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Abstract
Input and dissipation source terms contribute significantly to the projection of ocean wave properties in numerical wave 
models. They form an integral part of the wave energy balance equation. This study investigates the appropriate input-
dissipation source terms (Sin-ds) that best estimate the significant wave heights and wave directions in the entire West Africa 
region (latitudes 10° S–30° N; longitudes 35° W–15° E) and two sub-divisions (north-western or Canary Current sub-region: 
latitudes 10° N–25° N; longitudes 30° W–10° W, and south-eastern or Gulf of Guinea sub-region: latitudes 2° S–8° N; lon-
gitudes 10° W–10° E) using the WAVEWATCH III® (WW3) numerical ocean wave model version 5.16. Five Sin-ds (WAM 
Cycle 3, ST1; WAM Cycle 4 and variants, ST3; Tolman & Chalikov (1996), ST2; Ardhuin et al. (2010), ST4; and Zieger 
et al. (2015) ST6) and two additional variants (ST2STAB and ST4STAB) implemented in the WW3 model were investigated 
and outputs compared with field measured data from four stations in the region. For simulations of the sub-grids, ST2STAB 
best estimates significant wave heights for both the combined stations of the south-eastern grid and the north-western grid, 
whereas ST6 and ST2STAB best estimate wave directions for the respective sub-grids. For simulations of the entire West 
Africa grid, the Sin-ds that best estimate the significant wave heights are ST3, ST2STAB, ST2STAB and ST4/ST4STAB, while 
ST6, ST4/ST4STAB, ST2STAB and ST1 best estimate wave directions for the four respective stations. A combination of all 
the stations for the entire West Africa region revealed that ST2STAB best estimates significant wave heights indicated by 
lowest Hanna & Heinold (1985). American Petroleum Institute.) performance index (HH) and normalized bias index (NBI) 
values of 0.34 and −23.09% respectively. Wave directions on the other hand are best estimated by ST6 with the least NBI 
value and mean bias of −1.23% and −1.68±21.48°, respectively, for the entire region. ST2STAB and ST6 are thus identified 
to be suitable for wave height and wave direction modelling respectively for the entire West Africa region. A major conclu-
sion of this study is that different Sin-ds best estimates the wave heights and directions in the West Africa region. However, 
ST2STAB would be the appropriate source terms to be used in projecting both wave height and direction since very little 
differences exist among the various source terms in projecting wave directions.

Keywords  Ocean wave modelling · Input-dissipation source terms · Significant wave heights · Gulf of Guinea · 
WAVEWATCH III · West Africa

1  Introduction

In West Africa, scanty information on ocean wave char-
acteristics exist. Limited research has been carried out on 
the parameterization of ocean wave properties with the aim 
of localizing global models to suit the region. In addition, 
there are no known regional model formulations with spe-
cific derived source terms purposely designed to study and 
model the surface wave characteristics in the West Africa 
region. Some studies have however been carried out in the 
region that include the description of different surface wave 
regimes based on global hindcast data (Olagnon et al, 2004; 
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Semedo, 2018) and the application of wave model output 
from global hindcast on the influence of beach response 
(Ondoa et al., 2017). The most extensive study on ocean 
waves in the West Africa sub-region until date has been the 
West African Swell Project (WASP), conducted between 
1995 and 2002 to analyse and compare the available data 
on swells off West Africa (Olagnon et al., 2004). That study 
made use of a series of in situ measurements from buoys 
deployed in the region, hindcast data from the West Africa 
Normals and Extremes (WANE) project (obtained from 
Oceanweather), which is a follow-up of the West Africa 
Extreme (WAX) project, as well as the National Oceanic 
and Atmospheric Administration (NOAA) WAVEWATCH 
III model output from a global grid. Similarly, studies on 
ocean swell variability along the Gulf of Guinea by Toualy 
et al. (2015) made use of remotely sensed satellite data and 
model data from NOAA (WAVEWATCH III) over a rela-
tively short period (4.5 years) to investigate the sources of 
swells in the region. Earlier studies by Cardone et al. (1995) 
also investigated extreme wave climate off the West African 
coast, known as the West African eXtreme Joint Industry 
Project (WAX JIP) using hindcast data generated with global 
wave parameterization schemes. In all these studies, model 
data used was generated on a global system using model 
parameterization source terms that suited wave propagation 
on a global scale. The use of outputs from global model 
formulations for regional as well as local purposes however 
results in systematic errors in wave properties (e.g. wave 
height and direction), which affect decision-making based 
on such model outputs.

This study is therefore aimed at providing representative 
wave forecasting schemes for the West Africa region. The 
specific objective is to investigate the ocean wave input and 
dissipation source terms that are appropriate for generation 
of accurate hindcast and forecast wave properties for the 
region using the WAVEWATCH III wave model. Several 
studies have investigated the performance of different input-
dissipation source terms in different parts of the globe under 
different ocean conditions (Kalourazi et al., 2020; Lee, 2015; 
Liu et al., 2017; Montoya et al., 2013; Sheng et al., 2019; 
Stopa et al., 2016; Umesh & Behera, 2020; Wang et al., 
2017). These studies underscore the importance of inves-
tigating the best-performing input-dissipation source terms 
for a particular region.

1.1 � Model Description (the WAVEWATCH III Model 
v5.16)

The WW3 model is an enhanced third-generation wave 
model that has the capacity for wave hindcasting, nowcast-
ing and short-term forecasting (Wang et al., 2017). It was 
developed by NOAA/National Centers for Environmental 
Prediction (NCEP) and became operational in March 2000 

as a replacement of the Wave Action Model (WAM) (Tolman 
et al., 2002; Tolman & Chalikov, 1996). WW3 model replaced 
WAM as a result of inability of the latter to support further 
improvements when computer architecture was enhanced (Tol-
man et al., 2002). The main differences between WAM and 
WW3 include the use of full spectral action density equation 
by WW3 as well as the employment of new physics param-
eterizations for source terms, enabling the model to take into 
account large-scale wave-current interactions and efficient and 
more accurate numerical integration (National Weather Ser-
vice, 2009; Tolman et al., 2002). WW3 also includes options 
for shallow-water physics and allows for new and additional 
physical and numerical scheme to be easily developed, as it 
has evolved from being a model into a modelling framework 
(National Weather Service, 2009).

1.2 � Model Implementation

Third-generation wave models such as WW3 predict wave 
properties using the energy spectrum. The prediction of the 
energy spectrum for ocean waves stems from the complexity 
of wave generation and propagation of irregular wind waves. 
The sum of the sea state at any particular time is a result of 
sinusoidal waves of different wavelengths that propagate in 
different directions being randomly superpositioned (Tolman 
et al., 2002). The wave energy spectrum, represented as F(f, θ), 
describes the distribution of wave frequency f and propagation 
direction θ. The WW3 model solves for wave properties using 
the wave action density or wavenumber-direction spectrum 
N as F(k, θ) (Wang et al., 2017), where k is the wavenumber. 
The wavenumber-direction spectrum exhibits characteristics 
of invariance with respect to the physics of wave growth and 
decay for varying depths of water bodies (WAVEWATCH III 
Development Group, 2016).

The wave action density spectrum N is related to the energy 
density spectrum F as:

The wave action density equation is given as:

where σ is the intrinsic wave frequency and x and t are the 
variables of space and time, respectively.

In Equation 2, d/dt is a representation of the total derivative, 
whereas Stot is the net effect of sources and sinks for the energy 
spectrum F (WAVEWATCH III Development Group, 2016). 
The intrinsic frequency σ relates to the wavenumber through 
the wave dispersion equation:

(1)N = F∕�

(2)
dN(k, �;x, t)

dt
=

Stot(k, �;x, t)

�

(3)�2 = gktanhkd
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where g is gravitational acceleration and d is the mean 
water depth.

Equation 2 assumes that the space and time scales of indi-
vidual waves are much smaller compared to the correspond-
ing changes in the spectrum as well as the mean depth and 
currents (Tolman et al., 2002). Equation 3 assumes a large-
scale bathymetry where depths and currents vary slowly, and 
therefore wave diffraction can be ignored. In the WW3 pack-
age, the energy (variance) is conserved where there are no 
currents. However, in cases where currents exist, the energy 
is no longer conserved due to the contribution of currents 
to the mean momentum transfer of waves as indicated by 
Longuet-Higgins and Stewart (1961, 1962) and thus makes 
the wave action density spectrum a preferred choice in the 
WW3 model.

The energy balance equation relating the action density 
spectrum and incorporating wave source terms is indicated 
as (Liu et al., 2019; WAVEWATCH III Development Group, 
2016; Zieger et al., 2015):

The left side of Equation 4 describes the variance in the 
local spectrum as a result of individual wave energy spec-
tra being propagated by the group velocity. The right side 
(Stot) represents a cumulative effect of sources and sinks of 
wave energy. The components of these cumulative sources 
and sinks may comprise of wind input (Sin), energy dissipa-
tion as a result of wave breaking (Sds) and bottom friction 
(Sbot), non-linear transfer of energy between spectral wave 
components (Snl), linear propagation (Sln) and others. The 
cumulative source term (Stot) in deep water mainly com-
prise of the wind input term (Sin), the non-linear wave-wave 
interaction term (Snl) and the dissipation term (Sds), and the 
dispersion relation in Eq. 3 reduces to �2 = gk (Liu et al., 
2019; Swain et al., 2018). In WW3, additional processes are 
included when considering shallow water regimes. These 
include wave bottom interaction (Sbot), depth-induced break-
ing (Sdb), wave-wave triad interaction (Str) and scattering of 
waves by topographic features (Ssc), as well as a user defined 
experimental source term (Sxx) (Umesh et al., 2018; WAVE-
WATCH III Development Group, 2016). This study focuses 
on the investigation of the wind input (Sin) and wave dissipa-
tion (Sds) source terms, which are implemented in WW3 as 
combined source terms (Sin_ds). These are considered as part 
of the primary components of the energy balance equation 
(Tolman et al., 2002). The wave energy balance equation 
(Eq.4) is solved by WW3 consecutively for spatial propa-
gation, intraspectral propagation and source terms, using a 
fractional step method (Umesh et al., 2018).

Wave properties such as the significant wave height (Hs) 
can then be estimated from the energy balance equation 

(4)
DF

Dt
= Stot = Sin + Snl + Sds + Sln + Sbot +⋯ + Sxx

and the spectrum using Eq. 5. The significant wave is 
derived from the energy spectrum by estimating four times 
the square root of the spectral moment of zero order of the 
wave spectrum (Kuznetsova et al., 2016; Tolman et al., 
2002; Tolman & Chalikov, 1996).

1.3 � Input and Dissipation Source Terms

WW3 mainly considers the wind input, the non-linear 
interaction, the bottom friction and the whitecapping dis-
sipation source terms in resolving the wave energy bal-
ance equation (Tolman et al., 2002). It also applies sev-
eral parameterisations for different processes which can 
be activated individually as represented by Eq.4 (Zieger 
et al., 2015). Here we focus on the variations of input-
dissipation source terms implemented in version 5.16 of 
the WW3 package.

The growth of wind induced waves is generally attrib-
uted to the input energy from winds. Input energy by 
winds mainly contributes to the positive component of 
wave parameterization schemes. On the other hand, dis-
sipation of wave energy contributes to the negative com-
ponent of the wave parameterisation source term and is 
attributed to wave-breaking and swell attenuation (Zieger 
et al., 2015).

There are several options for the parameterization of the 
input-dissipation source term packages in WW3 version 
5.16 (WAVEWATCH III Development Group, 2016). The 
input-dissipation parameterisation packages considered in 
this study are enumerated below with corresponding refer-
ences for detail consultations.

(i)	 WAM Cycle 3 (WAM3 or ST1) package (Komem et al., 
1984; Snyder et al., 1981; Wang et al., 2017)

(ii)	 Tolman & Chalikov (1996) package (TC96/TC96stab 
or ST2/ST2STAB) (Chalikov, 1995; Chalikov & Bel-
evich, 1993; Tolman, 2002; Tolman & Chalikov, 1996; 
WAVEWATCH III Development Group, 2016)

(iii)	 WAM4 and variants (WAM4+ or ST3) package (Bidlot 
et al., 2007; Günther et al., 1992; Janssen, 1989, 1991; 
Wang et al., 2017; WAVEWATCH III Development 
Group, 2016)

(iv)	 Ardhuin et al. (2010) package (AR10/AR10stab or ST4 
/ ST4STAB) (Ardhuin et al., 2010; Bidlot et al., 2007; 
WAVEWATCH III Development Group, 2016)

(v)	 Zieger et al. (2015) source term (BYDRZ or ST6) (Liu 
et al., 2019; WAVEWATCH III Development Group, 
2016; Zieger et al., 2015)

(5)Hs = 4

[

∬ F(f , �)dfd�

]1∕2
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2 � Data and Methods

2.1 � Study Location

This study covers the entire marine environment of the 
West Africa region (latitudes 10° S–30° N; longitudes 
35° W–15° E) and includes the Gulf of Guinea as well as 
Canary Current sub-regions. These areas are important fish-
ing grounds and shipping routes that contribute immensely 
to the economies of coastal West African countries as well 
as the World at large. The investigation of source terms was 
carried out for the entire region of West Africa as well as 
two sub-regions, which comprise the north-western section 
of West Africa (Canary Current region: latitudes 10° N–25° 
N; longitudes 30° W–10° W), and the south-eastern section 
(Gulf of Guinea region: latitudes 2° S–8° N; longitudes 10° 
W–10° E). Fig. 1 provides the map of the entire study area 
and the sub-grids.

2.2 � Data

2.2.1 � Wind Input Data

Ocean surface wind data was downloaded from the NOAA 
National Operational Model Archive and Distribution Sys-
tem (NOMADS) server and used as input data for forcing the 
wave model. This data is produced by NCEP and comprise 
of 10-m level surface zonal and meridional wind velocities. 
The data used is part of an operationally prepared forecast 

using global Advanced Weather Interactive Processing Sys-
tem (AWIPS) grid at NCEP (Rutledge et al., 2006). The data 
is produced with a 0.5-degree latitude-longitude grid spatial 
resolution at a 6-h temporal resolution as part of a “Global-
Multi-Grid Wave Model (Static Grids)”.

2.2.2 � Observational Data

In situ wave data in the West Africa region is scanty. Obser-
vational data was obtained from three moored buoys and 
an Acoustic Doppler Current Profiler (ADCP). These were 
deployed at different periods and do not necessarily coincide 
with respect to time. These datasets are independent and thus 
very much suit the purpose of comparison with simulated 
data for objective accuracy assessments. Wave parameters 
obtained from these field measurements for the purpose of 
this study are significant wave height (Hs) and wave direc-
tion. The moored buoys were deployed in Cotonou in Benin 
(station 1, Stn1), Takoradi in Ghana (station 3, Stn3) and 
Mindelo in Cabo Verde (station 4, Stn4). The ADCP was 
deployed in Ada, also in Ghana (station 2, Stn2) as depicted 
in Fig. 1. These instruments measured data over short peri-
ods. In Ghana, the Datawell directional wave rider buoy 
DWR-MkIII was deployed by the Department of Marine and 
Fisheries Sciences of the University of Ghana at the western 
coast. The ADCP was also deployed at the eastern coast of 
Ghana by the International Marine and Dredging Consult-
ants (IMDC) from Antwerp, Belgium. In Benin, an Alize 
Multi-parameter Oceanographic buoy was deployed by the 
Institut de Recherches Halieutiques et Océanologiques du 

Fig. 1   Map of the entire study area indicating a main domain grid with stations of in situ measuring equipment (Stn1, Stn2, Stn3, Stn4) and b 
sub-domain grids for wave model simulations

Remote Sensing in Earth Systems Sciences  (2022) 5:95–11798
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Bénin (IRHOB) under the Système d’Alerte Précoce (SAP-
Bénin) project, to obtain coastal wave parameters. In Cabo 
Verde, a TRIAXIS Next Wave II directional wave buoy was 
deployed by the Instituto Nacional de Desenvolvimento das 
Pescas (INDP) in collaboration with the University of Ghana 
under the European Union (EU) sponsored Monitoring for 
Environment and Security in Africa (MESA) project. Details 
of in situ measurements with locations, depth and equipment 
type are presented in Table 1. All in situ data were qual-
ity controlled, such as removal of extreme values that were 
recorded during deployment and retrieval of equipment.

In addition to in situ observations, satellite data on sig-
nificant wave heights for the study periods, with spatial 
resolution of 1 degree, was obtained from the Archiving, 
Validation and Interpretation of Satellite Oceanographic 
data (AVISO) web portal operated by le site du Centre 
national d'études spatiales (CNES) in France. Also, gridded 
satellite wind data from L'Institut Français de Recherche 
pour l'Exploitation de la Mer (IFREMER) is validated with 
in situ wind measurements obtained from the Prediction and 
Research Moored Array in the Tropical Atlantic (PIRATA) 
program and compared with the model wind data used for 
the wave simulations.

2.3 � Wave Model Setup

2.3.1 � Generation of Spatial Grids

The study utilized the WAVEWATCH III® version 5.16 for 
investigating the input-dissipation source terms for ocean 
wave modelling. Model domain grids were generated with 
the GRIDGEN code of Chawla and Tolman (2007) that 

accompanied the WW3 model. The GRIDGEN code is a 
MATLAB® grid generation software for automated gen-
eration of model domain grids to user specifications. Three 
spatial grids were used for investigating input-dissipation 
source terms. The main grid covered the entire West Africa 
region with a resolution of 0.25 degrees and two additional 
sub-grids which cover the north-western and south-eastern 
sections of the main grid, both with higher resolution of 
0.125 degrees. All domains utilized regular rectilinear grids 
with bathymetry data extracted from ETOPO2, provided by 
the National Geophysical Data Center of NOAA.

2.3.2 � Wave Model Parameterization Schemes

Five different input-dissipation source term configurations 
(Sin-ds) of the WW3 model were implemented in order to 
assess the performance of wind input and wave dissipation 
source terms collectively. All results for the different input-
dissipation source terms were obtained with the discrete 
interaction approximation (DIA) non-linear wave-wave 
interaction source term of Hasselmann et al. (1985) and the 
linear input propagation source term parameterization of 
Cavaleri and Malanotte-Rizzoli (1981). Parameterization of 
bottom friction employed the Joint North Sea Wave Project 
(JONSWAP) bottom friction formulation (Hasselmann et al., 
1973) together with the depth-induced breaking parameteri-
zation of Battjes-Janssen (Battjes & Janssen, 1978). A lin-
ear wind interpolation method implemented in WW3 was 
applied for temporal and spatial wind interpolation. A Fetch-
limited JONSWAP spectrum, i.e. spectrum calculated using 
local wind and direction, was used as initial condition at 
the open boundaries, while other boundary conditions were 

Table 1   Location of field wave measurements where in situ data was obtained with collocated data period for model data comparison

Station ID Station name/loca-
tion

Longitude Latitude Equipment type Data source (institu-
tion)

Estimated 
depth of sta-
tion (m)

Collocated data 
period/model ran 
periods (yyyymmdd)

Stn1 Cotonou, Benin 2.470267 6.308133 Alize Multi-parame-
ter Oceanographic 
buoy

Institut de 
Recherches 
Halieutiques et 
Océanologiques 
du Bénin (IRHOB) 
(IRHOB), Benin

16.5 20151215–20160209

Stn2 Ada, Ghana 0.52496 5.77210 Teledyne RD ADCP International Marine 
and Dredging Con-
sultants (IMDC), 
Antwerp, Belgium

11.5 20100219–20100316

Stn3 Takoradi, Ghana −1.62749 4.23164 Datawell Directional 
Wave buoy

Department of 
Marine and Fisher-
ies Sciences, Uni-
versity of Ghana

170 20111012–20111121

Stn4 Mindelo, Cabo Verde −24.8715 16.8901 Triaxys Wave buoy GMES and Africa 
programme, Uni-
versity of Ghana

70 20160204–20160412
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based on the gridded input wind data. All other parameteri-
zation schemes and constants were maintained as for the 
default WW3 model setup. Time steps and spectral discre-
tization used are presented in Table 2 for the main grid and 
sub-grids following the recommendation of Tolman & Cha-
likov (1996). Seven combinations of input-dissipation source 
terms presented in Table 3 were varied for this study.

With a spatial resolution of 0.25° × 0.25°, the main grid 
consisted of 201 × 161 points of which 19070 (58.9%) are 
sea points on a rectilinear grid. The north-western and the 
south-eastern sub-grids both with a resolution of 0.125° × 
0.125° consisted respectively of 161 × 121 points and 161 × 
81 points with 13089 (67.2%) and 8916 (68.4%) sea points, 
respectively. The spectrum for the main grid as well as the 
sub-grids is discretized with 32 frequencies, ranging from 
0.0373 to 0.7159 Hz with an increment factor of 1.1 and 
36 directions with a 10-degree directional increment. The 
remaining details of the model settings follow the default 
setup, and further details can be found in the user manual 
and system documentation of WAVEWATCH III® version 
5.16 (WAVEWATCH III Development Group, 2016).

2.4 � Statistical Comparisons

Statistical parameters used for comparing the output of the 
various simulations to in situ measurements include estima-
tion of mean bias ( � ) with standard deviations (σ) and corre-
lation coefficients (r). The bias is the difference between the 

model results and measured data. Lower values of σ indicate 
better fit between model outputs and observed data. In addi-
tion to these parameters, a normalized bias index (NBI) and 
an accuracy performance index known as the symmetrically 
normalized root mean square error (HH) proposed by Hanna 
and Heinold (1985) as cited in Mentaschi et al. (2013) were 
computed. The Hanna and Heinold (1985) index has been 
argued by Mentaschi et al. (2013) to best determine the 
accuracy of models because the RMSE, normalized RMSE 
(NRMSE) and scatter index (SI) are not always reliable in 
assessing the accuracy of numerical models. In their inves-
tigations, Mentaschi et al. (2013) found that small values 
of RMSE, NRMSE and SI are not always able to differenti-
ate the best performance of a numerical simulation. Lower 
values of HH and NBI values close to zero indicate best fit 
between model and observed data. Scatter plots were also 
conducted for comparison. The statistical parameters used 
are defined as follows:

where Si and Oi are the ith values for simulated and observed 
data, respectively, N is number of observations for the analy-
sis, S and O are average simulation and observation values, 
respectively, and µ represents individual bias or residual 
values.

3 � Results and Discussions

Results from the WW3 simulations with varying input-
dissipation source terms (Sin-ds) are presented. The study 
utilized five main Sin-ds source terms, and in two of them, 
wind correction factor was applied. Thus, a total of seven 

(6)� =
1

N
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Table 2   Time steps and spectral discretization parameterizations used 
in the WW3 model setup

Parameterization scheme Main grid Sub-grids

Overall/global time step Max 900 s Max 450 s
CFL/spatial propagation time step Max 950 s Max 475 s
Maximum refraction (and wavenumber 

shift) time step
450 s 225 s

Source term integration time step Min 15 s Min 15 s

Table 3   Input-dissipation  source term switches deployed in the 
WW3 model for the study

Switch ID Summary description Reference

ST1 WAM Cycle 3 WAM3
ST2 Tolman & Chalikov (1996) TC96
ST2STAB Tolman & Chalikov (1996) with 

wind correction factor
TC96stab

ST3 WAM Cycle 4 and variants WAM4+
ST4 Ardhuin et al. (2010) AR10
ST4STAB Ardhuin et al. (2010) with wind 

correction factor
AR10stab

ST6 Zieger et al. (2015) BYDRZ
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Sin-ds were used in investigating the behaviour of ocean wave 
parameters in the West Africa region. The simulation out-
puts are here compared with in situ wave data obtained from 
four different wave measurement locations in the region (see 
Fig. 1 and Table 1). Results are presented for simulations 
conducted for the entire study area as well as for two sub-
divisions, i.e. the north-western and south-eastern grids (see 
Fig. 1).

Significant wave heights from in situ measurements taken 
at the various stations in the West Africa region are com-
pared with satellite data in Fig. 2. The satellite measure-
ments at stations 1, 3 and 4 agree quite well with in situ 
data. Deviations are largest at station 2, possibly as a result 
of close proximity to the coast, thus contaminating the satel-
lite measurements which have a coarse spatial resolution.

NCEP wind data used for simulating the wave model was 
compared with satellite wind observations (Fig. 3). Valida-
tion of the satellite wind observations with in situ measure-
ments from the PIRATA programme (combined data for two 
locations each in the south-eastern and north-western sec-
tions—see Foli et al. (2021)) shows very good agreements 
with little variations at certain points (Fig. 4). The com-
parison of NCEP model winds with satellite observations 
shows better agreements at the north-western (NW) section 
compared to the south-eastern (SE) section of the study area. 
This indicates that accuracy of the NCEP model winds is 
better in the NW section compared than the SE section of 
the West Africa region. Investigations by Foli et al. (2021) 
indicated better estimation of meridional winds in the NW 

than the SE section by NCEP winds. This variation in NCEP 
wind accuracies in the region will also have an impact on 
wave projections for the region.

Simulation outputs show that wave heights and directions 
from most of the input-dissipation source terms have some 
level of agreement with in situ data at the various stations. 
The simulations conducted for seven different combinations 
of input-dissipation source terms are represented by ST1, 
ST2, ST2STAB, ST3, ST4, ST4STAB and ST6 as defined in 
Table 3. The results for ST4 and ST4STAB were noted to be 
the same for all grids and so are represented with only ST4.

3.1 � West Africa Grid

A time-series plot of significant wave heights (Hs) and 
wave height residuals for the West Africa grid (Figs. 5 and 
6) shows that outputs for source terms at station 4 (Stn4) 
exhibit the closest agreement with measured data. This is 
closely followed by station 2 (Stn2). A scatter plot of meas-
ured Hs against model Hs (Fig. 7) clearly indicates station 1 
(Stn1) as the location where there is least performance of the 
source terms against measured data. This situation is similar 
for the wave direction as well (Figs. 7 and 8). This is a clear 
indication of the variable performances of the input-dissi-
pation source terms at the various locations in the region. 
A comparison of the in situ measurement with satellite 
observations presented in Fig. 2 for station 1, which shows 
good agreement, vindicates the in situ measurements are 
the cause of the large deviations. The abysmal performance 

Fig. 2   Comparison of in situ significant wave height (Hs) measurements with satellite data from AVISO at the various stations. Black solid lines 
represent in situ measurements, while red solid lines represent satellite measurements
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of the model output at Stn1 could be attributed to the fact 
that this is a coastal environment and likely experiences the 
effect of strong local currents (Chen, 2018; Zhang et al., 
2021) as well as inaccuracies in the bathymetry (Arbic et al., 
2019; Chen et al., 2018; Herterich & Dias, 2019) which can 
affect wave projections. The accuracy of the wind forcing at 
this location can also not be overlooked as effects of orogra-
phy and coastal geometry could be stronger, leading to large 
errors in the wind input (Cavaleri et al., 1991; Desbiolles 
et al., 2014). The high degree of agreement of simulation 
outputs with in situ data observed at Stn4 may be attrib-
uted to a much accurate wind input at this location. Stn4 is 
located close to an island (Cabo Verde), in the middle of the 

Eastern Tropical Atlantic Ocean. Therefore, the station may 
have less influence of contamination due to orography and 
coastal geometry from the large continental landmass with 
respect to the winds in contrast to Stn1 and Stn3.

The performance of source terms at Stn1 indicate that 
they all exhibit poor correlations of model wave height and 
direction against measured data (Tables 4 and 5). The poor 
performance is also reflected in other performance indices 
such as the HH and NBI. Nonetheless, the results seem to 
suggest that ST3 provides the best representation for this 
location with respect to estimation of significant wave 
height. This is observed from the values of HH index and 
NBI recorded in Table 4. The wave direction estimations 

Fig. 3   Model wind data from 
NCEP used in the wave simula-
tions compared with satellite 
measurements from four differ-
ent locations for the south-
eastern (SE) and north-western 
(NW) sections of the study 
area. Black solid lines represent 
satellite measurements, while 
red solid lines represent NCEP 
model data
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at Stn1 also follows similar trajectory (Figs. 8, 9 and 10). 
However, lower values of NBI are recorded for wave direc-
tions (Table 5) compared to those of significant wave height. 
Although correlations are positive, they are almost close to 
zero. Results for Stn1 also suggest ST6 as the best input-
dissipation source term for this location with respect to 
wave direction estimation. This is followed closely by ST3. 
Figure 11 provides a summary of the performance by each 
source term in a plot of HH index against the NBI. In this 
plot, the best source term is shown to have the least HH and 
with NBI closest to zero.

At Stn2, ST2STAB outperforms all the input-dissipation 
source terms with respect to wave heights. This is seen in 
Figs. 5, 6 and 7 and also demonstrated in Fig. 11. ST2STAB 

recorded the least HH, NBI and a relatively high correlation 
coefficient with values of 0.198, −15.91 and 0.78%, respec-
tively. It also records a mean significant wave height bias 
with standard deviation of −0.14±0.08 m (see Table 3). The 
same wave height bias standard deviation was recorded for 
all source terms at Stn2. ST4 closely followed ST2STAB in 
performance with mean bias of −0.16 m, with correlation 
coefficient and HH and NBI values of 0.8, 0.218 and −17.79 
%, respectively. Wave direction at Stn2 is best estimated by 
ST4 with HH and NBI of 0.061 and 0.89%, respectively. 
This is again followed closely by ST3, also with HH and 
NBI of 0.064 and 3.63%, respectively.

Significant wave height at Stn3 was observed to be bet-
ter estimated again by ST2STAB and ST4, with ST2STAB 
outperforming all, followed by ST4 (Figs. 5, 6, 7 and 11). 
Although ST2 and ST6 recorded the least bias standard devi-
ations for Stn3, they recorded relatively high mean biases 
of −0.85 m and −0.86 m, respectively (Table 4). Very low 
correlation coefficients are recorded by the source terms at 
this location although they are significant, except for ST1. 
Percentage underestimation of significant wave heights by 
the source terms as indicated by the NBI is also high and 
comparable to those of Stn1.

Although high values of mean bias, HH and NBI were 
recorded by the source terms for significant wave heights 
at Stn3, the opposite is true for wave directions. All source 
terms demonstrated high level of performance in comparison 
with measured data for wave directions. Correlation coef-
ficients are comparatively higher for wave directions than 
for significant wave heights at this station. While significant 
wave heights are highly underestimated by 50.12–67.8 % 

Fig. 4   Satellite wind data validated with PIRATA in  situ measured 
data. Black solid lines represent in situ measurements, while red solid 
lines represent satellite measurements

Fig. 5   Time series plot of significant wave height (Hs) outputs for the West Africa grid
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Fig. 7   Scatter plot of measured 
significant wave heights (Hs) 
against model significant wave 
heights for the West Africa grid. 
Black dotted lines are refer-
ences, while solid lines are the 
linearly fitted lines for the vari-
ous model  source terms

Fig. 6   Time series plot of wave height residuals/bias for the West Africa grid
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(Table 4), wave directions on the other hand are only margin-
ally overestimated by 0.26–3.29% (Table 5) for the source 
terms. ST2 and ST2STAB recorded relatively high correla-
tion coefficients of 0.63 and 0.62, respectively, compared to 
the other source terms with lower correlations. The ST2 and 
ST2STAB source terms outperform the others with respect 
to the other estimated performance indices. HH indices 
recorded by ST2 and ST2STAB were similar. However, 
ST2STAB records lower mean bias as well as percentage 
error (NBI). The scatterplot (Fig. 10) shows how indistinc-
tive ST2 and ST2STAB are. Figure 11 however differentiates 
these two source terms, indicating ST2STAB as the best-
performing input dissipation source term for wave direction 
estimation at station 3.

All source terms performed competitively well at Stn4 
with minimal variations with respect to both significant 
wave heights and wave directions for the entire West Africa 
grid. This can be seen in the scatterplots shown in Figs. 7 
and 10. Mean bias for significant wave height ranged from 
−0.62 to −0.02 m with ST2STAB recording the least. Sta-
tion 4 recorded the highest correlation coefficient values for 
all source terms for both wave heights and directions from 
among all the stations. While correlation coefficients of sig-
nificant wave heights ranged from 0.97 to 0.98 (Table 4), 
those of wave directions were observed to be 1 for all source 
terms (Table 5). This indicates that the projection of wave 
height and direction at this location is more accurate com-
pared to the other stations. A similar situation was noticed 
for reanalysis wind comparisons for the region performed by 
Foli et al. (2021), where modelled winds in comparison with 
in situ measurements recorded the best performance around 

this location. This could indeed suggest that much of the dif-
ferences in the modelled wave in this study can be attributed 
to the wind input used to force the model. This assertion is 
supported by the comparison of model winds with satellite 
data for the regions of the various stations (Fig. 3), where 
the model winds perform better in the north-western section 
(Stn4) compared to the south-eastern section (Stn1, Stn2 and 
Stn3). Indeed, several studies (Ponce de León et al., 2008; 
Schmidt et al., 2017; Tolman et al., 2002) have indicated 
that the accuracy of modelled waves and other numerical 
weather predictions depends heavily on the accuracy of the 
wind source or atmospheric forcing.

The best-performing input-dissipation source term for 
significant wave height estimations is identified for station 
4 to be ST4 with HH of 0.095 and with percentage under-
estimation of wave heights (NBI) to be 6.75%. This is again 
followed closely by ST2STAB with HH of 0.107 and with 
percentage underestimation of 1.15%. Although ST2STAB 
recorded a lower mean bias and a lower NBI, ST4 recorded 
lower standard deviation of the mean bias in addition to a 
lower HH, which is an indicator of best performance. Simi-
larly, the best-performing source term for wave direction 
estimations at Stn4 is identified as ST1 having HH of 0.172 
and NBI of −3.68. This is followed closely by ST3 also with 
HH of 0.172 but with higher NBI of −6.04% (see Fig. 11 
and Table 5).

The degree of underestimation of significant wave 
height for the input-dissipation source terms for the entire 
West Africa grid ranged from 56.08 to 70.36%, 15.91 to 
37.11%, 50.12 to 67.8% and 6.75 to 31.43% for stations 1 
to 4, respectively, as indicated by NBI values. Similarly, the 

Fig. 8   Time series plot of wave direction outputs for the West Africa grid
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degree of underestimation of wave direction for the same 
grid was from 4.69 to 9.03% and 3.68 to 8.72% for stations 
1 and 4, respectively, while stations 2 and 3 recorded degrees 
of overestimations from 0.64 to 7.2% and 0.26 to 2.38%, 
respectively.

A combination of the extracted wave parameters for all 
the stations in the West Africa grid (all stations; Tables 4 
and 5) compared with combined in situ measurement also 
yielded strong correlation coefficients with values ranging 
from 0.91 to 0.93 for significant wave heights and from 0.94 
to 0.96 for wave directions. Percentage error estimations 
(NBI) for the combined stations ranged between underesti-
mation of 23.09 to 45.34% for significant wave heights and 
1.02 to 2.01% for wave directions. For the combined sta-
tions, ST2STAB recorded the best performance for the entire 
West Africa grid with respect to significant wave height esti-
mations. ST2STAB recorded the least HH and NBI values of 

0.34 and −23.09%, respectively. It also recorded the highest 
correlation coefficient (0.93), with the lowest mean bias of 
−0.32±0.34 m. Wave directions on the other hand are best 
estimated for the combined locations by ST6, with the least 
NBI value and mean bias of −1.23% and −1.68±21.48°, 
respectively. This is followed closely by ST3 also with NBI 
value and mean bias of −1.26% and −1.73±22.11°, respec-
tively. Although all the source terms recorded very close 
HH, ST6 and ST3 have been indicated to best estimate the 
wave direction with respect to all the stations combined. 
Fig. 11 shows the close association of ST3 and ST6 for wave 
direction.

3.2 � Sub‑grids of West Africa

The sub-grids of the West Africa region comprised the 
south-eastern section and the north-western section as 

Table 4   Summary of wave 
height statistics for comparisons 
of model simulations with 
in situ measurements for the 
entire West Africa grid

* Indicates significant correlations, i.e. p < 0.05

Location Source term Mean bias (m) Bias standard 
deviation (m)

Correlation 
coefficient (r)

HH index NBI (%)

Station 1 ST1 −0.54 0.22 −0.04 1.11 −62.78
ST2 −0.58 0.23 −0.05 1.28 −67.66
ST2STAB −0.49 0.25 −0.08 0.977 −57.12
ST3 −0.48 0.23 −0.11 0.937 −56.08
ST4 −0.51 0.24 −0.06 1.044 −59.84
ST6 −0.6 0.23 −0.02 1.381 −70.36

Station 2 ST1 −0.33 0.08 0.72* 0.478 −37.11
ST2 −0.31 0.08 0.77* 0.438 −34.7
ST2STAB −0.14 0.08 0.78* 0.198 −15.91
ST3 −0.22 0.08 0.78* 0.306 −25.28
ST4 −0.16 0.08 0.8* 0.218 −17.79
ST6 −0.3 0.08 0.77* 0.421 −33.54

Station 3 ST1 −0.92 0.22 0.29 1.221 −67.8
ST2 −0.85 0.21 0.39* 1.043 −62.48
ST2STAB −0.68 0.23 0.37* 0.742 −50.12
ST3 −0.79 0.22 0.32* 0.93 −58.25
ST4 −0.72 0.22 0.38* 0.806 −53.15
ST6 −0.86 0.21 0.42* 1.067 −63.38

Station 4 ST1 −0.62 0.14 0.97* 0.371 −31.43
ST2 −0.45 0.13 0.97* 0.257 −22.76
ST2STAB −0.02 0.22 0.98* 0.107 −1.15
ST3 −0.29 0.17 0.97* 0.174 −14.58
ST4 −0.13 0.14 0.98* 0.095 −6.75
ST6 −0.3 0.15 0.98* 0.175 −15.11

All Stations ST1 −0.62 0.25 0.91* 0.58 −45.34
ST2 −0.55 0.25 0.92* 0.5 −40.46
ST2STAB −0.32 0.34 0.93* 0.34 −23.09
ST3 −0.44 0.28 0.92* 0.41 −32.35
ST4 −0.37 0.3 0.92* 0.36 −27.29
ST6 −0.51 0.29 0.92* 0.46 −37.09
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depicted in Fig. 1. The south-eastern grid encompassed three 
in situ measurement stations, which are Stn1, Stn2 and Stn3. 
Figure 12 provides a time-series plot of the significant wave 
heights and directions, while Fig. 13 provides the time-series 
plot of the residual (bias) of the significant wave heights and 
directions of the south-eastern section. It can be observed 
from these figures that in general, there is better agreement 
of the modelled wave properties (wave heights and direc-
tions) with in situ measurement at Stn2 compared to Stn1 
and Stn3 of the south-eastern grid.

At station 1, ST3 is observed to outperform other input-
dissipation source terms for estimating significant wave 
height (Table 6), whereas ST6 best estimates the wave 
direction (Table 7). At station 2, however, while ST2STAB 
best estimates the significant wave heights, ST6 again best 
estimates the wave direction (Fig. 14). Again ST2STAB out-
performs all other source terms in estimating the significant 

wave heights at station 3, while ST2 best estimates the 
wave direction, closely followed by ST2STAB. A combi-
nation of all stations of the south-eastern grid also shows 
that ST2STAB outperforms other input-dissipation source 
terms in estimating significant wave heights, whereas ST6 
best estimates the wave directions followed closely by 
ST2STAB. This is also presented in Fig. 15 with the plot of 
HH against NBI.

The north-western section which comprised of only sta-
tion 4 shows high agreement with measured data similar to 
the observed data for the same station in the West Africa 
grid. Fig. 16 shows how close modelled wave properties are 
to measured data. ST2STAB recorded the highest perfor-
mance for estimating both significant wave heights and wave 
directions at station 4 for the north-western grid (Fig. 17). It 
recorded the lowest mean bias, HH and NBI of −0.12±0.23 
m, 0.128 and −6.1%, respectively, for the significant wave 

Table 5   Summary of 
wave direction statistics 
for comparisons of model 
simulations with in situ 
measurements for the entire 
West Africa grid

* Indicates significant correlations, i.e. p < 0.05

Location Source term Mean bias (°) Bias standard 
deviation (°)

Correlation 
coefficient (r)

HH index NBI (%)

Station 1 ST1 −13.43 41.63 0.06 0.236 −7.04
ST2 −7.88 37.86 0.14 0.205 −4.13
ST2STAB −7.53 40.87 0.1 0.22 −3.95
ST3 −7.04 37.19 0.07 0.2 −3.69
ST4 −8.16 39.42 0.09 0.214 −4.28
ST6 −4.97 35.97 0.15 0.191 −2.61

Station 2 ST1 13.73 11.76 0.48* 0.091 7.2
ST2 7.65 12.45 0.47* 0.074 4.01
ST2STAB 6.03 12.04 0.49* 0.068 3.17
ST3 6.92 10.63 0.53* 0.064 3.63
ST4 1.69 11.85 0.35 0.061 0.89
ST6 1.23 12.61 0.3* 0.065 0.64

Station 3 ST1 6.14 14.07 0.51* 0.08 3.29
ST2 0.86 11.22 0.63* 0.059 0.46
ST2STAB 0.49 11.35 0.62* 0.06 0.26
ST3 1.56 12.1 0.58* 0.064 0.84
ST4 2.91 11.12 0.6* 0.06 1.56
ST6 4.44 11.92 0.57* 0.066 2.38

Station 4 ST1 −1.53 7.01 1* 0.172 −3.68
ST2 −3.27 6.34 1* 0.176 −7.84
ST2STAB −3.44 6.28 1* 0.177 −8.26
ST3 −2.52 6.6 1* 0.172 −6.04
ST4 −3.25 6.85 1* 0.187 −7.8
ST6 −3.64 6.75 1* 0.19 −8.72

All Stations ST1 −1.4 25.95 0.94* 0.17 −1.02
ST2 −2.29 22.54 0.95* 0.15 −1.68
ST2STAB −2.55 23.91 0.95* 0.16 −1.86
ST3 −1.73 22.11 0.96* 0.14 −1.26
ST4 −2.76 23.17 0.95* 0.15 −2.01
ST6 −1.68 21.48 0.96* 0.14 −1.23

Remote Sensing in Earth Systems Sciences  (2022) 5:95–117 107



1 3

Fig. 9   Time series plot of wave direction residuals/bias for the West Africa grid

Fig. 10   Scatter plot of measured 
against model wave directions 
for the West Africa grid. Black 
dotted lines are references, 
while solid lines are the linearly 
fitted lines for the various model  
source terms
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height estimations. Similarly, lowest mean bias, HH and 
NBI of 0.32±6.34 m, 0.149 and 0.77% were also respec-
tively recorded for the wave direction estimations. Besides 
ST2STAB, ST3 also performed relatively well for wave 
direction estimations for the north-western grid.

The source terms that best estimate the significant wave 
height and direction for the entire West Africa grid are the 
same for combined stations in the south-eastern grid. These 
are ST2STAB and ST6 for the significant wave height and 

direction, respectively. Similarly, both significant wave 
height and direction are best estimated by only ST2STAB 
for the north-western grid. There is greater variability in the 
source terms that best estimate wave directions for specific 
locations or smaller regions compared to significant wave 
height estimations.

Generally, better performance indices are observed 
for simulations of the West Africa grid (Tables 4 and 5) 
compared to the simulations of the sub-grids with higher 

Fig. 11   Plots of HH against 
NBI for significant wave heights 
(left) and wave directions (right) 
for all stations of the West 
Africa grid

Fig. 12   Time series plot of significant wave height (left) and wave direction (right) outputs for the south-eastern grid
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Fig. 14   Scatter plot of measured 
against modelled significant 
wave heights (left) and wave 
directions (right) for the south-
eastern grid. Black dotted lines 
are references while solid lines 
are the linearly fitted lines for 
the various model  source terms

Fig. 13   Time series plot of residuals/bias of significant wave height (left) and wave direction (right) outputs for the south-eastern grid
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spatial resolution (Tables 6 and 7). This is reflected in the 
mean bias, bias standard deviations and HH values at the 
respective stations. This may provide an evidence that the 
model generally performs better for larger spatial grids 
such as regional settings compared to smaller grids such 
as sub-regional or local settings with relatively finer output 
grid resolution. Or, on the other hand, it could indicate that 
wind interpolations on finer output grids may not neces-
sarily translate into better performance of wave outputs. A 
similar situation was reported by Mentaschi et al. (2015) 
for the Mediterranean Sea where higher resolution inter-
polated wind fields did not necessarily result in improved 
“single point error indicator” such as the HH index for 
WW3 simulations. Indeed Holt and Cavaleri (1994) have 
indicated of this effect of wind interpolations on wave grid 
resolutions where coarser and finer resolutions in compari-
son with the original wind resolution smoothed out the 
peaks in wind distribution, resulting in underestimations 
of significant wave heights. This study and the findings of 
Mentaschi et al. (2015) could therefore suggest that the 
level of wind interpolation for sub-regional or local wave 
simulations may need to be considered and investigated for 
particular sub-regions/locations in order to determine the 
appropriate resolution required for the wave output when 
high-resolution wave outputs are to be generated from low-
resolution wind forcing.

In general, ST2STAB has been observed as the input-
dissipation source term that best estimates significant wave 
heights as well as wave direction for both the north-western 
and south-eastern sub-grids. For the entire West Africa grid 
however, while ST2STAB best estimates the significant wave 
heights, ST6 best estimates the wave directions.

The model run time required for the various input-dis-
sipation source terms to fully execute was also recorded. 
Figure 18 indicates that the ST3 has the shortest model run 
time. This is followed closely by ST1 and ST2STAB, respec-
tively, while ST4STAB has the longest. This is applicable 
to the entire West Africa grid as well as the two sub-grids. 
ST2STAB with its average run-time performance is there-
fore well placed to accurately estimate the wave heights and 
directions for the West Africa region in a relatively timely 
manner although it may not be the fastest.

4 � Summary and Conclusions

This study investigates the input-dissipation source terms 
employed in the forecast and hindcast of ocean wave proper-
ties within the context of the West Africa region using the 
WAVEWATCH III numerical wave model. Seven variants 
of the input-dissipation source terms parameterized in WW3 
were investigated in order to arrive at the source term(s) 
that best describe the nature of the ocean waves in the entire 
West Africa region as well as two sub-divisions of the region 
(north-western and south-eastern sections of the study area). 
Results of the simulations are compared graphically and sta-
tistically with in situ measurements taken at four different 
locations (stations) within the study area.

Comparisons of model outputs for all source terms with 
measurements show better agreements at station 4, located 
within the north-western section, compared to the other sta-
tions which are located within the south-eastern section. In 
the south-eastern section, station 2 also demonstrated better 
agreements, relative to stations 1 and 3. The differences in 

Fig. 15   Plots of HH against 
NBI for significant wave heights 
(left) and wave directions (right) 
for all stations of the south-
eastern grid
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the general performance of the model inputs at the various 
locations of the study area may be attributable to the accu-
racy of the wind input (Desbiolles et al., 2014; Tolman et al., 
2002), the accuracy in the bathymetry (Arbic et al., 2019; 
Chen et al., 2018; Herterich & Dias, 2019) as well as other 
local factors such as ocean currents (Chen, 2018; Viitak 
et al., 2016; Zhang et al., 2021) that may largely influence 
wave model projections. The NCEP model winds used for 
simulating the wave model have been observed to perform 
better in the north-western section (Stn4) compared with 
the south-eastern section (Stn1, Stn2 and Stn3), thus being a 
major suspected contributor to the performance of the wave 
model outputs at these sub-divisions of the study area.

The ST3 source term is found to be computationally faster 
than all the other input-dissipation source terms. This is fol-
lowed by ST1, with ST2STAB taking the third position. The 
slowest however is found to be ST4STAB.

It is found that different source terms best estimate the 
significant wave heights and directions at the different loca-
tions where in situ data was collected. Overall, the ST2STAB 
input-dissipation source term is found to best estimate the 
significant wave heights, whereas ST6 best estimates the 
wave directions of the entire West Africa region. These are 
therefore suitable for ocean wave modelling (forecasting 
and hindcasting) for the entire region. For the sub-grids, 
ST2STAB best estimate wave heights for both north-western 
and south-eastern sub-grids, whereas ST2STAB and ST6, 
respectively, best estimate wave directions for the north-
western and south-eastern sub-grids.

It has been shown that the source term that best estimates 
the significant wave height at a location, especially for the 
West Africa region, may not necessarily be the best esti-
mator of wave directions. However, the differences in the 
accuracy of wave direction estimations with the various 

Table 6   Summary of wave 
height statistics for comparisons 
of model simulations with 
in situ measurements for south-
eastern and north-western sub-
grids of West Africa grid

*Indicates significant correlations, i.e. p < 0.05

Model grid Location Source term Mean bias (m) Bias standard 
deviation (m)

Correlation 
coefficient 
(r)

HH index NBI (%)

South-east Station 1 ST1 −0.58 0.22 −0.02 1.253 −67.11
ST2 −0.61 0.23 0.01 1.414 −71.23
ST2STAB −0.54 0.24 0.01 1.119 −62.48
ST3 −0.54 0.23 −0.02 1.104 −62.3
ST4 −0.57 0.24 0.04 1.243 −66.54
ST6 −0.65 0.23 0.01 1.606 −75.31

Station 2 ST1 −0.34 0.08 0.76* 0.497 −38.39
ST2 −0.33 0.07 0.79* 0.468 −36.69
ST2STAB −0.17 0.08 0.81* 0.231 −18.91
ST3 −0.25 0.08 0.79* 0.338 −27.67
ST4 −0.21 0.08 0.82* 0.278 −23.13
ST6 −0.34 0.08 0.81* 0.488 −37.89

Station 3 ST1 −0.96 0.23 0.21 1.344 −70.88
ST2 −0.92 0.24 0.24 1.243 −68.28
ST2STAB −0.78 0.26 0.23 0.935 −58.01
ST3 −0.86 0.24 0.2 1.097 −63.88
ST4 −0.86 0.25 0.22 1.083 −63.34
ST6 −0.97 0.24 0.23 1.373 −71.6

All south-
east 
stations

ST1 −0.65 0.31 0.18 1.15 −63.47
ST2 −0.65 0.3 0.29* 1.14 −63.65
ST2STAB −0.54 0.31 0.31* 0.87 −52.6
ST3 −0.58 0.31 0.24* 0.96 −56.64
ST4 −0.59 0.32 0.26* 0.98 −57.23
ST6 −0.69 0.31 0.24* 1.25 −66.87

North-west Station 4 ST1 −0.67 0.15 0.96* 0.405 −33.83
ST2 −0.53 0.14 0.97* 0.305 −26.6
ST2STAB −0.12 0.23 0.97* 0.128 −6.1
ST3 −0.36 0.19 0.97* 0.217 −18.37
ST4 −0.24 0.15 0.97* 0.144 −11.95
ST6 −0.4 0.16 0.97* 0.23 −20.09
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input-dissipation source terms have been observed to be very 
minimal compared to those of wave height estimations, and 
therefore the best source term that estimates wave heights 
can equally be used in estimating the wave directions with-
out any significant impact in accuracies.

Although statistically ST2STAB and ST6 have been 
identified as the input-dissipation source terms that best 
estimate the significant wave heights and the wave direc-
tions respectively for the entire West Africa grid, it would 
be prudent to use ST2STAB as the main source term for 
estimating both the significant wave heights and wave 
directions. This is also because ST2STAB follows ST6 
very closely in estimating wave directions for the com-
bined locations of the south-eastern grid. Moreover, lit-
tle variations exist among all the input-dissipation source 
terms in estimating wave directions for the region as 
compared to those of wave height estimations. In effect, 

ST2STAB is capable of accurately estimating the wave 
heights and directions with respect to the larger West 
Africa grid. It should however be noted that this is mainly 
applicable at the regional level. Although ST2STAB has 
been identified to best estimate the wave parameters of the 
entire West Africa region, it is recommended that further 
investigations be conducted into the wind speed correc-
tion parameter of this source term for proper calibration 
as indicated by Wang et al. (2017), to fit the region. This 
would lead to an improvement in the wave model outputs.

As has been demonstrated by this study, the input-dis-
sipation terms will vary at different locations on local or 
sub-regional levels of the West Africa region, and thus ocean 
wave model outputs will perform better if the right source 
term is investigated and used rather than relying on global 
input-dissipation parameterizations or global datasets for 
sub-regional or local-scale investigations or applications.

Table 7    Summary of 
wave direction statistics 
for comparisons of model 
simulations with in situ 
measurements for south-eastern 
and north-western sub-grids of 
West Africa grid

*Indicates significant correlations, i.e. p < 0.05

Model grid Location Source term Mean bias (°) Bias standard 
deviation (°)

Correlation 
coefficient 
(r)

HH index NBI (%)

South-east Station 1 ST1 −4.34 45.56 0.02 0.24 −2.28
ST2 −2.99 49.5 0.06 0.26 −1.57
ST2STAB −4.11 48.75 0.07 0.26 −2.16
ST3 −4.8 48.9 0.1 0.26 −2.52
ST4 −2.81 47.49 0.06 0.25 −1.48
ST6 −0.53 45.02 0.11 0.23 −0.28

Station 2 ST1 15.65 11.33 0.52* 0.097 8.21
ST2 13.11 11.58 0.52* 0.088 6.88
ST2STAB 13.23 12.14 0.51* 0.09 6.94
ST3 14.53 12.21 0.52* 0.095 7.63
ST4 9.73 12.32 0.4* 0.079 5.1
ST6 6.07 13.09 0.35 0.073 3.19

Station 3 ST1 7.51 15.28 0.48* 0.088 4.02
ST2 3.94 13.83 0.59* 0.075 2.11
ST2STAB 3.86 14.61 0.55* 0.079 2.07
ST3 4.71 14.59 0.54* 0.08 2.52
ST4 5.16 13.79 0.54* 0.077 2.76
ST6 5.74 14.03 0.55* 0.079 3.07

All south-
east 
stations

ST1 3.74 33.45 0.13 0.18 1.97
ST2 2.67 35.38 0.18 0.19 1.41
ST2STAB 2.15 35.14 0.18 0.18 1.13
ST3 2.38 35.41 0.19* 0.19 1.26
ST4 2.43 33.97 0.16 0.18 1.28
ST6 2.9 32.23 0.19* 0.17 1.53

North-west Station 4 ST1 −0.47 7.23 1* 0.172 −1.14
ST2 0.32 6.48 1* 0.152 0.77
ST2STAB 0.32 6.34 1* 0.149 0.77
ST3 0.03 6.45 1* 0.152 0.06
ST4 −0.03 6.61 1* 0.156 −0.08
ST6 −0.19 7.16 1* 0.169 −0.47
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It is observed that the input-dissipation source terms 
have higher degrees of underestimation of significant wave 
heights compared to lower degrees of underestimation and 
overestimation of wave directions. This implies that the 
model parameterizations generally predict wave directions 
more accurately than it does for the wave heights for the 

study area. This is however only in respect of the input-
dissipation source term investigations.

The model outputs in this study are observed to gen-
erally perform better on relatively larger spatial grids 
compared to relatively smaller finer grids. This was noted 

Fig. 16   Plots of significant wave heights (left) and wave directions 
(right) for the north-western grid. Top: Time-series of significant 
wave heights and directions; Middle: Time-series of residuals of sig-

nificant wave heights and directions; Bottom: Scatter plots of meas-
ured against modelled significant wave heights and directions

Fig. 17   Plots of HH against 
NBI for significant wave heights 
(left) and wave directions (right) 
for the north-western grid
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when simulation outputs of sub-grids were compared with 
those of the entire West Africa grid using the same model 
parameterization schemes. With this assertion supported 
by the findings of Mentaschi et al. (2015), it may be nec-
essary to investigate the appropriate level of wind inter-
polation to determine the final grid resolution of the wave 
outputs on sub-regional levels.
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