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Abstract

The WAVEWATCH III model is a third generation wave model and is commonly used for wave forecasting
over different oceans. In this study, the performance of WAVEWATCH III to simulate Ocean wave
characteristics (wavelengths, and wave heights (amplitudes)) over the western Indian Ocean in the Coast of East
African countries was validated against satellite observation data. Simulated significant wave heights (SWH) and
wavelengths over the South West Indian Ocean domain during the month of June 2014 was compared with
satellite observation. Statistical measures of model performance that includes bias, Mean Error (ME), Root Mean
Square Error (RMSE), Standard Deviation of error (SDE) and Correlation Coefficient (r) are used. It is found
that in June 2014, when the WAVEWATCH III model was forced by wind data from the Global Forecasting
System (GFS), simulated the wave heights over the Coast of East African countries with biases, Mean Error
(ME), Root Mean Square Error (RMSE), Correlation Coefficient (r) and Standard Deviation of error (SDE) in
the range of -0.25 to -0.39 m, 0.71 to 3.38 m, 0.84 to 1.84 m, 0.55 to 0.76 and 0.38 to 0.44 respectively. While,
when the model was forced by wind data from the European Centre for Medium Range Weather Foresting
(ECMWF) simulated wave height with biases, Mean Error (ME), Root Mean Square Error (RMSE), Correlation
Coefficient (r) and Standard Deviation of error (SDE) in the range of -0.034 to 0.008 m, 0.0006 to 0.049 m,
0.026 to 0.22 m, 0.76 to 0.89 and 0.31 to 0.41 respectively. This implies that the WAVEWATCH III model
performs better in simulating wave characteristics over the South West of Indian Ocean when forced by the
boundary condition from ECMWF than from GFS.
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1. Introduction

Marine Meteorology and Oceanography occupy a global role, serving a wide range of users, from international
shipping, fishing and other met-ocean activities on the high seas, to the various activities which take place in coastal
and offshore areas and on the coast itself. Having many people residing along the coastlines of South West Indian
Ocean, information on the state of the ocean surrounding the East African countries is vital for the well being of the
countrymen as well as for the socioeconomic development of these countries. The marine activities in East African
countries range from conventional fishing to high-tech oil and natural gas exploration; transportation of goods to
search and rescue operations in the high seas. Prior information of the state of the ocean would highly benefit these
activities and ensure the safety of all those who venture into the sea. Furthermore, the ocean plays critical role in
regulating the regional climate. In short, forecasting oceanographic parameters (both in surface and subsurface) at
different time scales is extremely important for a wide spectrum of users ranging from weathermen to fishermen
and from the navy to the offshore industries. Transportation by water is generally the most economical and efficient
means to move goods. Issuing marine forecasts helps to reduce or avoid hazardous weather associated with wave
height, swells and sea waves which are caused by strong winds in the oceans. More than 90 percent of the goods
imported into the most of East African countries arrive via the oceans. Maritime operations commercial results in a
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main income contribution of millions of US dollars annually and generates thousand jobs in East African countries.
The Ocean data including observations from Buoys are very scarce over the West Indian Ocean domain. The
availability of these observations together with satellite observations will help improve the accuracy of the Ocean
models used to issue marine forecast and warning over the region. The objective of this study is to validate
WAVEWATCH III® over South West Indian Ocean (East African coast) so as to improve the marine forecasts
issued by Meteorological centres in East Africa.

2. Study Area

The study area or domain is the South Western Indian Ocean (Coast of East Africa) filtered at Longitude 35° 65°
and Latitude -15° 5°

South West Indian Ccean

%5 40 a5 50 55 60 65

Figure 1. Indicate the study domain of South West Indian Ocean (SWIO) with the bathymetry information

2.1 WAVEWATCH IlI® Model Descriptions

WAVEWATCH III ® (Tolman 1997, 1999a, 2009) is a third generation wave model developed at NOAA/NCEP
in the spirit of the WAM model (WAMDIG 1988, Komen et al. 1994. WAVEWATCH III ®, however, differs
from its predecessors in many important points such as the governing equations, the model structure, the
numerical methods and the physical parameterizations. WAVEWATCH III ® solves the random phase spectral
action density balance equation for wave number-direction spectra. The implicit assumption of this equation is
that properties of medium (water depth and current) as well as the wave field itself vary on time and space scales
that are much larger than the variation scales of a single wave.

The spectral action balance equation is given by
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Where C, is group velocity, k is the wave number, @ is the direction, § =27f, § is a coordinate in the
direction @ and m is coordinate perpendicular to §

§=85.+8.+8.+8.*§5.+8.+*8.+5.*S.
Where S, is the linear input term, S;, is the wind-wave interaction term, S,; is non-linear wave-wave interaction
term, Sg is a dissipation (white-capping) term, Sy, is wave-bottom interaction term, Sg is depth induced
breaking term, S, is triad wave-wave interaction term, S, is scattering of wave by bottom features, S\, is addition,
user defined source term.
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Wave-induced current is the major driving force for near-shore circulation and sediment transport in the surf
zone and inner continental shelf (Wright et al., 1991).

In shallow water, refraction and shoaling induce variations in the wave height. The most important physical
processes which affect the waves in shallow waters are wave energy dissipation due to bottom friction (Shemdin
et al., 1980), bottom induced wave breaking (Battjes & Janssen, 1978) and wave—wave interaction (Madsen &
Sorensen, 1993). Interaction of waves with bottom produces a boundary layer, which results in the loss of wave
energy to the bed due to bottom friction (Bagnold, 1946).

Vortex ripples and their feedback on the waves through enhanced bottom roughness determine the dissipation of
wave energy in the bottom boundary layer (Zhukovets, 1963). Dissipation due to bottom friction is the primary
wave attenuation mechanism in swell dominated conditions over a wide continental shelf (Ardhuin et al., 2003).

Waves along the west coast of India (WCI) are dominated by swells during southwest (SW) and northeast (NE)
monsoon seasons and by wind seas during pre-monsoon season (Vethamony et al., 2011; Kumar et al., 2000;
Rao and Baba, 1996). Kurian and Baba (1987) showed the importance of shelf slope in controlling spatial
contrasts in bottom frictional attenuation and consequently the coastal energy regime. Wave heights along the
WCT are generally low during NE and pre-monsoon seasons, and higher during SW monsoon (Aboobacker et al.,
2011; Vethamony et al., 2009; Kumar and Kumar, 2008). Waves along the WCI are generally multi-peaked
(Kumar et al., 2003), which is due to co-existence of swell and wind sea (Vethamony et al., 2009). The role of
winds, in transforming the properties of swells, is not fully understood. However, wind seas are modified by the
swells, and wind sea slope is preserved during their interactions (Hansen and Phillips, 1999). Aligned swells can
shorten and attenuate the wind seas (Chu et al., 1992). The present study aims at understanding diurnal variation
in wave parameters and wave transformation at various locations along the WCI and modification of wave
parameters due to opposing/aligned winds and wind seas.

3. Data and Methods
3.1 Data

In this study surface winds forecast has been used (as initial conditions) from the Global Forecasting System
(GFS) (0.5°x 0.5% Global model and European Centre for Medium Range Weather Forecasting (ECMWF)
(0.25° x 0.25°) model for the month of June 2014 data set. The high resolution reference bathymetry data
(ETOPO1 and ETOPO2) from the National Geophysical Data Centre has also been used. Due to lack of
observation data over South West Indian Ocean domain, only the satellite data which was downloaded from
AVISO website (ftp://ftp.aviso.oceanobs.com/pub/oceano/AVISO/SSH/monomission/dt/corssh/ref/j2/) was used
for wave model validation.

3.2 Methodology

The WAVEWATCHIII® wave model was set to simulate wave characteristics over different points over South
West Indian Ocean domain for the period of one month. The evaluation of simulated wave characteristics against
observations in the South West Indian Ocean domain is a difficult due to lack of conventional wave data from
buoys and weather ships (in situ measurements). Recent advances in satellite technology have created a
possibility to use remotely sensed wave data for wave model validation. In this study satellite data sets were used
to validate the simulated wave parameters. Statistical methods for evaluation of model performance, such as bias,
correlation analysis, Mean Square Error and Root Mean Square Error was used for the analysis.. The Grid
Analysis and Display System (GrADS) and FERRET software were used for display of winds from models
(ECMWF and GFS) as well simulation of wave products and risk maps. MatLab software has been used for
statistical analysis

4. Results

Surface winds from European Centre for Medium Range Weather Forecasting (ECMWF) model were processed
and displayed using ferret software to show the performance of the model. Plots below show the surface wind
simulation from the ECMWF —reanalysis.
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Comparison of winds from European Centre for Medium Range Weather Forecasting (ECMWF) and winds from
satellite was done to observe if the forecast winds from ECMWF model matches with satellite wind data.

The figure below shows the plots of ECMWF winds and satellite.
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Figure 2. Comparison between satellite winds and ECMWF modelled winds
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From the plots of ECMWF winds with satellite data indicate that the ECMWF model forecasts almost matches
with satellite winds despite of some gaps of wind data from satellite. These results give the clue of using winds
data from ECMWF to the WAVE WATCH III wave model simulation.

The WAVE WATCH III model was set up for the period of one month (June 2014) using 10m wind forecast
from the Global Forecasting System (GFS) model and European Centre for Medium Range Weather Forecasting
(ECMWF) model. The results from the simulation of three day forecast of WAVE WATCH Il WAVE MODEL
which was forced by 10m winds and surface air temperature from GFS is shown in the following figures below.
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Figure 3. WAVE WATCH III WAVE MODEL forecast of 22/06/2014 and 23/06/2014 valid 00UTC for wave
speed, wave direction and significant wave parameters
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Figure 4. WAVE WATCH III WAVE MODEL forecast of 29/06/2014 and 30/06/2014 valid 12UTC for wave
speed, wave direction and significant wave parameters (forced by winds and surface air temperature from GFS
model

The simulation was done using winds and surface air temperature initial conditions from ECMWF model, the
figure below are the forecast of WAVE WATCH 111 WAVE MODEL model.
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Figure 5. WAVE WATCH III WAVE MODEL forecast for wave speed, wave direction and significant wave
parameters (forced by winds and surface air temperature from ECMWF model

The time series of Wave model simulations for the period of one month were plotted to observe the variation of
model forecasts.

Figure 4a, b &c show the hourly wave height simulation from the model for selected points over the SWIO.
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Figure 6(a) Wave model WAVE WATCH 111 WAVE Figure 6(b) Wave model WAVE WATCH 111 WAVE
MODEL Time series MODEL Time series
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Figure 6(c) Wave model WAVE WATCH III WAVE MODEL Time series

Figure 6, 7 and 8 below show the plots of modelled significant wave heights (SWH) against satellite data where
the WAVE WATCH III WAVE MODEL model was forced using winds from GFS model.
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Figure 9, 10, 11 and 12 below show the plots of modelled SWH against satellite data where the WAVE WATCH
IIT WAVE MODEL model was forced using winds from ECMWF model.
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Figure 9. SWH simulation vs Satellite at point A

W3 model versus Satellite at point C (Lon 64.0E Lat -12.05)

—WW\W3-ecmwi
— Satellite B

L
1} a 10 158 20 25

Mo of days, June 2014

Figure 11. SWH simulation vs Satellite at point C
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Figure 12. SWH simulation vs Satellite at point D

For the temporal and spatial matched WAVE WATCH III WAVE MODEL and satellite-altimeter data,
comparison were undertaken by computing selected statistical variables (Bias, Mean Error, Root Mean Square
Error (RMS), and correlation coefficient, r).The error is defined as:

2

N 2
Mean Error: 5 - M
N
Root Mean Square Error: o M

N

Standard deviation of error: SD = [( RMSE)2 - ( ME)ZJ2

Correlation Coefficient:

r=

>(x - X)(¥-¥)
X ()

1

Where X, and Y, (i=1,2,3,..N) denote modelled and observed values respectively with } and ? their

corresponding averaged values, N is the number of collocated for comparison points. The Table 1 show

statistical results of modelled SWH in respect to the satellite data
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Table 1. WAVE WATCH III WAVE MODEL modelled SWH (winds from GFS) versus Satellite Altimetry
Data for the period of 01 — 21 June 2014

Point Name Bias(m) ME(m) RSME (m) Corr. Coefficient Stdev (m)
A (Lon 60.0E, lat -10.0S)  -0.39 0.71 0.84 0.62 0.44
B (Lon 58.0E, lat 1.0N) -0.25 1.34 1.15 0.55 0.38
C (Lon 64.0E, lat -12.0S)  -0.35 3.38 1.84 0.76 0.42

Table 2. WAVE WATCH III WAVE MODEL model SWH (winds from ECMWF) versus Satellite Altimetry
Data for the period of 01 — 21 June 2014

Point Name Bias (m) | ME (m) | RSME (m) | Corr. Coefficient | Stdev (m)
A (Lon 60.0E, lat -10.0S | -0.034 0.049 0.22 0.76 0.31
B(Lon 58.0E, lat 1.ON 0.008 0.022 0.148 0.898 0.33
C(Lon 64.0E, lat -12.0S | -0.12 0.0006 | 0.026 0.87 0.41

The simulation of WAVE WATCH III WAVE MODEL wave model and its validation helped to generate the
risk map that will be used as guidance to marine users’ especially local and international shipping companies,
industries, fisheries and other people living along the coast of Indian Ocean.

The figure below is the risk map generated.

RISK MAP FOR STRONG WINDS AND LARGE WAVES

HIGH RISK

MEDIUM RISK
LOW RISK

Figure 11. Risk map for South West Indian Ocean

5. Discussion

The analysis for comparison between ECMWF modelled winds and satellite data showed that the model could
be able reproduce the observed winds well. Figure 3 indicates that the WAVE WATCH III WAVE MODEL
forecasted strong winds and large waves for very high significant (> 2.0m) almost over the entire coast of
Mombasa in Kenya and Northern coast of Tanzania. However, on 29" and 30" of June 2014 at 12UTC (Day
Time), the WAVE WATCH III WAVE MODEL simulated waves over coast of Mombasa and Northern coast of
Tanzania with no much significant signals in terms of strong winds and large waves. Strong wave characteristics
was simulated over the deep ocean. Figure 6-8 indicate the comparisons of simulated and observed significante
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wave heights (SWH). It can be seen that the WAVE WATCH III WAVE MODEL forced by (winds from GFS)
is slightly underestimating the values of SWH as observed by satellite altimetry data. While WAVE WATCH III
WAVE MODEL model forced by (winds from ECMWEF) (fig. 9- 12) show more improved accuracy in imulating
the SWH as observed by satellite altimetry data.

The results from statistical analysis shows that in June 2014, when the WAVEWATCH III model was forced by
wind data from the Global Forecasting System (GFS), simulated the wave heights over the Coast of East African
countries with biases, Mean Error (ME), Root Mean Square Error (RMSE), Correlation Coefficient (r) and
Standard Deviation of error (SDE) in the range of -0.25 to -0.39 m, 0.71 to 3.38 m, 0.84 to 1.84 m, 0.55 to 0.76
and 0.38 to 0.44 respectively. While, when the model was forced by wind data from the European Centre for
Medium Range Weather Foresting (ECMWF) simulated wave height with biases, Mean Error (ME), Root Mean
Square Error (RMSE), Correlation Coefficient (r) and Standard Deviation of error (SDE) in the range of -0.034
to 0.008 m, 0.0006 to 0.049 m, 0.026 to 0.22 m, 0.76 to 0.89 and 0.31 to 0.41 respectively. This implies that the
WAVEWATCH III model performs better in simulating wave characteristics over the South West of Indian
Ocean when forced by the boundary condition from ECMWF than from GFS.

6. Conclusion

The conclusion that can be derived from this study is that the WAVE WATCH III WAVE MODEL wave model
can provide better numerical simulations of wave conditions over the South West Indian Ocean and therefore
could be used as guidance for marine weather forecast over the area as well as help to identify area of strong
winds and large waves over Indian coast of East Africa. Moreover it is found that WAVE WATCH III WAVE
MODEL simulation underestimates the Significate Wave Heights (SWH) over the South West Indian Ocean
domain, Simulated SWH is more underestimated when WAVE WATCH III model is forced by winds from GFS
than when it is forced by winds from ECMWF. The presented results may be used by ships for early planning
routes and other people on beaches. The specific communities that will benefit directly are fisheries, tourists and
people live along the coastline. It is recommended in this study to continue validation of WAVE WATCH III
WAVE MODEL using long time data. This will help to give a reliable marine weather forecast and early
warnings for severely events that are always happening over coastal areas
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