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Introduction
Reliable wave information is essential to the design of any coastal facility and to the assessment
of coastal processes, such as sediment transport. A detailed investigation of the wave climate on
the Oman Sea coastline of Iran has been recently carried out in support of a comprehensive study
of coastal zone processes (project MONITOR SB&B by PMO). The Oman Sea coast is subject
to a complex wave climate with three distinct components: (1) monsoon waves generated during
monsoon season (June to September) off the southern coastline of Arabian Peninsula in the
Indian Ocean and approach from a southerly direction, (2) seas that are generated in the Oman
Sea during winter season and approach from a westerly to southwesterly directions; and (3) longperiod swells that are generated in the Indian Ocean and approach from southerly to
southeasterly directions. Key aspects of this hindcast included:
•

Significantly improved input wind fields, the driving force for a wave model, through
statistical correction by means of scatterometer ocean wind measurements from the
QuikSCAT satellite mission. The QuikSCAT satellite measures over water wind speeds
and directions twice per day over 90% of the world’s oceans.

•

Comprehensive validation against multi-year satellite altimeter data over the entire Indian
Ocean, as well as against various wave buoy and Acoustic Doppler Current Profiler
(ADCP) measurements.

•

Application of a state-of-the-art 3rd generation wave model, the WaveWatch III model of
the U.S. National Oceanic and Atmospheric Administration (NOAA). The WaveWatch
III is particularly skilled in the prediction of long-distance swells, important for the Oman
Sea, due to the advanced numerics incorporated in the model.

This paper provides a brief summary of the methodology and findings of the hindcast work.

Review of the ISWM Hindcast
A twelve-year hindcast of wave conditions in the Oman Sea and the Persian Gulf was recently
carried out by the Iranian National Oceanographic Center with collaboration of the Danish
Hydraulic Institute (DHI). The project was introduced by PMO and titled Iranian Seas Wave
Modeling (ISWM).
The ISWM study included a comprehensive assessment of available wind and wave data within
Iranian waters. A variable resolution model for the Oman Sea and the Persian Gulf was
established using the Danish Hydraulic Institute MIKE21 Spectral Wave model (M21SW), and
driven by winds from the European Centre for Medium Range Weather Forecasts (ECMWF)
operational nowcast data. A nested approach was utilized for the hindcast. The model grid only
extended southward to latitude 18°N. Spectral data from the ECWMF global wave forecast were
acquired and input at this lower model boundary.
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The following observations were made in reviewing the ISWM hindcast report:
• A significant (5% to 15%) reduction in wave height was applied to the ECMWF
boundary data input to the model in order to achieve reasonable comparisons to recorded
data.
•

A spatially-varying sea surface roughness was applied to the wave model.

•

Spatially-varying values for Nikuradse roughness and dissipation parameters were also
applied. This roughness parameter was adjusted through several orders of magnitude.

The above adjustments were likely applied to provide a better match between the hindcast and
certain measured data (in this case the Chabahar buoy data) and do not have a basis in the
physics of wave growth. The adjustments also make the hindcast site- or time-specific and may
not provide the same level of agreement/accuracy for other locations and/or time periods. Much
of the skill in a wave hindcast is associated with the appropriate specification of the input wind
fields, and these adjustments may be indicative of inaccuracies in the winds. We note that the
hindcast carried out for this study does not involve any form of calibration of wave model
parameters.

The Wave Model
1. Wave Model Description
The WAVEWATCH III wave generation model, as developed by the U.S. National Oceanic
and Atmospheric Administration (NOAA), was utilized for the wave simulations.
WAVEWATCH III incorporates 3rd generation physics, solving for the spectral action
density balance equation for wave number-direction spectra. Key features of the model
include:
• Simulation of wave growth and decay, nonlinear resonant interactions, dissipation
and bottom friction.
• Third order accurate wave propagation scheme.
• Sub-grid representation of unresolved islands.
• Depth- and current-induced refraction.
• A variety of model output options.
2. Model Input Grid
One of the fundamental inputs to the WAVEWATCH III model was a regular grid defining
water depths throughout the model domain. In this study, the main model outer grid
extended from 20°E to 123.75°E longitude with a grid resolution of 1.25°, and from 71°S to
26°N latitude with a grid resolution of 1.0°.
In order to get a better definition of waves along the southern coast of Iran, a high resolution
nested model was used. The inner model grid extends from 19.75° N to 27.55° N and 55° E
to 73 E with a grid resolution of 0.1°. The inner model boundary within the outer model
extends from 55° E to 73 E along 19.75° N latitude. Wave conditions from the main model
at the inner model boundary were archived for every hour of the model run. These wave
conditions at the boundary as well as the input winds were used to drive the inner model.
Water depths for the model grids were interpolated from the ETOPO2 global database.
Figure 1 shows both grid domains.
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3. Model Configuration
The following input parameters were assumed in the WAVEWATCH III model simulations:
• 24 directional bins (i.e. 15° directional resolution).
• 25 frequency bins using a logarithmic frequency distribution with a minimum
frequency of 0.04177 Hz.
• Tolman and Chalikov (1996) source terms.
• Sub-grid representation of islands.
• Wind input at 6-hour intervals.
• Quickest/Ultimate third-order propagation scheme with Tolman averaging to alleviate
Garden Sprinkler Effect.
• No bottom friction.
All other parameters were set to their default values.

Model Boundary

Fig.1

WW3 Model Grids

Hindcast Wind Field Development
1. Wind Data Sources Considered
A wide variety of wind datasets were considered during the modeling process, as
summarized in Table 1 below. Ideally what is required as input to a wave generation model
is a spatially-varying wind field over the entire model domain (the Indian Ocean in this case)
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at a minimum 6-hourly temporal resolution. In addition, due to the relatively small size of
the Oman Sea and in order to capture local wave growth on this waterbody, a relatively high
spatial resolution is necessary in this region.
Table 1 Wind Data Sources Utilized in the Study
Spatial
Resolutio
n

Temporal
Resolutio
n

Period of
Coverage

1.875º ×
1.9 º

6-hourly

1948 - present

1.0 º × 1.0
º

3-hourly

1997 - present

Blended Seawinds Database

0.25 º ×
0.25 º

6-hourly

1987 - present

QuikSCAT Satellite Winds (Level B)

0.25 º ×
0.25 º

Twice per
day

1999 - present

n/a

3-hourly

1963 - 2006

Wind Data Sources
US National Center for
Environmental Prediction ReAnalysis Database (NRA)
US National Center for
Environmental Prediction Global
Forecast System (GFS)

Synoptic Stations (Chabahar,
Konarak, Jask)

A few observations regarding the various wind datasets in Table 1 are given below.
•

NRA Wind Data. This is a 59 year dataset of global atmospheric conditions available
at 6-hourly temporal resolution. It is a re-analysis dataset; that is, consistent
numerical model and data assimilation procedures have been applied over the entire
time period as opposed to forecasting data in which these procedures can vary in
time (e.g. as models are upgraded). Re-analysis information provides a statistically
consistent dataset. The primary drawback of use of the NRA data for this project
was that the spatial resolution is relatively poor for capturing wave growth on the
Oman Sea.

•

GFS Wind Data. This was a wind dataset derived from the US National Center for
Environmental Prediction weather forecasting system. It has a higher spatial
resolution than the NRA data but is available for a short time period.

•

The Blended Seawinds Data. This is a composite dataset composed of measured wind
speeds from various satellites and wind directions provided by the NRA dataset. It
appeared to have excellent temporal and spatial coverage; however, the temporal
coverage is provided by interpolation of the measured data.

•

QuikSCAT Satellite Data. These are satellite measured overwater wind speed and
direction data. The instrument collects data over 90% of the Earth’s water surface
twice per day. Very useful for calibrating other types of datasets, these data do not
have sufficient temporal resolution to be used to drive a numerical wave model. As
well, the period of coverage is relatively short (1999 to present).

•

Synoptic Data. Synoptic data from three coastal meteorological stations, Chabahar,
Jask and Konarak, could not be used to drive the wave model directly as they lack
spatial coverage, but were useful for applying local corrections to the wind fields.

2. Wind Comparisons and Selection
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Various wind datasets were intercompared both statistically and in time series plots. An
example of a typical time series plot is shown in Figure 2. In particular, the global datasets
(NRA, GFS and Seawinds) were compared to the measured data (QuikSCAT, synoptic
stations). Based on these comparisons, use of the Blended Seawinds database was
discontinued. These data appeared to underestimate peak wind speeds, potentially due to use
of temporal interpolation. As well, there were gaps in the dataset (particularly in earlier
years), presumably due to the paucity of satellite data at certain times.

Wind Comparisons
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Sample Wind Speed and Direction Comparisons

3. QuikSCAT Satellite Corrections to the Wind Data
Global atmospheric model data will tend to under-represent peak wind speeds in storm
events due to limited grid resolution (i.e. the storm structure is not well represented). As
well, it is well known that such wind data can have spatial biases (for example, NRA data
underestimate wind speeds in tropical regions).
To address these limitations, a
comprehensive comparison was carried out, on a global basis, with 6 years of measured
ocean winds by means of the QuikSCAT satellite scatterometer data.
Spatially varying non-linear corrections (as a function of wind speed) were developed for the
global atmospheric winds through grid point by grid point comparisons to the QuikSCAT
winds over the Indian Ocean region. These corrections removed any effective bias in the
NRA winds and significantly improved correlation to the measured data. The corrections
were applied in various manners during subsequent wave model trials, based on:
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•
•

QuikSCAT statistics derived on an average annual basis.
QuikSCAT statistics derived on a seasonally averaged basis. As an example,
seasonal correction factors for spring (March, April and May) are shown in Figure 3.

Fig.3

Example Seasonal Wind Correction Factors for March, April and May

Model Calibration
Comparisons of the hindcast wave data were carried out to measured wave data in the Indian
Ocean and the Oman Sea, including Chabahar. The comparisons were carried out for the
following datasets:
• Topex/Poseidon and Jason-1 Satellite Altimeter Measurements.
• Indian Buoy DS1.
• The Chabahar Wave Buoy.
• ADCP Data in Chabahar Bay (AW1, AW2).
Locations of these sensors are shown in Figures 8 and 9.
1. Trial Hindcasts
An extensive series of trial hindcasts was carried out to evaluate various wind datasets,
approaches to QuikSCAT corrections and Wavewatch III swell decay parameter settings.
The following provides a brief list of these trials.
Indian Ocean Grid: Only use of the NRA dataset was considered for the overall Indian
Ocean grid, due to Baird’s success in applying these winds at many other projects located in
the Indian Ocean. The trials primarily focused on application of QuikSCAT correction
procedures as outlined below.
• No QuikSCAT corrections applied.
• Annual average QuikSCAT corrections applied over entire grid.
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•
•
•
•
•
•

Annual average QuikSCAT corrections only applied over monsoonal region (above
5º North).
Seasonally averaged QuikSCAT corrections applied over entire grid.
Seasonally averaged QuikSCAT corrections only applied over monsoonal region
(above 5º North).
Seasonally averaged QuikSCAT corrections applied over entire grid but only for June
to August time period.
Seasonally averaged QuikSCAT corrections applied over monsoonal region but for
only June to August time period.
Variation of swell decay parameter in Wavewatch III (default values were ultimately
used).

Oman Sea Grid: For the higher resolution Oman Sea grid, trial hindcasts were carried out
with different wind fields. These trials included:
• NRA winds without QuikSCAT corrections.
• NRA winds with QuikSCAT annual average corrections applied.
• Data assimilation of local winds. Several experiments were carried out in which the
synoptic data were assimilated into the wind fields at vary radii of influence. As
well, seasonal application of assimilated data was considered.
• GFS winds applied directly.
• GFS winds with wind speed increased 5% (based on wind speed comparisons to
measured data).
• GFS winds with wind speed increased 10%.
The results of each trial hindcast were compared to measured wave data.
2. Final Hindcast Configuration
Based on the hindcast trials, the final configuration was selected for the overall hindcast as
follows.
Indian Ocean Grid:
• NRA data over the period 1985 to 2007 with QuikSCAT corrections applied
seasonally.
Oman sea Grid:
• NRA data over the period 1985 to 1996 with QuikSCAT corrections applied
seasonally. Although GFS winds provide a higher resolution of the wind field over
the Oman Sea, they were not available for this period and NRA data had to be used.
• GFS data over the period 1997 to 2007 with wind speed increased by 5%.
• Data assimilation of Chabahar winds applied for the months of January to March only
for a radii of influence of 300 km. It was found that westerly winds during winter
season were best represented by the wind data from Chabahar synoptic station.

Wave Data Validation
1. Topex/Poseidon Satellite Data
Satellite altimeter data has proven to be a very useful source of information for the
calibration and validation of wave hindcast models. Although limited in the extent of data
provided (significant wave height and wind speed primarily) and in the temporal resolution
at any given location, altimeter data can provide an understanding of the spatial variability of
wave model reliability and accuracy not readily available from wave buoy data. In this study,
datasets derived from two satellite missions, the Topex/Poseidon and Jason-1 are employed.
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The Topex/Poseidon satellite has been operational since 1992, providing fifteen years of
continuous data. Two different satellite altimeters are on board: (1) a NASA dual-frequency
Ku/C band radar altimeter and (2) an experimental CNES Solid State ALTimeter (SSALT).
In this investigation, only Ku-band data from the NASA sensor has been utilized.
The primary (Side A) NASA altimeter was found to be subject to electronic drift starting at
approximately cycle number 98, and was replaced by a secondary (Side B) altimeter in
February 1999. The instrument drift and changeover in the sensor have been considered in
the wave height estimates.
The Jason-1 satellite was launched on December 7, 2001 as a follow-up mission. The
satellite was flown in tandem with the Topex/Poseidon satellite at the start of its operational
period in order to cross-calibrate the satellite instruments, then the Topex/Poseidon satellite
was shifted to a position between the Jason-1 tracks. Appropriate corrections to the Topex
data have been carried out to adjust for instrument drift and sensor changes, as per the
technical literature.
The following is a brief summary of the steps involved in preparing the spatial wave height
comparisons between the satellite altimeter and hindcast model data.
•

•
•
•
•
•

The altimeter data, available at one-second intervals, was initially averaged over a
ten-second time period in the along-track direction. This essentially provided an
average of wave conditions over a 60 km path, compatible with the grid resolution of
the wave model.
The wave model significant wave height data, which was archived at 6-hour intervals,
was interpolated in time and space to the averaged altimeter SWH data points.
The resulting altimeter and wave model pairs of data were then collocated to an
assumed regular grid encompassing the Indian Ocean at 1.5° resolution.
Statistical parameters, such as Bias, Root Mean Square Error (RMSE), Scatter Index
(SI) and correlation (r), were computed at each grid point for the collocated data. The
bias is determined as the model values minus the measured values.
One pass of spatial smoothing was applied to the statistical parameters.
The active grid points with data were triangulated, and contour plots of the statistical
parameters were prepared.

Figures 4 shows an example results of the spatial satellite data comparisons. Very good
agreement was observed. Note that in such comparisons there are sporadic points nearshore
where the Topex measurements may be locally biased due to land effects.
2. Indian Buoy DS1
Measurements of winds and waves on Indian Ocean are very sparse making simulation of
wind and wave fields of Indian Ocean a challenge. In order to verify the WW3 hindcast, a
comparison of the hindcast with deepwater wave data recorded by an Indian wave buoy in
Indian Ocean was completed. The data were obtained from the National Institute of Ocean
Technology in India for a wave buoy (DS1) located on the west coast of India at 15.334ºN,
69.357ºE. The data covered the periods from February 1998 to February 1999, and January
to December 2000 and provided an excellent dataset for validation of the Indian Ocean
model results. Figure 5 provides a sample time series comparison of significant wave height,
peak wave period, and peak wave direction between DS1 buoy measurements and WW3
hindcast for summer of 1998. In general, excellent comparisons were achieved.
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Fig.4

Fig.5

Spatial Comparison to Topex/Poseidon Satellite Wave Height: Bias

Sample Time Series Comparison for Hindcast (Red line) Against DS1 Buoy Wave Conditions
(Black line)

3. Chabahar Buoy
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A Waverider buoy was deployed by Iranian Meteorological Organization outside of
Chabahar Bay at a location with an approximate 17 m water depth. It was located at 25.267
°N and 60.65°E, and collected data from May 5th, 1998 to September 2nd, 2000 with
occasional gaps. The Waverider buoy (212 kg, 90 cm diameter spherical) transmitted data to
shore every 30 min. Chabahar buoy was functional during large wave events only
occasionally. Although it recorded wave heights up to 2.5 m during certain short life storms,
it did not operate properly during monsoon season when waves were consistently high. The
buoy likely had issues with the data transmission to the shore station during bad weather.
The buoy data were available in terms of representative wave parameters; including
significant wave height, peak wave period, mean wave period, mean wave direction and peak
wave direction. Figure 6 provides sample time series comparison of significant wave height
between Chabahar buoy measurements, WW3 hindcast and ISWM hindcast for summer of
1998. In order to achieve these comparisons to the shallow water buoy, a simplified wave
transformation process (Snell’s Law) was applied to the hindcast data.
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Sample Time Series Comparison of Wave Height for WW3 Hindcast Against Chabahar Buoy
Wave Conditions and ISWM Hindcast

3. ADCP Wave Measurements
As a part of the Monitor SB&B project, various wave sensors were deployed within the
confines of Chabahar Bay. Comparisons were carried out with two ADCP measurements at
locations AW1 and AW2, as shown in Figure 9. AW2 was deployed at 30 m depth and its
recorded wave data more or less represent deepwater wave conditions. Therefore, the
hindcast data were used in this comparison without shallow water wave transformation.
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Figures 7 provides sample time series comparison of significant wave height between ADCP
measurements and WW3 hindcast for September and October of 2006. Very good
comparisons of wave height were achieved at both AW1 and AW2. The wave height at
AW2 was biased low by 0.18 m on average.
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Time Series Comparison of Wave Height for WW3 Hindcast Against AW1 and AW2 data

Conclusions
A comprehensive hindcast of wave conditions in the Oman Sea for a twenty-three year (1985 to
2007) time period has been carried out using a state-of-the-art 3rd generation wave model.
Extensive comparisons have been carried out with measured wave data from satellite altimeter,
buoy and acoustic doppler current profilers. In general, excellent agreement was achieved with
wave measurements made in the Arabian Sea. Slightly reduced accuracy and slightly greater
scatter was noted with such comparisons in the Oman Sea and in Chabahar Bay. Figures 8 and 9
provide summaries of the statistical comparisons between the hindcast and measured data.
Excellent agreement was achieved in the Arabian Sea comparisons with the satellite data and
Indian buoy DS1. The offshore satellite comparisons with the Oman Sea (Topex location 3)
show a slightly reduced accuracy and greater scatter. Much of this difference can be attributed
to inaccuracies in defining the wind field over the Oman Sea. The results of the comparisons at
Chabahar Bay (Figure 9) are very good, and similar to that of Topex Location 3. The variability
is associated with the difficulty in accurately defining wind fields in the Oman Sea.
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Fig.8

Summary of Comparison Statistics for Topex Locations and DS1 Buoy

Fig.9

Summary of Comparison Statistics for Measurements in Chabahar Bay
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