-min temporal separation.
The solid line represents the reduced-major-axis (RMA) fit and the
dashed line is the 1:1 line. Error statistics for scatter index (SI), corre-
lation coefficient (p), bias (b), root mean square error (¢), and number
N of sample points are given in the inset, with outliers N, (detected
by robust regression) labeled with gray crosses. The term &* signifies
the root mean square error after the RMA correction. For the technical
details, please refer to Zieger et al. (2009) and Liu et al. (2016a)
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coast. An example of such application can be found in Fig. 11,
where HmO from both altimeters and the three buoys
(namely RIG, FLN, SAN) were collocated and compared.
The widely-accepted criteria, i.e., 50 km for spatial sepa-
ration and 30 min for time separation, were adopted here.
The altimeter data were sourced from the fully calibrated
and validated multi-platform dataset established by Zieger
et al. (2009) and then later extended by Liu et al. (2016a).
Three altimeters, including Jason-2, CryoSat-2 and HY-2,
were selected for the specific five months we concern (Feb -
Jun 2012). Besides, HmO from these three altimeters has been
corrected following Liu et al. (2016a) (see Appendix A).

Examination of Fig. 11 shows that a total of 94 buoy-
altimeter collocations were found. Relative to in situ buoy
measurements, altimeter-observed HmO is only 6 cm biased
low, with a minor root mean square error (¢) of 0.2 m. The
correlation coefficient (p) is as high as 0.97, and the scatter
index (SI) is less than 0.1. The excellent agreement between
buoy data and altimeter records as seen here are consistent
with the patterns when altimeter-recorded HmO was com-
pared against buoys in the North Atlantic (e.g. Zieger et al.
2009, Liu et al. 2016a) and the Arctic Ocean (e.g., Liu et al.
2016b). With a long-term operation of this buoy network, a
detailed examination of altimeter-derived wave climate (e.g.
Young et al. 2011) in this local region will become feasible
in the future.

3.5 Freak waves

The individual wave height probability distribution, associ-
ated to a specific sea state, is one of the key sea features
for determining the occurrence of a rogue wave. If a sin-
gle wave has an abnormal and unexpected wave height,
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c
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Y
o
& 400.0
Q
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< 200.0 i
0.0 L W e
1.3 1.5 1.7 1.9 2.1 2.3

Hmax/Hs

Fig. 12 Histogram for the ratio between maximum wave height
(Hmax) and significant wave height (Hs). The dashed line represents
the 2.0 limit
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Fig. 13 Upper panel (heave time series), lower panel (its spectrogram). Left panel: good weather condition; right panel: stormy sea condition

this individual wave is defined frequently as a rogue or
freak wave, although the exact definition of such waves
can vary substantially. Many variables of the sea state have
been directly related to the occurrence of the abnormal
high waves, namely: wave steepness, spectral bandwidth,
wave directionality, spectral tail, wind forcing (Babanin and
Rogers 2014), wave age and horizontal wave asymmetry
(Kharif et al. 2009). Some authors consider the higher pos-
sible wave height expected as a linear superposition, in a
wave storm with a long enough duration, as twice Hs, being
the more usual definition. Others define freak wave as being
the individual wave height equal to or greater than 2.2Hs,
which cannot be explained as a simple superposition of
linear waves (Babanin and Rogers 2014).

Pinho et al. (2004) analyzed data from a pitch and roll
buoy moored in Campos Basin, off Rio de Janeiro from
1991 to 1995, finding occurrences of freak waves in both
stormy and calm conditions. In another study in the south
atlantic, Candella (2016) analyzed the characteristics of
freak waves using the same three buoys used in this work
(RIG, FLN and SAN). Applying parameters such as crest
amplification index and lower limit to significant wave
height, only 7 “true” freak waves were found.

To assess the distribution of Hmax/Hs values, a his-
togram for these relationship is shown in Fig. 12. It is
observed that the highest occurrence lies around 1.6 m,
decreasing practically to zero for values greater than 2.0.

Approximately 2.88% of the 3469 cases (i.e., 100 cases)
reached the relation Hmax/Hs > 2 for Rio Grande. For Flo-
rianopolis and Santos, the number of cases that reached the
above relation is equal to 109 out of 3463 (3.15%) and 116
out of 3377 (3.44%), respectively.

Figure 13 presents the spectrograms for two heave time
series referring to Rio Grande’s buoy. In the left panel (good
weather condition) at the position of the freak wave, the
energy is broadly spread in the high frequency portion of
the spectrum, which is, according to Liu et al. (1979), a
freak wave characteristic. Whilst in the other case, in the
stormy sea condition (right panel), the energy at the instant
of occurrence of the freak wave is concentrated around the
peak frequency. The time series in the left panel is the one
with the maximum Hmax/Hs relationship in our record (i.e.,
2.4) while in the right panel is the one with the highest
significant wave height. These examples illustrate the occur-
rence of extreme waves in a region dominated by swell with
multi-peaked spectra.

4 Conclusions

Several simultaneous directional buoy measurements span-
ning a period of roughly 5 months acquired in deep water are
employed for the assessment of the wave characteristics in
the southernmost coast of Brazil. The three ones selected in
the analysis are part of an array of 10 metocean buoys along
the Brazilian coast, within the PNBOIA program currently
in operation. They were selected because of the simultane-
ity of measurements without significant gaps in the data and
over one of the most energetic areas of the South Atlantic, in
the vicinity of the Brazil-Malvinas Confluence Zone and in
the frequent pathways of extratropical cyclones. The South
Atlantic is well known for the scarcity of in situ measure-
ments; therefore, the dataset here presented is the result of a
collaborative effort to establish a network of metocean buoys.
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Our goal in this paper is to present several results aiming
to characterise the wind waves, through statistical and spec-
tral analysis. The mean bulk wave parameters show that the
significant wave height is around 2 m, with a slight tendency
to decrease northwards. Peak period, on the other hand,
presents a mean value of about 9.5 s, increasing northwards.
All three buoys present bimodal sea state characteristics.
The wave direction is mainly from SW, related to longer
waves, and from NE related to short period waves. The
joint distribution of HmO versus Tp shows that the most
recurrent waves have periods of 6-8 s and 10-12 s with
HmO of 1-2 m. The spectral evolution analysis illustrates
an example where there is a time gap of around 12 h dur-
ing the dispersive arrival of a south-southwesterly swell
propagating along the aligned buoys. Statistical assessment
of numerical wave model was performed employing dif-
ferent source terms, namely ST4 and ST6 in WW3 forced
by CFSv2 winds, with both in good agreement with buoy
data. ST6 presented smaller bias, while for the other statis-
tical terms ST4 was in better agreement with the buoy data.
Comparison against altimeters also shows good agreement.
Some freak wave events are also indicated, and the main
circumstances in which they occurred are discussed.

Although the main focus is the analysis of wave data,
the metocean buoys have a variety of instruments. Several
parameters are available at the web page, among them air
and water temperature, wind speed and direction, current
profile in the upper 50 m with high spatial and tempo-
ral resolution as well as wave information. The data is
freely downloadable to the scientific community. For our
best knowledge, for the western part of the South Atlantic,
currently, there is no other metocean database as compre-
hensive as the one here described.
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Appendix A
Altimeter data

In this article, H,o data from three altimeters, namely
Jason-2, CryoSat-2 and HY-2, have been selected to

inter-compare with buoy wave measurements. The original
1-Hz altimeter records were quality-controlled, calibrated
and validated in Liu et al. (2016a). Calibrations of these
wave data are summarized in the Table 6.
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