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Abstract This paper evaluates the performance of the spectral wave model WAVE-
WATCH III for the South Atlantic Ocean forced by wind inputs from the most 
recent reanalyses, NCEP/CFSR and ECMWF/ERA5, combined with two differ-
ent source terms: ST4 and ST6. A calibration is performed considering one year 
(2012) and 31 simulations, evaluated against altimeter and buoy data through six 
error metrics and Q-Q plots. Assessment results suggest that both ST4 and ST6 
provide good results when WAVEWATCH III is properly adjusted for the wind 
input. Nevertheless, the wave model presents a positive bias of significant wave 
height when forced by CFSR winds that requires attention. The investigation in 
the spectral domain indicates a better performance of wave simulations forced by 
ERA5 winds, especially for wave periods below 10 s. For wave periods above 10 
s, the choice of source-term package becomes more important. In this regard, ST4 
parameterization combined with ERA5 winds presents the best results for the re-
gion. The optimal range of calibration parameters for each wind input and source 
term package is reported and discussed.
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1 Introduction

Wave hindcasts are essential tools to study the sea state pattern especially in
regions where observational data are scarce. The South Atlantic Ocean, in partic-
ular, is known by its lack of in situ measurements (Cuchiara et al., 2009; Pianca
et al., 2010; Chawla et al., 2013) and most of the buoy dataset in the region is
recent (Pereira et al., 2017). This lack of observations severely compromises the
wave climate studies since it can only be determined if the data period considered
is large enough to cover both seasonal and inter-annual variability as well as long
term wave characteristics (Young, 1999). In that sense, numerical wave models
become a particularly interesting tool to investigate the sea state pattern in the
region (Alves et al., 2009; Pianca et al., 2010; Innocentini et al., 2014; Campos
et al., 2018).

Using model results, Pianca et al. (2010) show the wave climate in the south-
ern and southeastern sectors of the Brazilian Continental Shelf is controlled by
the South Atlantic High and the passage of synoptic cold fronts. The waves in
the south and southeastern Brazilian coast present extreme values that reach up
to 7 m (Parente, 1999; Campos et al., 2012; Godoi et al., 2014; Campos and
Guedes Soares, 2016b; Pianca et al., 2010). The eastern, northeastern and north-
ern sectors have a wave climate mostly affected by the Intertropical Convergence
Zone and its meridional oscillation. Most of the Brazilian coast is highlighted by
the multimodal sea states characteristics (Violante-Carvalho et al., 2002; Pianca
et al., 2010; Semedo et al., 2011). In general, the wave energy decreases from south
to north (Pianca et al., 2010; Pereira et al., 2017) with a predominance of more
than 85% of Hs values below 3 m and the dominance of Tp classes of 6-8 and
10-12 s (Pereira et al., 2017) in the southernmost area. The northeast portion of
the Brazilian coast is characterized the predominant wave energy coming from the
east quadrant most of the year with a mean significant wave height between 1 to
2 m during the spring and summer seasons and between 2 and 3 m during fall and
winter (Pianca et al., 2010).

In the last 30 years, there have been great advances in the physical parameteri-
zations of the third generation wave models, such as WAVEWATCH III (WW3DG,
2019), hereinafter WW3. In this case, the source term that governs the balance
between wind input and wave dissipation has been highlighted. It is well know that
in deep waters these are two of the main process that control the characteristics
of the wave field.
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Stopa et al. (2016) made a meticulous study of inter-comparing the perfor-
mance of the four available parameterizations packages in WW3: ST2 (or TC96)
(Tolman and Chalikov, 1996), ST3 (WAM4+) (Bidlot et al., 2007; Janssen, 1991),
ST4 (Ardhuin et al., 2010), and ST6 (or BYDRZ) (Zieger et al., 2015). All the
simulations were made for the year 2011 at global scale with CFSR (Saha et al.,
2014) as wind forcing field. Altimeter, buoy, and SAR data were considered for
the comparisons. The results found by Stopa et al. (2016) show that ST4 and
ST6 packages performs similarly and both packages suit better to data than ST2
and ST3. While ST4 package has the lowest significant wave height biases, ST6
package generally produces more accurate swell heights. Recently, Liu et al. (2019)
recalibrated the configurations of the ST6 package, improving the modeling per-
formance considering a series of academic and realistic simulations. Despite the
aforementioned studies, there is still little effort to validate these packages for the
South Atlantic Ocean specifically.

Furthermore, considering the growing number of wind products (Kalnay et al.,
1996; Dee et al., 2011; Rienecker et al., 2011; Saha et al., 2014; Kobayashi et al.,
2015; Hersbach et al., 2020), it is important to understand the differences found
in the wave field when using different source term packages considering distinct
wind datasets as input. Stopa (2018) presented a calibration study, performed
globally, using the ST4 package on WW3 considering 12 different wind inputs for
the year of 2001. With different values of wind to wave growth parameter, Stopa
(2018) was able to calibrate the model and all of them reproduces the average
sea states similarly. However, considerable differences were found for in sea state
conditions of high energy. Stopa (2018) shows that the reanalysis CFSR (Saha
et al., 2014), ERAI (Dee et al., 2011), JRA55 (Kobayashi et al., 2015) and MERRA
(Rienecker et al., 2011) are better forcing wind fields for wave hindcasting and
ERAI is highlighted as one of the most precise reanalysis with the lowest scatter
index of wave parameters.

With the recent release of ERA5 reanalysis by the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Hersbach et al., 2020) as the ERAI succes-
sor, the aim of this work is to evaluate the performance of the spectral wave model
WW3 for the South Atlantic area considering ST4 and ST6 source terms using
the two most recent reanalyses as wind input: CFSR and ERA5. The remainder is
organized as follows. Section 2 addresses details about the model and the source
terms. Section 3 presents the wind field characteristics from CFSR and ERA5
databases. Section 4 describes the methodology applied to calibrate and validate
the wave model, using altimeter and buoy data for the year of 2012. In section 5
the spatial statistics are presented while the in-situ analysis is presented in section
6. Discussions and conclusions follow in section 7.

2 Wave model

The wave hindcasts are generated using WAVEWATCH III version 6.07 (WW3DG,
2019). The WW3 model was run for two different grids: Grid 1 covered the Atlantic
Ocean and part of the Pacific Ocean, while grid 2 covered the Southern Atlantic
Ocean – grid details can be found in Table 1. The bathymetric data used is part
of the ETOPO1 database from NOAA Amante and Eakins (2009). The model was
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implemented with a spectral resolution of 36 directions and 35 logarithmically
spaced frequencies, between 0.0377 Hz (26.5 s) and 0.963 Hz (1.0 s).

Table 1 Main characteristics of the grids used to generate wave hindcasts. ∆x,y is the spatial
resolution of the grids in degrees; Nx and Ny are the numbers of points in x and y, respectively;
Lati is the initial latitude, Loni is the initial longitude, Latf is the final latitude, and Lonf

is the final longitude of the grids.

Grid 1 Grid 2

1◦∆x,y 0.25◦

Nx 111 121
Ny 141 161

◦Lati -80 -45◦

Loni -90◦ -65◦

Latf 60◦ -5◦

Lonf 20◦ -10◦

WW3 integrates the spectral wave action equation in space and time, with
discretized wave numbers and directions. Conservative wave processes, represented
by the local rate of change and spatial and spectral transport terms are balanced by
the non-conservative sources and sinks. For deep water it is generally accepted that
the total source/sinks term is based on three main physical processes: atmospheric
input Sin, wave dissipation Sds, and wave-wave nonlinear interactions Snl (Komen
et al., 1984; Ardhuin et al., 2010; Zieger et al., 2015).

As explained in the model manual (WW3DG, 2019), although Sin and Sds rep-
resent separate processes, they are related to each other since the balance between
these two source terms governs the integral growth characteristics of the wave en-
ergy. WW3 includes various source term packages (or physics) that describe the
wind input and dissipation: ST1 (or WAM3) (Komen et al., 1984), 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) and uses a
positive part of the wind input that is taken from WAM4, with modified friction
velocity to balance saturation-based dissipation. 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 growth parameter βmax can be adjusted.

The ST6 or Babanin/Young/Donelan/Rogers/Zieger (BYDRZ) (Zieger et al.,
2015) is largely inspired from the energy balance determined from the Lake George
measurements presented by Young et al. (2005). This 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
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 tuning
the parameter βmax in ST4 source term package.

In this work, we modify βmax and FAC to determine the optimum point con-
sidering different significant wave height error indexes and to reduce the bias ac-
cording to the wind field used as input. The main features of each simulation are
summarized in Table 2 and all of them were made for the year of 2012.
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Table 2 Main features of WW3 simulations.

ID INPUT PHYSICS

T101 CFSR ST4

βMAX/FAC

1.25
T102 CFSR ST4 1.33
T103 CFSR ST4 1.385
T104 CFSR ST4 1.437
T105 CFSR ST4 1.46
T106 CFSR ST4 1.50
T107 CFSR ST4 1.55
T108 CFSR ST4 1.60
T109 CFSR ST4 1.65
T112 CFSR ST6 1.00
T113 CFSR ST6 1.10
T114 CFSR ST6 1.15
T115 CFSR ST6 1.18
T116 CFSR ST6 1.23
T117 CFSR ST6 1.28
T118 CFSR ST6 1.33
T201 ERA5 ST4 1.33
T202 ERA5 ST4 1.55
T203 ERA5 ST4 1.70
T204 ERA5 ST4 1.80
T205 ERA5 ST4 1.85
T206 ERA5 ST4 1.90
T207 ERA5 ST4 2.00
T208 ERA5 ST4 2.10
T212 ERA5 ST6 1.00
T213 ERA5 ST6 1.23
T214 ERA5 ST6 1.26
T215 ERA5 ST6 1.29
T216 ERA5 ST6 1.33
T217 ERA5 ST6 1.40
T218 ERA5 ST6 1.50

3 Forcing wind fields

The CFSR (Climate Forecast System Reanalysis) is a third generation reanalysis
product from the National Centers for Environmental Prediction (NCEP), with
global coverage. It includes a 6-hourly coupling between the atmosphere and ocean,
an interactive sea ice model and higher spatial and temporal model outputs (Saha
et al., 2014). The wind product from CFSR refers to 10-meters winds on the
T382 grid with a grid spacing of 0.31° × 0.31° in the tropics and hourly temporal
resolution output. The version 2 of CFSR was released in March 2011 and is
operational since then. There are many papers that verify the good performance
of wave hindcasts using the CFSR wind data as an input (Chawla et al., 2013;
Stopa and Cheung, 2014; Stopa et al., 2016; Campos and Guedes Soares, 2016a).

The European Centre for Medium RangeWeather Forecast ReAnalysis 5 (ERA5)
is the most recent atmospheric reanalyses of the global climate produced by
ECMWF. It was completely made available for public use in January 2019 and
provide hourly estimates of a large number of atmospheric, land, and oceanic vari-
ables since 1950 until the present. ERA5 has spacial resolution of 31 km for wind
products and replaces the renowned ERA-Interim reanalysis that was launched by
ECMWF in 2006 and has spatial resolution of 79 km.
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4 Observations

4.1 Altimeter

Significant wave height data from the Ifremer Merged Altimeter Database was
used in order to calibrate and spatially validate the WW3 simulations. Through
GlobWave project, this database is made available by CERSAT group and all data
are quality controlled by Queffeulou and Croizé-Fillon (2017). In that sense, the
methodology applied to evaluate the wave hindcast according to altimeter data is
based on the collocation model results according to satellite tracks for the year
of 2012. Since the purpose of this work is to evaluate the overall error statistics
on South Atlantic scale, only points with a match between valid model results
and altimeter data located far from the coastlines and in areas where the depth is
greater than 70 m were considered.

The error metrics correlation coefficient (R), root mean square error (RMSE),
bias (BIAS), and the scatter index (SI) were used according to equations 1 to 6
to access the quality of the model estimates (y - model, x - observations). When
this kind of analysis is performed with spatially distributed data, it is possible
to visualize the map distribution of the error statistics and identify areas where
model inaccuracies grow.

R =

∑n
i=1(xi − x̄)(yi − ȳ)√∑n

i=1(xi − x̄)2
∑n

i=1(yi − ȳ)2
(1)

BIAS =

∑n
i=1(yi − xi)

n
(2)

NBIAS =

∑n
i=1(yi−xi)

n√∑n
i=1 x2

i

n

(3)

RMSE =

√∑n
i=1(yi − xi)2

n
(4)

NRMSE =

√∑n
i=1(yi − xi)2∑n

i=1(xi)2
(5)

SI =

√
1
n

∑n
i=1[(yi − ȳ)− (xi − x̄)]2

x̄
(6)
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4.2 Buoys

In order to validate the WW3 simulations using both the significant wave height
(Hs) and also the spectral data, hourly observations from four buoys maintained
by the Brazilian Navy through the Brazilian National Program (PNBOIA) were
used (Fig. 1). Detailed information about the buoys are presented by Pereira et al.
(2017) and duration of each buoy dataset considered here is presented in figure 2.
Despite the short duration of buoy observations, the heave-pitch-roll buoy records
of wave spectra allow a deeper investigation of the wave model performance in the
spectral domain.

Fig. 1 Location of the four buoys used to calibrate and validate WW3 simulations. The area
of the map coincides with Grid 2 employed in the wave model. More information about model
grids coverage can be found in Table 1.

Fig. 2 Temporal availability of wave buoys dataset. For RG and SA buoys the colored lines 
refers to both, bulk parameters and wave spectra records availability. For FL buoy, magenta 
line refers to bulk parameters (FL-par) while light pink line refers to wave spectra records 
(FL-spc). For RE buoy, the yellow line refers to wave bulk parameters availability.
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The same typical error metrics is used to evaluate the WW3 simulations punc-
tually - R, RMSE, BIAS, and SI. The normalized metrics (NBIAS and NRMSE,
respectively from equations 3 and 5) are also calculated, mainly for the spec-
tral analysis. In that sense, section 6.2 evaluate the performance of the different
simulations in representing the energy distribution along the spectra through the
analysis of wave height in four different frequency classes. The number of wave
records of each buoy is shown in Table 3. The spectral data of RE buoy did not
show consistency, and therefore will not be considered in the analyzes.

Table 3 Number of observations (wave spectra and integral parameters) retrieved from buoys
RG, FL, SA and RE.

Buoy Position Depth Wave spectra Bulk parameters

RG 31.566°S / 49.966°W 200 m 8297 8297
FL 28.500°S / 47.366°W 200 m 3979 6190
SA 25.283°S / 44.933°W 200 m 4998 4998
RE 8.149°S / 34.560°W 200 m - 3950

5 Wave field statistics

From the Quantile-Quantile (Q-Q) plots for altimeter data (Fig. 3), it is clear that
larger values of βmax and FAC result in higher wave heights. It means updates of
βmax or FAC can be used to deal with some energy underestimation or overesti-
mation faced in WW3 simulations. In the Q-Q plots, the better the simulation the
closer it should be to the main diagonal representing the line of perfect agreement
(in black). This situation only happens when the model performs well from calm
to extreme wave conditions. Comparing the WW3 simulations forced by CFSR
and ERA5 winds, for the same βmax in ST4 (T102 and T201, for example), it is
observed that those with CFSR input result in higher values of Hs values. The
same behavior is observed by taking the simulations with ST6 and fixing the FAC
value. The positive bias of the CFSR winds and its impact on the positive bias
of the Hs has already been reported in Chawla et al. (2013); Stopa and Cheung
(2014); Rapizo et al. (2018). In terms of quantiles, the best results with CFSR are
obtained with the lowest values of βmax and FAC (T101 and T112, respectively).
Regarding simulations with ERA5 as input, the simulation T203 is especially high-
lighted for its best match with altimeter data considering the total area of Grid
2.

Figures 4 and 5 show the calibration of βmax and FAC to determine the optimal
values to calibrate the model and reduce RMSE and BIAS of Hs, respectively. The
dark colors (dark blue and dark pink) show the results of the comparison between
altimeter data and the model runs for the entire area of Grid 2 while the light
colors (light blue and light pink) indicate the results obtained by comparing the
simulations with the observations of the four buoys together.

Figure 4 alone indicates that model simulations using ST4 parameterization
(top panels) present less variable results for RMSE. Considering WW3 simula-
tion forced by ERA5 winds, the lowest RMSE of Hs is associated with test T202
(ST4 with βmax=1.55) when compared to the altimeter data and T203 (ST4 with
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βmax=1.70) when compared with buoys data. In terms of BIAS, the simulation
T202 (ST4 with βmax=1.55) presents better results when compared to altimeter
database and T213 (ST6 with FAC=1.23) is highlighted when compared to the
buoys time series. When the results obtained using CFSR as input are analyzed,
four simulations have lower errors in terms of RMSE and BIAS: T101 (ST4 with
βmax=1.25), T103 (ST4 with βmax=1.385), T112 (ST6 with FAC=1.0), and T113
(ST6 with FAC=1.1).

Fig. 3 Quantile-Quantile plots created by changing the parameters βmax (left panels) and
FAC (right panels) and using CFSR (top panels) and ERA5 (bottom panels) winds as input.
The colors denote different wave hindcasts according to Table 2.
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Fig. 4 Calibration of the forcing wind fields (CFSR x ERA5) by modifying βmax and FAC
according to altimeter wave height (dark blue and dark pink) and to the combined four wave
buoy records (light blue and light pink). The βmax and FAC values with best results for RMSE
are specified by the vertical black line.

Fig. 5 Calibration of the forcing wind fields (CFSR x ERA5) by modifying βmax and FAC
according to altimeter wave height (dark blue and dark pink) and to the combined four wave
buoy records (light blue and light pink). The βmax/FAC values with best results for BIAS are
specified by the vertical black line.
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6 Comparison with Buoys

6.1 Bulk parameters

A total of 23435 of pairs model/observations were selected for the bulk parameters
analysis. As already mentioned, figures 4 and 5 show the calibration of βmax and
FAC considering the four buoys together (light colors). The results of the calibra-
tion using information from the buoys behave very similarly to that presented for
altimeters. Thus, in the following analyzes, the simulations that showed the best
adjustment to the observational data (altimeters and buoys) will be emphasized:
T101, T103, T112, T113, T202, T203, and T213.

Figure 6 shows the Taylor Diagram for the referred simulations. As also ob-
served in Zieger et al. (2015), in general, both ST4 and ST6 show good results
when adjusted for the wind. Even though, the best correlation coefficient (R) in
terms of Hs has been found in T203 (ST4 with βmax=1.70 and ERA5 as wind
input), providing also the lowest RMSE (0.29 m) and the lowest scatter index
(14.5%). The best adjustment found using ST6 was T213 (ST6 with FAC=1.23
and ERA5 as input), which presents a scatter index of 16.8% and the correlation
coefficient of 0.90. The error metrics of these seven simulations for the Hs, peak
period (Tp), and peak direction (Dp) are summarized in Table 4.

With respect to Tp, the lowest SI was obtained with ST4 package using ERA5
as input with βmax=1.55 (test T202), which is a simulation with general perfor-
mance very similar to T203). In terms of Dp, the best correlation coefficient and
also the lowest SI was obtained for simulation T213 (ST6) with FAC=1.23 and
ERA5 as input. Since Tp and Dp are not integral parameters but relate to the
spectral peak, the error metrics for Tp and Dp are not as robust as the results
for Hs. However, the magnitude of the errors of these parameters (especially for
Tp, which is near to 2 s in all cases) do not compromise the results of the spectral
analyzes presented below.

Table 4 Statistical results for the wave parameters significant wave height (Hs), peak period
(Tp) and peak direction (Dp) considering the seven hindcasts evaluated for the buoys sites.

T101 T103 T112 T113 T202 T203 T213

R - Hs 0.90 0.90 0.89 0.88 0.91 0.92 0.90
BIAS - Hs (m) -0.08 0.01 -0.15 0.01 -0.08 0.01 0.06
NBIAS - Hs (%) -3.9 0.3 -7.3 0.5 -3.7 0.6 2.7
RMSE - Hs (m) 0.32 0.31 0.36 0.34 0.31 0.29 0.33
NRMSE - Hs (%) 15.1 14.6 17.1 16.2 14.5 13.6 15.4

SI - Hs (%) 15.5 15.5 16.5 17.2 14.9 14.5 16.8
R - Tp 0.61 0.60 0.66 0.64 0.65 0.64 0.66

BIAS - Tp (s) 0.28 0.53 0.39 0.72 -0.11 0.23 0.52
NBIAS - Tp (%) 2.9 5.5 4.1 7.6 -1.2 2.4 5.4
RMSE - Tp (s) 2.02 2.13 1.98 2.13 1.83 1.90 1.95

NRMSE - Tp (%) 21.2 22.3 20.7 22.3 19.1 19.9 20.4
SI - Tp (%) 21.6 22.3 20.9 21.7 19.7 20.4 20.3

R - Dp 0.66 0.66 0.70 0.70 0.72 0.72 0.76
BIAS - Dp (◦) 6.62 7.17 3.32 2.93 1.32 2.92 -2.17

NBIAS - Dp (%) 4.7 5.1 2.4 2.1 0.9 2.1 -1.5
RMSE - Dp (◦) 45.67 45.53 42.86 42.52 40.82 41.22 38.17

NRMSE - Dp (%) 32.4 32.3 30.4 30.2 28.9 29.3 26.8
SI - Dp (%) 35.0 34.9 33.1 32.9 31.6 31.8 29.6
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Fig. 6 Taylor diagram comparing the significant wave height from the observation (OBS -
red dot) and the seven wave hindcasts results (stars and triangles) considering the time series
of the four buoys together.

6.2 Spectral analysis

In this section the simulations were analyzed considering the information on the
frequency wave spectrum. Frequency bands with intervals of 0.25 Hz (4 s) were
selected and the wave height associated with each band was calculated. This anal-
ysis comprised waves with frequency from 0.5 Hz (2 s) up to the upper limit of
around 0.0556 Hz (precisely 18 s). For the spectral analysis, the information of the
three southernmost buoys was considered separately. Figures 7, 8, and 9 presents
the SI, NBIAS, and NRMSE results for RG, FL, and SA buoys, respectively. The
dashed lines in the figures represent the simulations with best adjustment to the
observational bulk parameters (the already mentioned T101, T103, T112, T113,
T202, T203, and T213). When looking at the metrics together, it can be seen the
seven tests presents a good agreement with observational data in the frequency
analysis – with emphasis on the T202 and T203 tests.

In general, there is a tendency of increase the error values towards the classes
of longer periods (low frequency waves). As pointed by Babanin and Jiang (2017),
despite the efforts to include new parameterizations for swell dissipation, third
generation models still encounter problems to well reproduce longer waves. In
global simulations, Babanin and Jiang (2017) affirms that errors associated with
the swell height reproduction are two or more times greater than those related
to integrated wave height. An increase in the variability of error values is also
observed as the wave period increases, which suggests that the choice of the optimal
βmax/FAC value is more sensitive in longer period waves.
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Looking to the results for the waves with period less than 10 s, it seems the per-
formance of the model simulations is more affected by the choice of the wind input
product than the physical parameterization. In these period classes, both parame-
terization (ST4 and ST6) present good results, with most simulations showing SI
between 20-25% in the three buoys. On the other hand, better results are obtained
with simulations made using wind field from ERA5. This pattern is more evident
for buoys FL and RG, which are located closer to the main wave generation areas
of the South Atlantic (Reboita et al., 2010; Gramcianinov et al., 2020a,b).

For waves in the last two classes (periods greater than 10 s), the choice of
source-term package becomes more important. The errors obtained using ST6 are
greater than ST4 with additional large variation when FAC is modified. The sim-
ulations with ST4 and ERA5 must be highlighted due to its good performances,
with SI and NRMSE respectively below 35% and 30% for the waves with periods
between 10 and 14 s for all the three points analyzed. With this same configura-
tions, the model performance for the waves of the last period class (14 to 18 s)
showed NBIAS varying from negative to positive values but always less than 30%
for RG site and less than 20% for FL and SA.

Fig. 7 Results of Hs Scatter Index (SI - left panel), Hs normalized bias (NBIAS - middle
panel), and HS normalized RMSE (NRMZE - right panel) of buoy RG distributed over the
classes of wave period. The dashed lines indicate the simulations with best adjustment to the
observational bulk parameters: T101, T103, T112, T113, T202, T203, and T213.
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Fig. 8 Results of Hs Scatter Index (SI - left panel), Hs normalized bias (NBIAS - middle
panel), and HS normalized RMSE (NRMZE - right panel) of buoy FL distributed over the
classes of wave period. The dashed lines indicate the simulations with best adjustment to the
observational bulk parameters: T101, T103, T112, T113, T202, T203, and T213.

Fig. 9 Results of Hs Scatter Index (SI - left panel), Hs normalized bias (NBIAS - middle
panel), and HS normalized RMSE (NRMZE - right panel) of buoy SA distributed over the
classes of wave period. The dashed lines indicate the simulations with best adjustment to the
observational bulk parameters: T101, T103, T112, T113, T202, T203, and T213.
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7 Discussion and conclusions

This paper investigated the performance of WAVEWATCH III in the South At-
lantic Ocean using two different wind inputs (NCEP/CFSR and ECMWF/ERA5),
combined with two source term packages (ST4 and ST6), varying its calibration
parameters βmax and FAC (Table 2) – a total of 31 wave hindcasts were con-
structed and analyzed. As the wind products have different characteristics and
intensities, by adjusting the parameters βmax and FAC, we have shown a signifi-
cantly improvement on the accuracy of wave simulations with both source terms.

The wave model responds differently according to sea state conditions and the
results are influenced by both, wind input and the source term formulation. The
NCEP reanalysis presents a positive bias for wind speed, in agreement with Stopa
and Cheung (2014) and Campos and Guedes Soares (2016a), which is reflected on
the wave fields. A positive bias of Hs has been found when considering the input
from CFSR winds, i.e. the wave model tends to overestimate the observations
mainly for waves with periods below 10 s. Due to stronger winds, the best error
metrics and adjustments for the Q-Q plot of the wave simulations with CFSR
winds are obtained with the lowest values of βmax and FAC, respectively 1.25 and
1.00.

In the spectral domain, the position of the analyzed points in relation to the
storm areas of the South Atlantic Ocean becomes relevant in the representation
of wave energy above 10 s. In this case, the choice of wind input is less important
than the physical parameterization. As already shown, the results found indicate
that the ST6 parameterization considerably overestimates the longer waves, so
that this overestimation is greater for the RG point followed by the FL point and
then SA. Considering the position of the main storm areas (Gan and Rao, 1991;
Reboita et al., 2010; Gramcianinov et al., 2020a,b), the closer the analyzed point is
from the storm area (but still outside of the area of influence of the storm winds),
the greater the overestimation of long waves.

The recent study of Valiente et al. (2021) shows that ST4 and ST6 param-
eterizations present greater differences for wave growth precisely in situations of
more intense winds and short fetches. Under these conditions, ST6 formulation
transfers more energy from the wind to the waves and allows for faster growth
of waves in the generation area. These waves disperse as they propagate beyond
the generation area and then are recorded respectively by RG, FL and SA as low
frequency waves. Then, the overestimation of wave energy is clearly seen in waves
above 10 s, with emphasis on an overestimation of up to 80% in waves above 14 s
in the simulations using ST6 parameterization for RG location.

Similarly, a recent study made by Kalourazi et al. (2021) investigated the
physics sensitivity of some WAVEWATCH III parameterizations and also observed
a tendency of ST6 package to present higher wave energy results due to greater
transfer of energy from winds to waves. The study suggests that calibrating the
coefficients that represent the effect of opposing wind (a0) and swell dissipation
(b1) could mitigate the overestimation of wave energy by ST6 and thus improve
the model performance. The calibration of these parameters and its impact on
wave energy representation in the South Atlantic Ocean is not addressed by this
work. However, this is a sensitive point and should be considered in future studies
in order to assess possible improvements of ST6 simulations.
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Therefore, a proper wave model configuration in the South Atlantic Ocean
should take into account the two main characteristics: 1) the positive bias of Hs
observed when using CFSR winds, which is not observed in the simulations forced
by ERA5 winds, and 2) the exaggerated transfer of energy from the wind to
the waves by ST6 package in the generation area that is not observed in ST4
formulation, which leads the longer waves to be better represented at RG, FL and
SA points when using ST4. Finally, considering practical applications aiming for
overall high performance and low systematic errors in the South Atlantic Ocean,
a good choice of wave model configuration is to use the ST4 package with βmax

between 1.55 and 1.70 and forcing winds from ERA5.

Data Availability

The wave buoys data that support the findings of this study are available in the
Brazilian National Program (PNBOIA) repository (link below). The altimetry
data is from Ifremer Merged Altimeter Database and it is available in CERSAT
repository through the link below. The wind products (from CFSR and ERA5)
are also available to the public and were derived from the following public domain
resources:

PNBOIA - www.marinha.mil.br/chm/dados-do-goos-brasil/pnboia-mapa

CERSAT - http://cersat.ifremer.fr/thematic-portals/projects/globwave

CFSR - https://rda.ucar.edu/datasets/ds094.1/

ERA5 - www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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