
The Red Sea: An Arena for Wind-Wave Modeling in Enclosed Seas  

 

Thesis by 

Sabique Langodan 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

December, 2016 

 



2 
 

	

EXAMINATION COMMITTEE PAGE 

 

The thesis of Sabique Langodan is approved by the examination committee. 

 

 

 

Committee Chairperson: Prof. Ibrahim Hoteit 
Committee Member: Dr. Luigi Cavaleri 
Committee Member: Prof. Burton H. Jones 
Committee Member: Prof. Omar M. Knio 
  



3 
 

	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © December 20146 

Sabique Langodan 

All Rights Reserved 

  



4 
 

	

ABSTRACT 

The Red Sea: An Arena for Wind-Wave Modeling in Enclosed Seas 

Sabique Langodan 

 

Wind and waves play a major role in important ocean dynamical processes, such as the 

exchange of heat, momentum and gases between atmosphere and ocean, that greatly 

contributes to the earth climate and marine lives. Knowledge on wind and wave weather 

and climate is crucial for a wide range of applications, including oceanographic studies, 

maritime activities and ocean engineering. Despite being one of the important world 

shipping routes, the wind-wave characteristics in the Red Sea are yet to be fully explored. 

Because of the scarcity of waves data in the Red Sea, numerical models become crucial 

and provide very powerful tools to extrapolate wind and wave data in space, and 

backward and forward in time. Unlike open oceans, enclosed basins wave have different 

characteristics, mainly because of their local generation processes. The complex 

orography on both sides of the Red Sea makes the local wind, and consequently wave, 

modeling very challenging.  

This thesis considers the modeling of wind-wave characteristics in the Red Sea, including 

their climate variability and trends using state-of-the-art numerical models and all 

available observations. Different approaches are investigated to model and understand the 

general and unusual wind and wave conditions in the basin using standard global 

meteorological products and customised regional wind and wave models. After studying 

and identifying the main characteristics of the wind-wave variability in the Red Sea, we 
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demonstrate the importance of generating accurate atmospheric forcing through data 

assimilation for reliable wave simulations. In particular, we show that the state-of-the-art 

physical formulation of wave models is not suitable to model the unique situation of the 

two opposing wind-waves systems in the Red Sea Convergence Zone, and propose and 

successfully test a modification to the input and white-capping source functions to 

address this problem.  

We further investigate the climate variability and trends of wind and waves in the Red 

Sea using high-resolution wind and wave reanalyses that have been generated as part of 

this thesis. An innovative spectral partition technique is first applied to distinguish the 

dominant wave systems. Our analysis demonstrates that winds, and consequently waves, 

exhibit a decreasing trend in the Red Sea. This is mainly attributed to a remarkable 

weakening of the winds protruding from the Mediterranean Sea. We also use these high-

resolution reanalyses to assess the potential for harvesting wind and wave energy from 

the Red Sea. 
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  Chapter 1

Introduction 

1.1 Framework 

The strong dependence of human on ocean surface processes started with the 

invention of seagoing vessels. Knowledge on wind and wave climate is of great 

importance for a wide range of oceanographic studies, ocean engineering applications, 

and coastal management activities. Offshore oil exploitation, fishery, and marine 

transportation are examples of activities in today world economy that remind us of our 

strong reliance on the oceans (UNCTAD 2008, Langley et al. 2009). Moreover, wind and 

waves play a crucial role in other important dynamical ocean processes, such as the 

exchange of momentum, heat, and gases between atmosphere and ocean, ocean 

thermodynamics, etc. (Stewart, 2008). These processes have important contributions to 

the earth climate and marine life. It follow that the study of wind and waves deserves 

major attention as they play a vital role in human life. 

Meaningful efforts for understanding water waves started only two centuries ago. 

Craik (2004) provide a detailed review of the deterministic water wave theories in terms 

of historic perspective. The randomness of ocean waves, both in space and time, makes 

their characteristics much more complex than deterministic water waves.  Moreover, 

ocean wave propagation involves several complex physics, including wind blowing, 

wave profile steepening, and wave breaking. The most significant advances in the ocean 

surface wave theory were took place during World War II for landing operations and 
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parametrical description of ocean waves is first introduced by Sverdrup and Munk (1947) 

for operational wave predictions. The development of an energy balance equation (Gelci 

et al., 1957) describes the evolution of ocean waves as the sum of energy growth and 

decay due to wind forcing and wave breaking.  

Early efforts of Sverdrup and Munk (1947) laid out a basic framework for ocean 

wave modeling forecasting that stood the test of time, and are still valid paradigms as of 

today. Since then, our knowledge on ocean wave dynamics has been widened through 

numerous field measurement campaigns (Mitsuyasu, 1968, 1969; Hasselmann et al., 

1973; Snyder et al., 1981) and fundamental studies, including the mechanisms of wave 

generation by wind (Phillips, 1957; Miles, 1957), the energy transfer of nonlinear waves 

(Hasselmann, 1962, 1985), wave breaking and energy dissipation (Duncan, 1981; 

Hasselmann, 1974). A detailed review on the development of the theoretical foundation 

of ocean wave modeling can be found in Komen et al. (1994) and Janssen (2008). 

In the past, visual observations made from ships were the only source of 

information about ocean waves. The development of moored, first scalar then directional 

wave rider buoys and progress in remote sensing technologies (e.g., altimeters, Synthetic 

Aperture Radars (SAR) and recent developments of Sentinel satellites) enabled collecting 

increasingly reliable and extensive measurements of detailed wave characteristics. These 

observations are however limited in their application to an area around the observed 

locations and do not provide adequate the spatial and temporal resolutions necessary for 

the design of coastal/offshore structures, navigation, climate assessment, etc.  
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Nowadays, very high-resolution wave information can be obtained via numerical 

models based on the fundamental equations governing ocean waves propagation and 

dynamics. Availability of high-end computing power, strong improvement achieved in 

meteorological modeling (both in quality and resolution), deployment of high-density 

observations, improved assimilation and uncertainties quantification techniques, and a 

keen definition of the source functions in the wave models led to remarkable progresses 

in wind and wave modeling in the last decades (Richardson et al., 2013). The WISE-

Group (2007) made a comprehensive panorama of the situation and many articles outline 

the developments in these latest years (e.g., Ardhuin et al., 2010). 

	

Figure 1.1: Schematic diagram showing the relevant wind patterns over the Red Sea. 
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While wind and wave modeling is nowadays quite satisfactory in the open oceans, 

problems are still present in the enclosed seas, the more so the smaller the basin and the 

more complicated the surrounding orography. In these areas, the marine modeled surface 

wind speed is almost always underestimated, with the bias depending on the proximity to 

the wind blows from the land (see, e.g., Cavaleri and Bertotti, 1997). As expected, the 

wave fields modeled using the underestimated wind fields as forcing, reproduce the same 

characteristics. The Red Sea is an extreme example in this respect, especially because of 

its long and narrow shape, and the deceivingly simple domain offers very interesting 

challenges for wind and wave modeling, not easily, if ever, found elsewhere.  

The Red Sea has a meridionally elongated basin that stretches 2250 km between 

Africa and Asia. It has an average depth of 490 m and a maximum depth of 2300 m. On 

the coast, high mountain ridges border the Red Sea on either side, no more than 30-40 km 

inland with peaks of more than 2 km. This orography has an important influence on the 

local dominant wind regimes, characterized by strong seasonal (winter and summer) 

variability. In summer, northwest winds dominate the entire basin, and during winter, 

typically between November and April, both northwest and southeast winds are present 

in the northern and southern parts of the Red Sea, respectively. At around 180 N, these 

opposite winds converge to form a calm area called the Red Sea Convergence Zone 

(RSCZ). The orography surrounding the basin comprises valleys of different sizes that 

cut across bordering mountain ridges, controlling local wind regimes. From mid-June to 

mid-September, the Tokar Gap wind jet, the strongest cross-axis jet in the southern Red 

Sea, develops almost every day with a strong daily cycle. The westward mountain-gap 

winds in the northern Red Sea during winter are highly localized and very short-lived 
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compared to Tokar Gap winds. Figure 1.1 provides a schematic diagram showing the 

relevant wind patterns over the Red Sea. The characteristics of the Red Sea, including 

circulation, wind and wave conditions, and seasonal changes, are reviewed in more 

details in Chapter 2. 

 1.2 Motivation and objectives 

The present study specifically focuses on the numerical modeling of wind-wave 

conditions in the Red Sea. Despite being one of the most important world shipping route, 

the Red Sea is still not yet fully explored in terms of wind and wave modeling. Detailed 

knowledge about the wind and waves in the Red Sea will be very beneficial for all 

maritime activities in the basin.  Only recently, Ralston et al. (2013) presented an initial 

description of local wind and waves in this understudied sea. As more discussed in the 

next Chapters, the Red Sea has the advantage of being characterized by highly varying 

and multi-faceted wind fields, useful to highlight the challenges of the wind wave 

modeling in the enclosed basins. The different approaches that we follow to model wind-

waves in the Red Sea will be therefore useful for other enclosed basins. Though the Red 

Sea cannot provide a general solution for all basins, the study of this basin is important, 

as this will be helpful to understand what to expect in complex situations. It is therefore 

worthwhile to explore this region to provide a general overview of the local wind and 

wave conditions in the Red Sea. We focus on addressing the following open questions: 

1. Best approach for wind and wave modeling in the Red Sea: Nowadays, global 

meteorological models produce high quality simulations (Richardson et al., 2013), 

but focusing the attention on land-affected areas or, in particular, the world’s 
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inner seas (e.g., the Adriatic and the Red seas), the situation is much less 

favorable (see, among others, Bertotti et al., 2013a; Ponce de Leon and Guedes 

Soares, 2008). Finding the most appropriate modeling approach for the Red Sea, 

for both long-term and short-term simulations, is challenging because of its 

unusual wind and wave conditions. In particular for wave modeling, the best 

approach that we adopted for overall wave conditions in the Red Sea could fail for 

certain occasional wave systems (e.g., Tokar gap, see figure 1.1). This dissertation 

will explore different possible approaches to model and accurately simulate wind 

and waves characteristics in the Red Sea. 

2. Atmospheric data assimilation and its impact on waves: Many of the limitations 

related to wave modeling in enclosed basins are due to the low-resolution wind 

forcing (Christopoulos, 2006). A standard approach to tackle this problem is to 

downscale low-resolution global model inputs into finer resolution products using 

a customized local weather/climate model (Mass et al., 2002). Increasing 

resolution of the model does not however guarantee improved meso-scale features 

(Anthes, 1983; Mass et al., 2002; Stensrud, et al., 2000; Wehner, 2010). This is 

mainly because the initial and boundary conditions are usually derived from 

coarse-grid global outputs and the downscaled products are highly sensitive to 

these inputs (Mass et al., 2002; Park and Zupanski, 2003).  The more precise the 

initial and boundary conditions, the better the downscaled winds are expected to 

be. Combining local atmospheric observations with the first guess (from a global 

model) should provide improved initial conditions for the high-resolution model. 

The wind fields from this assimilative model are expected to lead to improved 
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simulations of ocean surface waves in the region of interest. This study will 

quantify the improvements in wind and waves simulations that could be achieved 

through the assimilation of observations into the atmospheric model. 

3. Wave evolution in the Red Sea Convergence Zone: The Red Sea is challenging for 

wave modeling because of its unique two opposed wave systems, forced by 

opposite winds that converges at its center. The convergence area is located in 

front of the Tokar Gap through which part of the converging surface winds tends 

to escape (Pedgley, 1966a,b; see also figure 1.1). These two opposing wave 

systems have similar amplitude and frequency, each one under the action of its 

own wind until the convergence zone located about the center of the Red Sea. 

Such a situation has not been considered in formulating and tuning the various 

source functions in the wave models. An evaluation of existing source functions, 

and possible amendments will be tested to enhance the simulation of the wave 

fields in the RSCZ.  

4. Climatic features of wind and waves: Precise knowledge of ocean surface weather 

conditions, such as wind and wave of a region and their climatology, is essential 

for a broad range of applications ranging from oceanographic studies to ocean 

engineering applications and industrial developments. However, to the best of our 

knowledge, no study has been yet conducted to hindcast and understands the wind 

and wave climate in the Red Sea. Because of the scarcity of the measured data in 

this region, a long-term high-resolution (spatial and temporal) wind and wave 

hindcast is required for a comprehensive characterization of wind and wave 

variability in the Red Sea. This study will generate a high-resolution reanalysis of 
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wind and waves using state-of-the-art numerical models and will use the dataset 

to investigate the variability and trends of wind and waves in the Red Sea.  

5. Potential of wind and wave renewable energy in the Red Sea: Increasing 

awareness of the adverse effects of fossil fuel consumption on climate change has 

significantly increased the interest in developing alternative renewable energy 

sources. Ocean is considered to be a major renewable energy source, in which 

ocean waves and offshore winds are the most evident forms. However, there have 

been very little efforts to characterize potential for wind and wave energy in areas 

with low-energy conditions, especially in enclosed seas. Although such areas are 

often characterized by low energy production rates, they have practical 

advantages in terms of implementation, operation, and maintenance of energy 

conversion devices. The Red Sea is one of the areas that received very little 

attention in terms of alternative energy studies, and this study will assess the 

potential for harvesting wind and wave energy from the basin based on the wind 

and wave reanalysis results.  

1.3 Thesis Outline 

We use advanced wind and wave models and available observations over the region 

to address the open questions listed above. In particular we use state-of-the-art 

atmospheric modeling system, Weather Research and Forecasting model (henceforth 

WRF), and a third generation wave model, WAVEWATCH III (henceforth WW3), for 

simulating wind and wave conditions in the Red Sea. We analyze both satellite and in-

situ observations of wind and waves from buoy, scatterometer and altimeters to address 
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these challenges. The body of this dissertation consists of five (2-6) chapters. Each of the 

problems discussed in the previous section has been addressed in one chapter and is the 

subject of one or more published journal article. The outline of the thesis is as follows: 

Chapter 2 “The Red Sea: a natural laboratory for wind and wave modeling”. Article 

published in Journal of Physical Oceanography (Langodan et al., 2014; doi: 

http://dx.doi.org/10.1175/JPO-D-13-0242.1). 

This chapter explores how well we could reproduce the general and unusual wind 

and wave patterns of the Red Sea, using standard global meteorological reanalysis 

products and regional wind and wave models. To assess the best solution for the 

Red Sea, several approaches are followed. These are different from that of Ralston 

et al. (2013) who, having selected one wind model and one wave model, reported 

and discussed the simulated wave conditions. We obtained the best results using 

two rather opposite approaches: the high-resolution WRF local model and the 

slightly enhanced surface winds from the global European Centre for Medium-

Range Weather Forecasts (ECMWF) reanalysis. We discuss the reasons why these 

two approaches produce the best results and the implications on wave modeling in 

the Red Sea. The unusual wind and wave patterns in the Red Sea suggest that the 

currently available wave model source functions may not adequately represent the 

evolution of local fields. However, within limits, the WW3 model, based on 

Janssen’s and also Ardhuin’s wave model physics, provides very reasonable results 

in many cases. 
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Chapter 3 “The impact of atmospheric data assimilation on wave simulations in the Red 

Sea”. Article published in Ocean Engineering (Langodan et al., 2016a; doi: 

http://dx.doi.org/10.1016/j.oceaneng.2016.02.020) 

This chapter investigates the improvements in wind and wave simulation that could 

be achieved through assimilation of available regional observations in the 

atmospheric model. Two sets of wind fields were generated using a high-resolution 

nested domain Weather Research and Forecasting (WRF) model implemented with 

and without assimilation of observations. Available atmospheric conventional and 

satellite data were assimilated using the consecutive integration method with daily 

initializations over a period of one year in 2009. The results indicate that the general 

patterns of wind and waves variability are reasonably well reproduced in both 

experiments. Statistical scores for simulated winds computed against the 

scatterometer, buoy, and synoptic station observations suggest that data assimilation 

decreases the root-mean-square error by between 1 to 2 m s-1and reduces the scatter 

index by 30% compared to the non-assimilated winds. The impact of assimilation is 

more pronounced on wave simulation than on winds, particularly in the presence of 

extreme winds and mountain jets conditions. 

Chapter 4 “Wind-wave source functions in opposing seas”. Article published in Journal 

of Geophysical Research: Oceans (Langodan et al., 2015; 

doi:10.1002/2015JC010816).  

This chapter investigates the different physical aspects of wave evolution and 

propagation of two opposite wind and wave systems in the Red Sea convergence 
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zone. The two opposing wave systems exhibit similar amplitude and frequency, 

each driven by the action of its own wind. Wave patterns at the centre of the Red 

Sea, as derived from extensive tests and intercomparison between model and 

measured data, suggest that the currently available wave model source functions 

may not adequately represent the evolution of the local fields, which appears to be 

characterized by a less effective wind input and an enhanced white-capping. We 

propose and test a possible simple solution to improve wave-model simulations 

under opposing winds and waves condition. 

Chapter 5 “Wind and waves in the Red Sea – climate and trends”. Two articles related 

to wind and wave climatologies have been submitted to International Journal of 

Climatology (Langodan et al., 2017a, b) and one article related to wind and wave 

trends in the Red Sea is under preparation. 

This chapter describes the wind and wave climatology of the Red Sea based on a 

30-year reanalysis, validated using buoy, altimeter and scatterometer data. After 

describing the relevant features of the basin in terms of their climatology, four main 

systems of winds, hence waves are characterized. Two opposite systems propagate 

along the axis of the basin dominates in the Red Sea, and mountain gap jets 

generate two more systems in the northern and central Red Sea. The central and 

southern zones are characterized by a noticeable seasonality compared to the 

northern part of the Red Sea. Also, the long-term trends exhibit a definite tendency 

to lower the intensity of wind and waves, but at a different rate for different 

systems. A characterization of the wind and wave conditions using an innovative 

partition technique based on wave spectra brings out a full description of the 
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individual wave regimes, their related meteorological patterns, and their variability 

in time and space.  

Chapter 6 “A high-resolution assessment of wind and wave energy potentials in the Red 

Sea”. Article published in Applied Energy (Langodan et al., 2016b; doi: 

http://dx.doi.org/10.1016/j.apenergy.2016.08.076) 

This chapter assesses the potential of harvesting wind and wave energy in the Red 

Sea based on the developed high-resolution regional atmospheric and wave 

reanalysis. Our analysis suggests that the distribution of wind and wave energy in 

the Red Sea is inhomogeneous and is concentrated in specific areas characterized 

by various meteorological conditions, including weather fronts, mesoscale vortices, 

land and sea breezes and mountain jets. A detailed analysis of wind and wave 

energy variations is performed at three hotspots representing the northern, central 

and southern parts of the Red Sea. Although there are potential sites for harvesting 

wind energy in the Red Sea, there are no potential sites for harvesting wave energy 

as this was found not strong enough for currently available wave energy converters. 

Wave energy should not however be completely discarded, at least for hybrid wind-

wave energy projects.   
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  Chapter 2

The Red Sea: a natural laboratory for wind and wave modeling 

2.1 The general problem 

Large-scale meteorological models have nowadays reached high quality results. 

As an example, when compared to locally measured data, the 10 m wind speeds from the 

European Centre for Medium-Range Weather Forecasts show a bias less than 0.02 ms-1 

with a scatter index 0.15 or less. These are global results, dominated by the performance 

over the oceans. When we focus our attention on land-affected areas or, most of all, on 

the inner seas, the situation is less favorable. Still on a not so small basin like the 

Mediterranean Sea, 3,500 km long and 1,600 km large, but with a complicated geometry, 

Bertotti et al. (2013a) have shown how the performance of the same model can vary 

significantly according to the local geometry and surrounding orography. It is intuitive 

that in general the smaller the basin, the poorer the model performance, especially if 

surrounded by a relevant orography. 

Being wind driven, wind waves follow accordingly. Their high sensitivity to even 

small variations of the input wind field can be interpreted from two opposite points of 

view. On one hand (pessimistic) the errors we must expect in the resulting wave fields are 

larger. A 10% error in wind speed roughly corresponds to a 20% error of the significant 

wave height of a well-developed sea. On the other hand (optimistic), waves offer a direct 

verification of the quality of the driving winds. In so saying we implicitly assume that the 

errors in a wave model are smaller compared to the errors in a meteorological model. 
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This opinion is well accepted in the literature, see, e.g., the WISE Group (2007), and in 

any case fully justified by the 3D complexity of a meteorological model.  

In this chapter, we analyze this kind of situation and discuss the quality of the 

different solutions used for wind and wave results. For this we focus the Red Sea as a, if 

not extreme, certainly very sensitive example. As we will soon describe in the next 

section, the Red Sea has the further advantage, at least from the point of view of research, 

of being characterized by highly varying and multi-faceted wind fields, useful to stress 

the difficulty of the situation and the possible approaches. While a simple example cannot 

provide indications for a general solution in different cases, we consider this approach 

convenient for two reasons. First, it is instructive to see what can be expected in a very 

complicated situation. Second, and most of all, very little is known about the wave 

conditions in the Red Sea. It is therefore worthwhile to explore this territory providing a 

general view of the local wave conditions. 

 The remainder of this Chapter is organized as follows. We begin with a detailed 

description of the area (Section 2.2) and of the available data (Section 2.3). In Section 

2.4, we describe our modeling approaches and the period of study. We present the results 

in Section 2.5. Section 2.6 concludes the paper with a discussion of the obtained results 

and an outline for future research. 

2.2 The Red Sea 

2.2.1 Geology 

The tectonic split between the African (Nubian) and Arabian plates, along the 
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East African Rift, gave raise during the last 25 million years to what is now known as the 

Red Sea basin (see Figure 2.1; see also Waltham, 2005, for general information). The 

basin covers the area 12o-30o N and 34o-43o E. It is 2,250 km long, from the Suez and 

Aqaba narrow gulfs to the North to the southern strait of Bab el-Mandeb connecting the 

Red Sea with the Indian Ocean. Many volcanoes are present in the area, the most famous 

one being the still active Jabal al-Tair, a volcanic island close to the strait of Bab el-

Mandeb. The two sides of the basin keep splitting apart at a rate between 7 and 17 

mm/year. Politically, the west coast and the Sinai Peninsula belongs to Egypt, Sudan and 

Eritrea, the east coast to Saudi Arabia and Yemen. 

2.2.2 Orography 

The geological genesis has established both the submerged and external 

characteristics. In the northern part, apart from the two gulfs, the bottom deepens directly 

from the coast with a very narrow coastal shallow area. In the meridional part the 

deepening is more gradual with larger coastal shallow zones. The overall average depth is 

490 m, with peak values above 2,000 m (Morcos, 1970).  

On the coast, still related to the tectonic movements, high mountain ridges border 

the Red Sea on both sides, at most a few tens of kilometers inside, peaking in the 

southern part at more than 2,000 m on the Arabian peninsula, and to the extensive 

Ethiopian plateau on the African side, most of it above 1,500 m, but up to 4,500 m. This 

orography has a profound influence on the local dominant wind regimes, to be specified 

as wind and summer seasons. High mountains are present also on the Sinai Peninsula, 
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peaking to the historical Mount Sinai, 2,285 m high, and Mount St. Catherine, 2,629 m, 

the highest peak in Egypt. 

	

Figure 2.1: a) The Red Sea and adjoin regions. b) The orography showing mountains 

peaks and mountain gaps around the Red Sea. The arrows represent the wind patterns 

during summer and winter seasons and red dot in shows the location of the buoy. 

2.2.3 Winds 

In summer (Figure 2.2a), i.e. from April till October, a NNW wind blows along the whole 

length of the sea, with speeds close to 10 m s-1 and frequently exceeding 15 m s-1. Around 

the Sinai Peninsula, at the north end of the basin, this corresponds to intense southwards 

blowing wind along the Suez and Aqaba gulfs. At the southern strait the wind turns left, 

merging with the Indian Ocean SW monsoon. In winter (Figure 2.2c) the same northerly 

wind dominates the northern part of the basin, generally till 18o N. South of this latitude a 

SSE wind is present, associated to the NE monsoon in the Indian Ocean turning right 
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through the Bab el-Mandeb Strait. The southerly winds extend till 18o N from October to 

January and are limited to a more southern zone in the remaining winter months. The 

convergence of the two opposite, NNW and SSE, winds at 18o N leads to a local peculiar 

convergence zone, characterized by a cloudy sky and drizzle in contrast to the ubiquitous 

clear weather typical of the area. September and May are transitional months with lighter 

winds. The northern storm belt acts far to the north of the Red Sea, the only area affected 

by Mediterranean storms being the Suez gulf, occasionally enhancing the already typical 

northerly winds.  

	

Figure 2.2: Three typical meteorological situations in the Red Sea. a) The NNW flow 

affecting the whole basin, b) Tokar Gap wind cutting across the NNW flow, c) the NNW 

flow and monsoon induced SSE wind in the southern part of the basin impinging on each 

other at the center of the Red Sea. Isotachs at 3 m s-1 interval. 
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The orography surrounding the basin, with larger and smaller valleys cutting across the 

bordering mountain ridges, leads to typical local winds relevant for characterizing the 

local wind regimes. The most peculiar and relevant one is the wind passing through the 

Tokar Gap (see Figure 2.2b). This 110 km wide valley is located in the Red Sea Hills, at 

about 18o N, on the African side. In summer the night cooling on the inland Sudan Boma 

plateau leads to a negative pressure gradient towards the sea. The ensuing eastwards wind 

is further enhanced by the katabatic effect, peaking in the early part of the day with 

speeds often above 15 ms-1. These winds spread across the Red Sea, frequently reaching 

also the opposite east coast. During the day the opposite wind, in principle associated to 

the heating of the Red Sea Hills, does not appear. The reason is the summer position of 

the Inter Tropical Convergence Zone (ITCZ) which (see, e.g., Jiang et al., 2009) in this 

period moves as far north as the Tokar Gap. Also because of the influence of orography, 

the ensuing eastwards wind prevails over the “gap sea breeze”, leading to a permanent 

flow in the easterly direction. During the early morning the ITCZ associated winds 

contribute to further enhancing the eastwards directed winds. 

In winter the opposite, although milder, flow appears, also in connection to the 

mentioned convergence zone at 18o N, possibly not by chance the latitude of the Tokar 

Gap. The two converging winds from NNW and SSE (see Figure 2.2c), besides 

overlapping each other (which leads to the local clouds and drizzle), turn to west, exiting 

the basin via the gap. 
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Figure 2.3: Two typical wind (a, b) and wave (c, d) situations in the Red Sea. a) and c) 

Tokar gap jet impinging on the NNW flow; b) and d) easterly jets from the Arabian 

valleys. Isolines at 3 m s-1 and 0.25 m interval, respectively. 

Narrower, but more frequent, gaps are present also along the east coast see Figure 

2.1), leading to westwards blowing jets. Contrarily to the Tokar Gap, these jets are more 

related to the overall synoptic situation. They appear mainly in winter, at 10-30 day 

interval and last generally two or three days. Their speed can reach 15 ms-1. A 

characteristic of these jets is the katabatic compression with a substantial raise of the 
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temperature (+10o-15oC, see Jiang et al., 2009). In a way, but not for the temperature, 

they are similar to the known phenomenon of bora on the Croatian coast of the Adriatic 

Sea (Pielke, 2002).  The locally dominant desert environment leads to a number of other 

characteristic winds, of which we mention: 

Khamsin – (from the Arabic word from “fifty”) is a hot, dry, dusty, local wind blowing 

from the South (DeBlieu, 1998). Its name derives from the supposed fifty day period, 

typically between February and June, during which it blows once a week or at longer 

intervals. It is triggered by Mediterranean depressions moving East along the African 

coast. Its speed can reach 140 km/h, raising the temperature of 20oC in less than two 

hours. It lasts typically a few hours.  

Sirocco – (from the Lebanon-Syria Arabic word “shlug” for “south”) is a southern, 

southeasterly wind that can reach hurricane force in North Africa (Glossary of 

Meteorology, 2012). In Europe it is sometime known as African “ghibli” (from the 

Lybian Arabic “qibli”) following the African campaign during World War II. 

Haboob – (in Arabic “blasting/drafting”) is a type of intense dust storm carried on as an 

atmospheric gravity current (Sutton, 1925). Following the collapse of an occasional 

thunderstorm, when the downdraft reaches the ground, it creates a wall of sand and dust 

about 100 km wide and a few kilometers in height. It moves quickly, with the strongest 

wind in the direction the front is moving to. 

Simoom – (from Arabic “to poison”) is another dry, strong and dusty local wind typical of 

Sahara and Arabian Peninsula. Its temperature may exceed 54oC (Thomkins, 1966). The 
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storm moves in cyclone form. It has a very short duration, typically between 15 and 20 

minutes. It generally blows from SE or SSE. 

All these winds strongly affect the local life, as it was painfully learnt by the 

European troops during both the Napoleon Egyptian and World War II campaigns. 

Having a desert connected origin, these winds arise on land, but they can extend to the 

Red Sea. Together with the sand brought by the mentioned jets along the side valleys (see 

the nice image in Figure 3 of Jiang et al., 2009), they have a fundamental role in bringing 

nutrients to the Red Sea. Finally, to fully characterize the local wind environment, 

particularly in coastal areas, due attention must be given to the sea and land breezes. Sea 

breezes are stronger due to the higher land-sea temperature differences during the day. 

2.2.4 Oceanography 

The circulation in the Red Sea is mainly associated with the local winds and with 

the strong evaporation rate with consequent buoyancy loss and a net inflow at the Bab el-

Mandeb Strait. Despite recent studies (Yao et al., 2014a, b), no detailed information is 

available about Red Sea currents. The SSE wind, together with the NW monsoon turning 

right into the Bab el-Mandeb Strait (see Figure 2.2c), leads to a northwards current, 

particularly along the Arabian peninsula. This current turns back, counterclockwise, 

when reaching the upper end of the basin. In summer the dominant NNW winds push 

surface water out of the Red Sea. These surface flows are compensated by opposite 

currents in the lower layers. The general current does not exceed 0.2 ms-1, but it can reach 

0.5 ms-1 when wind and wave driven by locally strong winds (e.g., the Tokar Gap 

outflow). 
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In a precursory study of the local currents Clifford et al. (1997) showed the Red 

Sea to be rich in current gyres, typically 200-300 km wide, plus various sub-scale ones, 

moving around the basin. The gyres appear to be mainly associated to the side transversal 

wind jets, their number decreasing when along-axis winds dominate the situation. 

Clifford et al. (1997) reported gyre-associated currents stronger than 0.5 ms-1. 

The maximum tidal excursion is 0.6 m in the north, and 0.9 m in the south, with 

virtually absence of variation in the central part of the basin (Encyclopedia Britannica, 

2008). However, the strong evaporation and consequent loss of water leads to a 0.5 m 

difference of the Red Sea mean sea level between winter and summer. The overall yearly 

loss for evaporation exceeds 2 m, compensated by the inflow at the Bab el-Mandeb Strait 

where the limited depth of the sill (310 m) leads to relevant currents.   

The surface water temperature (Lieske and Myers, 2004) varies between 21o and 

25oC, with peaks of 26oC in the north and 30oC in the south. The salinity, the highest one 

for a sea body in the world, averages at 40‰, 4‰ higher than the global average. The 

extreme values are 41‰ in the north, 36‰ in the south. 

Concerning the effect on waves, our main present interest, local tales tell of 

possible very strong currents, up to 1 or 2 ms-1, in coastal zones where the general flow 

interacts with coral reefs and sand banks. However, no solid information is presently 

available in this respect. For this reason and because of a first general characterization of 

the area, this chapter deals only the general characteristics of the wind-waves in the Red 

Sea. 
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2.2.5 Wind waves 

Not much is known about the wave conditions in the Red Sea. Generally 

speaking, and looking again at the maps in Figure 2.2, it is natural to anticipate that 

waves are mainly associated to the dominant wind regimes, so mainly moving 

southwards in summer, while converging towards the center of the basin in winter. This 

seemingly ordered pattern is substantially disrupted by the various transversal jets 

previously mentioned (from the Tokar Gap on the Sudan coast and the various smaller 

ones on the Arabian Peninsula) that may lead to locally enhanced wave heights. The 

wave conditions are particularly interesting at the 18oN convergence zone, where waves 

from opposite directions, NNW and SSE, collide. With the exception of one of the short 

duration sand storms (Khamsin et al.) mentioned above and moving to the sea, the wind 

speeds are not very strong, with typical maxima around 15 ms-1. However, associated to 

the extensive N-S fetch available, also these relatively strong winds can give raise to 

substantial wave conditions. 

2.3 Available measured data  

In the latter years of the first decade of the twenty-first century, an agreement 

between King Abdullah University of Science and Technology (KAUST, located on the 

Arabian coast, about 100 km north of Jeddah) and Woods Hole Oceanographic Institution 

(WHOI, Woods Hole, Massachusetts, USA) led to the deployment of a meteo-

oceanographic buoy in the Red Sea, at a position about 22o 10' N, 38o 30' E shown with a 

black dot in Figure 2.1 with a local depth of 693 m. The buoy was operational from 

October 2008 through May 2010, providing the standard meteorological parameters plus 
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surface wave information. These data were collected at hourly intervals. Because the 

anemometer was 4 meter above the sea surface, all the wind data were corrected to 10 

meters above the sea surface by assuming neutral stability conditions. Here, we consider 

data from a full calendar year, i.e., the period 1 January through 31 December 2009. 

Aside from the data provided by the buoy, no further surface-measured data are 

available from the Red Sea. Meteorological data collected along the coasts are scarce, 

and, in any case, not representative of open sea conditions. Hence, we utilized remotely 

sensed data. For wave heights, we used the quality-controlled and calibrated altimeter-

derived values from the GlobWave database (see http://www.globwave.org). The 

GlobWave project has carried out extensive validation on the product and is summarized 

in the validation reports available on the GlobWave website 

(http://www.globwave.org/Validation). We further verified with the corresponding ones 

from RADS (http://rads.tudelft.nl/rads/rads.shtml). For wind information, we used the 

data derived from the ASCAT scatterometer (http://podaac.jpl.nasa.gov). ASCAT wind 

data have a nominal accuracy of 1.2 m s-1 and 18o between 4 and 24 m s-1 wind speed 

(Bentamy et al., 2008; Verhoef and Stoffelen, 2009). Vogelzang et al. (2011) reported an 

even better accuracy. This is certainly accurate enough for this study.  

2.4 Numerical Modeling 

In modeling the wind and wave conditions in the Red Sea, we followed several 

approaches. On this we differ from the approach followed by Ralston et al. (2013) who, 

having selected one wind model and one wave model, reported and discussed the derived 

results. Our aim is to find which approach could be considered as the most appropriate 
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one, especially for wave modeling, both in the long term and in specific situations. We 

stress that under some conditions, e.g., the Tokar Gap, the unusual conditions of the Red 

Sea may cause the “generally best” approach to fail, with respect to another one. The five 

approaches we used were: 

a) The NOAA-NCEP (National Oceanic and Atmospheric Administration - National 

Centers for Environmental and Climate Prediction) Final Analysis (NCEP). These winds 

are available on a one-degree grid and at six-hour intervals (00, 06, 12, 18 UTC). 

b) ECMWF daily global analysis. In 2009, the spectral resolution was TL799, 

corresponding to a spatial resolution of about 25 km 

(http://www.ecmwf.int/research/ifdocs/CY38r1). The data, surface winds in particular, 

were available at six-hour intervals (00, 06, 12, 18 UTC). 

c) The NCEP Final Analysis (FNL) data were used to initialize and as boundary 

conditions for the advanced dynamical core version of the Weather Research and 

Forecasting (WRF) model (Skamarock et al., 2008). WRF is a state-of-the-art non-

hydrostatic model amply described in the literature. In this approach, the WRF model is 

configured with two domains of horizontal resolutions 30 km and 10km with 35 vertical 

levels. The large parent domain at 30km resolution extends from 5° S to 39° N, 16° E to 

64° E and the inner (son) domain at 10km resolution covers the Red sea basin from 9° N 

to 30° N, 31° E to 47° E. Model simulations for are done following a consecutive 

integration method with daily initialization at 12 UTC for 36 hour lead time and the first 

12 hours neglected for model spin-up. This is similar to the approach followed in the 
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studies by Lo et al. (2008), Jiang et al. (2009). For our purposes, the WRF wind fields 

were available at 10 km and at three-hour intervals.  

d) WRF analysis, a high-resolution local model at 10 km resolution and three-hour 

intervals assimilating conventional observations from surface stations, upper-air 

soundings and satellite observations. In this approach, WRF reanalysis is produced using 

the same configuration as WRF forecast but assimilating NCEP Atmospheric Data 

project (ADP, see Appendix D) observations using 3DVAR as part of the WRF Data 

Assimilation (WRFDA) system. This method is similar to the Arctic System Reanalysis 

(Bromwich, 2010) with the same resolutions of two domains used in the WRF forecast 

approach.  

e) Enhanced ECMWF wind speeds. We follow the experience of Cavaleri and Bertotti 

(1997) and Bertotti et al. (2011) in the Adriatic Sea. This sea, to the East of Italy, 

between the peninsula and the Balkans, exhibits on a smaller dimension many of the 

features of the Red Sea, with similar oblique elongated geometry and surrounding 

orography. In this area, the ECMWF analysis and forecast data were found to be correct 

for the structure, but the moduli were low. Very good results were achieved, especially 

for the derived wave fields, by simply increasing the wind moduli by a fixed percentage. 

This was determined on the basis of comparison with scatterometer, altimeter and buoy 

data. A similar procedure has been followed for the Red Sea.  

In using these five different approaches we pursued a double aim: 1) to explore 

how the quality of the results (wind and waves) depends on the resolution of the available 

data, 2) to explore the possibility of using the one degree NCEP data (approach c) above) 
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as initial and boundary conditions for a high resolution modeling. Granted an expected 

deterioration of the model performance when using the more coarse data, we wished to 

quantify the respective available final information. For a more easy reference and to 

stress the implications of the different resolutions in the test, we will refer to the five 

mentioned approaches respectively as a) 1deg, b) EC, c) WRF-FC (as WRF-forecast), d) 

WRF-AN (as WRF analysis), e) EC+.  

For wave modeling, we used WAVEWATCH III (referred to as WW3, Tolman, 

1999, 2002), an advanced third-generation wave model amply described in the literature. 

See Appendix A for a description of wind-wave modeling in an historic perspective. 

WW3 (version v3.14, Tolman, 2008) is implemented on a regular latitude-longitude grid 

with 0.05 degree resolution covering the whole Red Sea from 10o to 30o N, 31o to 50o E. 

We used high-resolution bathymetry from the ETOPO1 database available from the 

National Geophysical Data Centre (NGDC, USA). The model setup we used has 33 

frequencies, starting from 0.05 Hz with 1.1 geometric progressions, and 24 equally 

spaced directions. We also tested a higher directional resolution (36 directions), but 

without any significant difference. The outputs are available at one-hour intervals. 

Besides the standard integrated parameters at all grid points, 2D spectra (See Appendix B 

for details of wave spectra) were saved at a few points and along the axis of the basin. 

Following the evolution of the WW3 model, after some trial and error with the physics 

package of Tolman and Chalikov (1996), we changed to the one by Janssen (1991, 2008) 

with the modified dissipation source term proposed by Bidlot et al. (2007), referred to as 

BJA. Following our first analysis of the results, we also repeated the tests using the 

physics of Ardhuin et al. (2010) and the results were practically the same.  
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2.5 Model Validations 

In this section, we provide basic results and related statistics for the five 

meteorological approaches considered here. Moving progressively from the general to the 

specific, we first analyze the general performance for wind and waves in terms of both 

validation statistics and data covering the whole year. Then we provide a more detailed 

assessment of the performance of the wind and wave models for the distinct patterns 

found in the Red Sea (the NNW winds covering the entire basin, Tokar Gap winds, 

converging waves, easterly jets) when enough data are available to develop robust 

statistics. The results are then discussed in Section 2.6. 

2.5.1 Modeling the events and validation 

We show in Figure 2.4 the general performance of the first four (a-d) approaches 

listed above. We compare the simulated fields from the models with the scatterometer 

and altimeter data on wind speed (U10) and significant wave height (Hs, See Appendix C 

for definition of integral wave parameters), respectively. The model fields, when 

possible, are interpolated to the scatterometer and altimeter observation locations with a 

30-minute allowance for waves and a one-hour allowance for winds. The data set consists 

of 23,237 pairs (604 passes) for altimeter readings and 68,387 (424 passes) pairs for 

scatterometer readings. The various panels show the corresponding scatter diagrams, with 

the colors representing the number of cases in each pixel. 



46 
 

	

Table 2.1: Performance of the considered meteorological approaches and corresponding 

wave model results.  The comparison is versus scatterometer (wind speed) and altimeter 

(significant wave height) data respectively. Bias and RMSE units are m s-1 and m. Slope, 

R and SI are adimensional. See Appendix C for the definition of the statistical 

parameters. 

 Wind Wave 

 Bias RMSE Slope r SI Bias RMSE Slope r SI 

1deg -0.35 1.54 0.92 0.79 0.45 -0.25 0.39 0.82 0.84 0.37 

EC -0.37 1.39 0.94 0.85 0.37 -0.18 0.32 0.85 0.88 0.30 

WRF-FC 0.25 1.70 1.04 0.76 0.45 -0.06 0.32 0.94 0.82 0.30 

WRF-AN -0.25 1.26 0.95 0.88 0.30 -0.10 0.30 0.94 0.86 0.28 

EC+ -0.04 1.39 1.02 0.85 0.37 -0.05 0.28 0.97 0.88 0.27 

Looking first at wind (left panels), we see that all the models provide reasonable 

results, but with a marked underestimate by 1deg. The other three models are, as best-fit 

line, only slightly different from unity. There is a substantial spread by all the models, 

larger in 1deg and WRF-FC. With the exception of WRF-FC, the asymmetry of the 

distributions suggests a tendency towards an underestimate of the larger values. The 

overall statistics are summarized in Table 2.1. See Appendix C for the definition of the 

various statistical parameters. As expected, the wave results (right panels in Figure 2.4) 

follow accordingly, with a more marked underestimate of the significant wave height. 

The exception is WRF-FC, which we shall discuss in the next section. There is a 
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substantial scatter with some groupiness, suggesting different performance of the models 

in specific situations. Here too, the overall statistics are given in Table 2.1.  

	 	

Figure 2.4: Scatter diagrams and best-fits for 
four of the considered meteorological model 
winds (1deg, EC, WRF-FC, WRF-AN) and 
derived wave heights (using the WAVEWATCH 
III model). The comparison is versus 
respectively ASCAT scatterometer and 
altimeters (Jason, Jason2, Envisat) data. The 
color represents the number of collocation points 
in each pixel. 

Figure 2.5: As Figure 2.4, but for comparison 

with buoy data. See Figure 2.1 for its position. 
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The only surface-measured data are available from the buoy that was moored at 

the position marked (black dot) in Figure 2.1. While logistically convenient, the position 

was not optimal for general verification because it is well off the main axis of the basin 

and partially shielded with respect to the wind and wave system coming from the SSE. 

The results of the model versus buoy data comparison are given in Figure 2.5. There is 

generally good agreement with practically all the meteorological models. The scatter is 

reduced with respect to Figure 2.4. This is true also for the wave height results. The 

related statistics are given in Table 2.2. 

Table 2.2: As Table 2.1, but for the buoy measured data. See Figure 2.1 for its position. 

 Wind Wave 

 Bias RMSE Slope r SI Bias RMSE Slope r SI 

1deg 0.06 1.50 1.01 0.80 0.30 -0.21 0.30 0.81 0.92 0.33 

EC 0.04 1.41 1.02 0.83 0.28 -0.12 0.23 0.88 0.93 0.26 

WRF-FC 0.17 1.55 1.05 0.80 0.31 -0.06 0.27 0.94 0.88 0.30 

WRF-AN -0.09 1.39 1.00 0.84 0.27 -0.03 0.21 0.96 0.95 0.23 

EC+ 0.39 1.58 1.09 0.83 0.30 -0.01 0.20 0.99 0.93 0.23 

 

To gain a better perspective, it is worthwhile to analyze some specific cases. For this, we 

need some continuity in time. Figure 2.6 shows the wind speed time series and buoy and 

model data for three periods. The upper panel, covering about a one-month period, 
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provides a general view and suggests that all the models, at a different degree of 

approximation, follow the locally measured data. Superimposed on the synoptic time 

scale variability is a more or less pronounced daily cycle, suggesting the expected 

presence of land-sea breezes. These are more evident in the last three days shown in the 

middle panel of Figure 2.6, and most of all in the first and last parts of the lower panel. 

The middle panel shows the wind conditions at the buoy during the most severe event of 

the year. Figure 2.7 present the corresponding wave heights.  

 

Figure 2.6: Three cases of comparison between the measured wind speed time series at 

the buoy position and the corresponding model values obtained with 1deg, EC, WRF-FC 

and WRF-AN. a) a general case, b) the most severe storm recorded in the two years the 

buoy was deployed, c) typical daily breezes superimposed to a NNW wind. 
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If we judge the performance of the models from these two figures, we see that 

using one degree resolution (1deg) leads almost systematically to too low and, perhaps 

the main characteristic, rather smooth in its evolution. WRF-FC is slightly better, but 

with a tendency, particularly in the wind plot, to overshoot the oscillations of the field. 

This may not heavily affect the best-fit slope, but it drastically increases the root mean 

square (rms) error and the scatter index (SI). Though EC gives a better solution than 1deg 

and WRF-FC, its resolution (25 km) might fail in reproducing small-scale variability over 

time (but see comments in the next section). The best results are given by WRF-AN. The 

higher resolution of this model, both in space and time, helps in reproducing the small 

variations more precisely, and the assimilation brings the model into better agreement 

with the observations. 

More detailed information is provided by Figures 2.6b and 2.7b, spanning about 

eight days in May 2009, when the highest significant values (Hs > 4 m) were recorded. In 

this case, given the well-defined general pattern of sustained wind (not shown), 1deg and 

EC provide reasonable results, close to those of WRF-AN. In contrast, WRF-FC is 

waving, moving to higher and lower values well off the recorded ones. In particular, it 

misses the peak of the storm. 

A similar comment can be derived from Figures 2.6c and 2.7c, selected because 

they show the relevant role of the land-sea breezes in certain periods of the year (mid-

August in these figures). The daily cycle is evident notwithstanding a sustained 

background. As expected, with some smoothing, EC follows the local wave pattern. 1deg 

does this to a more limited extent with a more marked underestimation. Poorer results are 

obtained from WRF-FC, particularly in the first part of the diagram, which drastically 
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underestimates the significant wave height, showing hardly any evidence of a daily cycle. 

Much better are the results of WRF-AN, which manages to represent the local daily 

pattern with sufficient accuracy. 

	

Figure 2.7: As Figure 2.6, but for the significant wave height. 

Our comparisons show that the higher resolution of WRF-AN together with its 

data assimilation scheme leads to the best results. Given this result, we now ask if it is 

possible to improve the results of a coarser model. We suggested above that approach e) 

introduces the possibility of uniformly increasing the wind speeds from EC to reach, on 

average, the correct wave heights. Trial and error led to increasing the EC surface wind 

speeds by 7% (accurate to within 2%). The corresponding scatter plots versus the 

scatterometer and altimeter data are given in Figure 2.8 and those with the buoy data in 

Figure 2.9. The statistics are presented in Table 2.1 and Table 2.2. Not surprisingly, there 
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is an almost perfect fit for the wave heights. Similarly good results (not shown), but with 

some variability, were obtained for the time series discussed in Figures 2.6 and 2.7. 

	

Figure 2.8: Best-fits of the enhanced (+7%) EC+ wind speeds and derived wave heights 

versus scatterometer and altimeter data respectively. 

	

Figure 2.9: As Figure 2.8, but for buoy data. See Figure 2.1 for its position. 



53 
 

	

It is worth analyzing also the results for the mean period at the buoy. These turned 

out (see Table 2.3) quite different from those of significant wave heights. Basically all the 

model values were larger than the buoy data, with the largest differences with WRF-FC 

and EC+ (note the large bias and best-fit-slope values and the decreased values of all the 

scatter indices). With the analysis of the temporal behavior of the models at the buoy 

position, it is also worthwhile to analyze different scenarios to understand the 

performance of the models under various situations.  

Table 2.3: As Table 2.2, but for wave mean period 

 Bias RMSE Slope r SI 

1deg 0.13 0.55 1.04 0.74 0.13 

EC 0.26 0.58 1.07 0.8 0.13 

WRF-FC 0.53 0.77 1.16 0.73 0.18 

WRF-AN 0.17 0.56 1.06 0.81 0.13 

EC+ 0.57 0.78 1.15 0.8 0.18 

	

2.5.2 NNW winds covering the entire basin 

In this section, we describe the performance of the five atmospheric approaches in 

simulating winds and waves when the Red Sea is under the influence of only the NNW 

wind. This can be considered as the easiest situation, with a distributed wind blowing in 

the same longitudinal direction along the whole basin. Indeed, a repeated comparison of 



54 
 

	

the five corresponding fields (not shown) reveals strong similarity in the overall structure. 

However, differences are present in the actual values of wind speed and significant wave 

height. The statistics, versus scatterometer and altimeter data, are provided in Table 2.4.  

Table 2.4: As Table 2.1, but for the NNW winds. Scatterometer 63 and altimeter 87 passes. 

 Wind Wave 

 Bias RMSE Slope r SI Bias RMSE Slope r SI 

1deg -0.18 1.33 0.95 0.85 0.34 -0.17 0.34 0.88 0.86 0.35 

EC -0.15 1.18 0.97 0.89 0.27 -0.06 0.26 0.93 0.89 0.27 

WRF-FC -0.01 1.50 1.00 0.77 0.39 0.02 0.31 1.00 0.76 0.32 

WRF-AN 0.17 1.49 1.03 0.83 0.33 -0.08 0.31 0.96 0.86 0.30 

EC+ 0.20 1.23 1.04 0.89 0.29 0.06 0.28 1.06 0.90 0.28 

In contrast with the previous general results, the best ones (for bias and best-fit 

slope) come from WRF-FC for this scenario. Waves from the EC+ approach are in 

excess, with the remaining models underestimating wave height at different levels. The 

best-fit slopes for wind and waves are generally consistent, with the wave height slopes 

more different from unity than those of the wind. A slight contradiction appears for 

WRF-AN with an excess for wind (slope=1.03) and an underestimation for wave height 

(0.96). A direct analysis is not possible because scatterometer and altimeters pass at 

different times. We consider this to be part of the general problem of a relatively limited 

amount of measured data (for NNW wind, 63 ASCAT passes and 87 altimeter passes). 
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We therefore observe the more limited reliability of the statistical results when we look at 

the specific situations.  

2.5.3 Tokar Gap events 

The general Tokar Gap situation is shown in Figures 2.2b and 2.3a and 2.3c. 

Figure 2.10a provides a detailed view of the modeled wave field during a strong event. 

We are interested in intense cases (strong Tokar Gap winds), when a transversal 

spreading jet, and its derived waves, are superimposed on, and interact with, the SSE 

flowing general field. 

	

Figure 2.10: Altimeter pass during a Tokar Gap event. a) Wave field with EC wind. 

Isolines at 0.25 m interval. b) Comparison between the altimeter significant wave heights 

and the model data from WRF-AN, regular and enhanced EC+ wind speeds. 

The mean directions seen in Figure 2.10a are misleading in that they hide the 

more complex situation due to the superposition of two different wave systems. This is 

clearly shown in Figure 2.11b. The one-dimensional (1-D) spectrum shows the local wind 

sea superimposed on a small swell. The overall situation is well represented in the two-
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dimensional (2-D) spectrum (lower panel). We see clearly the low frequency swell plus 

the rather spread-out wind sea consequent to the spreading of the wind exiting the gap.  

	

Figure 2.11: 1-D and 2-D spectra in the center of the Red Sea for the three situations 

shown respectively in panels 2.2c, 2.3c (or 2.10a), 2.3d. 

We have selected all the cases of Tokar Gap wind (10 of them) when a) 

scatterometer and altimeter data are available and when b) the maximum modeled wind 

speed in front of the gap was higher than 7 m s-1. The statistics for the five different 

meteorological approaches are given in Table 2.6. The best results (again for bias and 

best-fit slope) are provided by EC+. The low correlation values compared to previous 

corresponding statistics and the much increased scatter indices demonstrate the 

limitations in modeling Tokar Gap winds. The timely pass of the Jason altimeter tracked 

in Figure 2.10a allows (2.10b) a direct Hs comparison with the various model results, 

here shown for WRF-AN, EC and EC+. Apart from the point-by-point variability of the 
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Hs altimeter values, the three models reproduce the general Hs profile, with only a slight 

underestimate on the left side of the jet, where the locally generated waves move almost 

against the incoming swell. 

Table 2.5: As Table 2.1, but for the Tokar gap events. 10 cases have been considered. 

 Wind Wave 

 Bias RMSE Slope r SI Bias RMSE Slope r SI 

1deg -0.30 1.67 0.92 0.72 0.46 -0.19 0.35 0.79 0.58 0.47 

EC -0.24 1.27 0.94 0.86 0.33 -0.06 0.26 0.9 0.61 0.35 

WRF-FC 0.30 2.09 1.08 0.66 0.52 0.11 0.39 1.19 0.47 0.51 

WRF-AN 0.51 1.55 1.02 0.79 0.35 -0.09 0.26 0.9 0.63 0.33 

EC+ 0.09 1.27 1.01 0.86 0.33 0.04 0.26 1.02 0.62 0.35 

 

2.5.4 Easterly jets 

The typical wind and wave patterns are shown in Figures 2.3b and 2.3d. Strong 

easterly winds blow from various gaps in the Arabian mountains (see Figure 2.1) 

generating wind-sea across the basin. Being mainly related to the overall synoptic 

situation, this pattern is relatively easy to model, with the resolution in principle crucial 

for properly representing the jets. The typical 1-D and 2-D spectra are shown in Figure 

2.11c.  

We find 11 cases of easterly jets during 2009 for which we had also scatterometer 

and altimeter data. The statistics for model results are given in Table 2.6. Within the 
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limits of the limited sampling, in general, the high-resolution models have the most 

favorable best-fit slopes (all under unity, with underestimated model values), with 

consistency between the wind and wave results. The exception is 1deg, with a relatively 

high wind slope, but a very low wave slope. The best results are provided by EC+. 

Table 2.6: As Table 2.1, but for easterly jets. 11 cases have been considered. 

 Wind Wave 

 Bias RMSE Slope r SI Bias RMSE Slope r SI 

1deg -0.30 1.29 0.95 0.86 0.25 -0.17 0.34 0.81 0.65 0.37 

EC -0.66 1.16 0.91 0.93 0.20 -0.07 0.26 0.89 0.76 0.29 

WRF-FC -0.24 1.59 0.96 0.79 0.39 -0.01 0.29 0.97 0.66 0.32 

WRF-AN -0.35 1.70 0.95 0.76 0.43 -0.08 0.25 0.97 0.76 0.25 

EC+ -0.24 1.03 0.98 0.93 0.16 0.05 0.25 1.02 0.77 0.27 

 

2.5.5 Opposing wave systems 

There are no altimeter observations that document the convergence of opposing 

systems; no attempt has been made to compute the related statistics. However, it is 

interesting to analyze this unique situation in some detail. We focus our attention on the 

case depicted in Figure 2.2c, with the two opposite winds, each covering half of the Red 

Sea along its axis direction. Each wind generates its own wind wave system. We want to 

see how the wave conditions vary in the central part of the basin (at least according to 

model results). The convergence area is located in front of the Tokar Gap (see Figure 2.1 
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and Figure 2.2c) through which the converging surface winds tend to escape. The typical 

1-D and 2-D spectra are shown in Figure 2.11a (upper and lower panels).  

	

Figure 2.12: 2-D wave model spectra (EC+ wind speeds) along the line NNW-SSE across 

the convergence zone on 07 January, 2009. See Figure 2.13 for the distribution of points. 

From a more complete perspective, Figure 2.12 provides the 2-D spectra (flow 

direction) along a series of points, from N to S, shown in Figure 2.13 (panels a, b). Panels 

c and d show, respectively, the peak and total energy (variance) of the two opposing 

systems. Over all the points, two opposing wave systems are present. Starting with the 

most northerly point (to avoid confusion we use here flow direction for both wind and 

waves), we have a dominant SE propagating wind-sea and a much lower NW propagating 

swell. As we move southwards, both the SE and NW wave systems strengthen, although 

for different reasons. The SE wind sea increases along its fetch, while the NW swell goes 
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back along its dissipation path. In particular, moving southwards, we see the growing 

extent of the frequency range from the SE blowing wind. The two systems become 

comparable in the wind convergence area, between 20o and 21o N, close to the Tokar 

Gap. South of this area, the NW going waves become the dominant system whereas the 

former SE wind sea, now moving against the local wind, mirroring the NW area pattern 

described above, progressively reduces its level to a low energy swell. The NW blowing 

wind is at its maximum just north of the Bab-el-Mandeb strait because of the strong 

monsoon flow in this area. 

	

Figure 2.13: (a) wind speed (EC+) and (b) significant wave height fields during a 

convergence event. (c) 2-D peak and (d) total energy (variance) of two wave converging 

systems along the line shown in panels (a) and (b). NNW and SSE are flow directions. 

2.6 Discussion on model performance and Conclusion 

In the previous section, we reported results obtained by various meteorological 

and wave models, with only some brief comments about their performance. In this 
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section, we analyze the performance of the models and try to explain the reasons for the 

various (relative) failures or successes. 

2.6.1 The general wind pattern 

A narrow, 2,250 km long basin, bordered on both sides by a relevant orography, is 

not in itself a simple problem. The major winds are aligned with the main axis of the 

basin, but this apparently simple pattern is strongly perturbed by the lateral strong jets, a 

frequent feature in case of the Tokar Gap. It is intuitive that the coarse resolution, in 

space and in time, of the large-scale models does not suit the specificity of the local 

setting of the Red Sea. Nevertheless we were surprised by the relatively good 

performance of the EC model. However, the main, and most unusual, feature of the local 

wind fields is the convergence zone, where the two opposing winds, from the NW and 

SE, meet. The detailed dynamics in the convergence area, for instance the precise 

position of the area, is extremely sensitive to small variations of the overall pattern. In 

turn, the dynamics has relevant consequences on the derived wave fields, introducing 

variability in the models’ results as reflected in, among other things, the large scatter of 

the model data in comparison with satellite and buoy data.  

2.6.2 Improving global meteorological model results 

We have identified the main reason for the reasonable performance of the 

ECMWF meteorological model, as judged by the derived wave heights, as its capability 

to frame the general situation well and to provide the correct isobar and wind patterns. 

Indeed, a simple uniform and constant increase of about 7%, of the wind speed has been 

sufficient to lead to an almost optimal fit with the wave-measured data. However, similar 
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previous results by Cavaleri and Bertotti (1997, 2004) suggest that the enhancement 

factor could be dependent on the fetch, and therefore may differ, either lower and higher, 

respectively, for the along- and across-axis flows. Indeed, this would be consistent with 

the excess reported in Section 2.5.2 for EC+. We considered this possibility, but the 

limited and sparse amount of available measured data suggested that a meaningful and 

reliable result with the required accuracy could not be reached. The use of the WRF-AN 

winds as a reference ground was suggested to us for a more refined tuning of the EC 

wind speeds. This will require a non-straightforward analysis because of the large scatter 

we expect from such a comparison, certainly larger than what is already indicated by the 

various scatter indices for wind speed. 

We also considered enhancing the 1deg wind data. However, the results suggested 

that the resolution of the available data (one degree) was too coarse to follow this line of 

action. An enhancement would possibly lead to an overall unitary best-fit line for wave 

height, but with an even larger scatter, for both the wind and wave data. We therefore 

chose not to follow this possibility. In the previous section we have repetitively 

commented on the lack, contrarily to the recorded data, of short-term variability in the 

model results (both wind and waves). A model, and more so if at large scale, has 

certainly a tendency to smooth the natural fields. However, it is correct to point out that 

some of the variability seen in the various plots of recorded data (see Figures 2.6, 2.7 and 

2.10b) is what we can call “noise”, at least in a statistical sense, due also to errors of the 

instrument. Note also that increasing the model resolution does not necessarily improve 

(decrease) the scatter because of the so-called double-penalty effect, i.e. that a model, 

typically a meteorological one and concerning a fast rapidly parameter, e.g. wind speed, 
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can be statistically physically sound, but not deterministic for what concerns the small 

scale, hence rapid, oscillations. 

2.6.3 High-resolution local meteorological modeling 

Having recognized the limits of the large-scale models, it was natural to approach 

the problem using a high-resolution local model. Our first attempt was to use WRF in the 

forecast mode (WRF-FC). Given the direct availability of its data for possible operational 

purposes, we used 1deg as a boundary forcing model for the initial analyses and the 

subsequent boundary conditions. The results were disappointing in that the WRF-FC 

wind results often performed more poorly than the one degree NCEP model. WRF-FC 

demonstrated a clear tendency to overreact, with the wind modulus often oscillating 

around the 1deg data. We verified this observation with buoy data, which was our only 

source of hourly data and the result was not completely surprising. Previous experience in 

other areas (see, among others, Bertotti et al., 2013b, for extensive tests in the western 

Mediterranean Sea) has shown that limited-area models are only as good as the 

information provided by the boundary-forcing models. We think that a one-degree 

resolution is too coarse to provide suitable input and boundary information for basins like 

the Red Sea. We do stress that with NCEP and ECMWF, we are dealing with analysis 

fields, whereas with WRF-FC, we are using the +12 to +30 hour forecasts. However, 

within this narrow forecast range, models are not expected, at least within the general 

indications we are looking for in this paper, to deteriorate appreciably (see for instance 

the ECMWF statistics by Richardson et al., 2013). The solution was to use high-

resolution local analysis, WRF-AN. In so doing, we took advantage of the available data 
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and took into account all the features of the Red Sea basin (the details are presented in 

Appendix B). Indeed, this improved substantially the quality of the wind and wave data. 

This was true not only for the best-fit slope versus measured data, but, perhaps more 

significantly, for the scatter. The results shown in Figures 2.4 and 2.5 and presented in 

Tables 2.2 and 2.3 are significant. 

Compared with that of high-resolution WRF-AN, the performance of EC+ 

depends on the general meteorological situation. If the smallest details of the field are 

important, like in the case of the small but strong jets from the eastern side, then WRF-

AN should provide a more realistic picture (narrower jets) of the situation. If, as in the 

case of the major storm on 9 May 2009 (see Figures 2.6 and 2.7), the pattern follows a 

large scale, and both the NCEP and ECMWF global models perform competitively. 

 2.6.4 Sea breezes 

A special issue is sea breezes, whose daily cycle is not properly captured by any model. 

Of course, we have only one data collection point from which to judge the results, i.e. the 

buoy which was moored about 50 km off the coast. The clear presence in Figure 2.6 of 

“breeze waves” superimposed to the background field indicates that the breeze affected 

area may extend well beyond the buoy. Indeed, assuming that the background field is 

parallel to the coast, a simple estimate of the breeze-generated wave energy at the buoy 

suggests that the breeze fields may extend at least 100 km from the coast. This implies 

that most of the basin, if not the whole of it, is affected by the daily breezes. This is 

consistent with reports in the literature (see, e.g., Steele et al., 2012). 	
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2.6.5 Wave modeling 

Wind waves mirror the standard problems in wind modeling. We have pointed out 

that, because of insufficient resolution, the EC easterly jets are wider and hence less 

realistic than those modeled by WRF-AN. This implies that the peak wind speeds 

modeled by EC are lower. Because wind waves are an integrated effect of the driving 

wind fields, the Hs differences are not so evident. However, differences exist in the 

directional spread of the 2-D spectra of the waves, the diverging narrower jets leading to 

wider distributions than the more uniform along-the-coast EC winds.  

In Tables 2.5 and 2.7, we see that EC+ results have exceeded the available 

measurements by 6% for the NNW winds and 2% for the easterly jets. This is consistent 

with the observation by Cavaleri and Bertotti (2004) that the model’s underestimate of 

the surface wind speeds decreases as the fetch increases. Again this would suggest a 

fetch-dependent (and direction-dependent) calibration of wind speed, but we feel we do 

not have enough data to follow with a sufficient accuracy this conclusion. Indeed, once 

we consider the number of cases available for each specific situation, we realize that the 

conclusions we have derived can only be considered as valuable approximations. This is 

also how we interpret what in a couple of cases can be referred to as apparent 

contradictions between wind and corresponding wave results. 

A more serious issue is raised from the results presented in Table 2.2 (U10 and Hs 

at the buoy) and Table 2.3 (wave mean period). Clearly, the model mean periods are 

larger than expected from the Hs results. We believe this comes from the sea breeze. In 

subsection 2.6.4, we pointed out that all the meteorological models, and more so the 
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large-scale ones, underestimate the sea breeze wind speed and its spatial extent. This 

leads to an underestimate of the related higher-frequency energy in the wave spectrum. 

This is clearly shown in Figure 2.14, which presents a comparison between the 2-D 

spectra from the models and as measured at the buoy. Apart from the directional spread 

of the buoy spectrum consequent to the analysis method (Steele et al., 1992), the lack of 

high-frequency energy in the model spectra is evident. The consequence, limited for what 

wave height is concerned, is an overestimate of the model mean period, as shown in 

Table 2.3. 

	

Figure 2.14: 1-D and 2-D wave spectra from model and measured at the buoy during an 

active sea breeze event. See Figure 2.1 for the position. 

2.6.6 Wave model source functions 

Having discussed in the previous subsections wind-related problems, we now 

focus on the physics of the wave model. Indeed, the unusual conditions in the Red Sea 

give rise to some obvious questions. First, we consider the Tokar Gap results. There (see 

the examples in Figures 2.2b and 2.10a), the outgoing jet impinges at cross-angle, but 

with a large directional spread, on the well-developed SE-flowing wave system. This is a 
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difficult scenario to capture in a wave model (and one of the tests in the classical 

SWAMP study, 1985). However, it is not unusual because it is similar to what may 

happen behind a rapidly moving cold meteorological front. The interactions and the 

ensuing dissipation depend on the intensity of the lighter general SE-flowing wind and 

hence on the stage of development when the SE-propagating waves come across the 

Tokar Gap wind area. If the SE wind is strong enough, the related waves would be well 

developed, and the interaction with the across-wind and the related young waves would 

be limited. In this case, a separation in the model of the white-capping dissipation 

between the swell and wind sea, following Bidlot et al. (2007) and Ardhuin et al. (2010), 

is expected to help. The situation is more complicated when, because of a lighter SE 

wind, the related waves are characterized by a frequency closer to the one of the Tokar 

Gap waves. Indeed, in Figure 2.10, we see a clear underestimate by the models on the left 

side of the jet, i.e., where the locally generated waves move almost opposite to the 

incoming NNW ones. 

Following this line of thinking, we are more concerned with the convergence of 

the opposing winds in the winter months (Figures 2.2c and 2.13b) when the situation is 

absolutely unusual, and, as far as we know, not sufficiently discussed in the literature. 

Superimposed wind-sea and swell moving in opposite directions can be relatively 

common in oceans. Indeed Garcia-Nava et al. (2009) studied fetch-limited generation by 

the Tihuano wind superimposed on a long period swell moving towards the coast. The 

Red Sea case is different. We have two opposing wind seas of similar amplitude and 

frequency, each under the action of its own wind until the convergence zone. Such a 
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situation has not been considered in formulating and tuning the various dissipation source 

functions in the models (see the extensive discussion by Babanin, 2011). 

By analyzing in detail how the wave conditions change from point to point in 

Figure 2.12 (see Figure 2.13 for the distribution of the spectra locations), we see that in 

the two extreme areas there is basically a swell moving against the local wind sea. 

Consequently, in these areas, like for the Tihuano wind observed by Garcia Nava et al. 

(2009), the dissipation can be reasonably represented in the wave model. Our main 

concern is for the central area where the two opposing systems have similar frequencies. 

In a way, we could imagine this as an area of irregular standing waves, and a suitable 

representation of the associated dissipation in the formulations of the present spectral 

wave models seems not to be available. Nevertheless, the models seem to do a reasonable 

job overall, at least for the significant wave height. There was no ideal altimeter pass like 

the one in Figure 2.10 during an intense “convergence” event. However, there were 

several passes across the axis of the basin. In general, given the available data, the 

performance of the wave models in the convergence area was similar to the other more 

standard situations. We believe that this is due to the relatively limited extent of the real 

“standing waves” area and therefore there is a limited overall effect on the basin’s wave 

field and overall statistics. No doubt, the condition deserves further attention, along with 

the formulation of the non-linear wave-wave interactions, whose standard Discrete 

Interaction Approximation (DIA) approach in operational applications seems not to 

capture the unique scenario in the Red Sea. As discussed above, a more precise statement 

will require a more dedicated analysis. 



69 
 

	

 Clearly, the unique conditions of the Red Sea suggest that it is a natural 

laboratory to test specific aspects of local and large-scale meteorological and 

oceanographic models. In the example of the Tokar Gap, the local wave and circulation 

conditions strongly depend on the geometry of the jet and on how it interacts with the 

axial flow along the basin. The cross-sea and partially opposing active generation of a 

wave system from the NW (see Figure 2.11) deserves further attention. 

In addition, more work needs to be done to understand the convergence zone and 

the implications of the various source functions in those areas. For a proper study, first 

we need to make sure that the meteorological modeling places the convergence at the 

correct position. Further, an accurate modeling of the circulation pattern in the Red Sea, 

besides being valuable in itself, could quantify its role in wave modeling, partially where, 

as the convergence zone, the conditions may be very sensitive to also limited variations 

of the background information.  
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  Chapter 3

The impact of atmospheric data assimilation on wave simulations in the 

Red Sea 

3.1 Introduction 

In coastal and open oceans, surface winds and waves are the two major dynamic 

driving forces responsible for various oceanic phenomena, and they play a vital role in 

air-sea interactions. By achieving more accurate representations of surface winds as 

atmospheric forcings in ocean models, we can improve our simulations of oceanic 

processes (Agarwal el al., 2006; Gan et al., 2005). Traditionally, modelers relied on 

global model outputs and reanalysis products (e.g., Miller, 1994; Bentsen, 2000; Auad et 

al., 2001; Rosmond et al., 2002; Brodeau, 2010; Dee et al., 2011) to force ocean models 

because of their wide spatial coverage and long availability in time; however, these 

forcings are limited by constraints, such as coarse horizontal resolution, significant 

uncertainties (Shinoda et al., 1999; Yang et al., 1999; Carvalho, 2012), and an 

insufficient amount of data available for assimilation (Putman et al., 2000; Waliser et al., 

1999). By downscaling, these limitations can be overcome and mesoscale features can be 

more accurately described (Giorgi, 2006; Langlais et al., 2009; Wang et al., 2004). In 

fact, recent developments in numerical modeling and rapid increases in computational 

resources have enabled modelers to use mesoscale weather models to dynamically 

downscale global products such that terrain complexities and local physics can be better 

characterized: reasonably accurate atmospheric fields have been achieved this way 
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(Cardoso et al., 2013; Heikkilä, 2010; Jimenez et al., 2013; Soares, 2012; Zagar et al., 

2006). Although regional atmospheric modeling has proven satisfactory in open oceans 

(Caires and Sterl, 2005), modeling enclosed seas, particularly those with small basins and 

steep or complex orography, presents challenges: successful modeling of surface wind is 

dependent on the closeness of the point of interest in the sea to land (Cavaleri and 

Bertotti, 2004). 

Large-scale (global) models commonly underestimate wind speed in enclosed 

basins. Instead, a high-resolution configuration with detailed topography would be more 

effective at resolving mesoscale features, such as mountain-valley contrasts, topographic 

flow, and gravity waves. Moreover, in coastal areas, higher-resolution models may be 

able to capture land-sea breezes, drainage winds due to local wind systems, and large 

land-sea temperature differences. Ralston et al. (2013) and Jiang et al. (2009) followed 

this approach for the Red Sea, where they downscaled data from the National Center for 

Environmental Prediction (NCEP) Final Analysis (FNL) with one-degree global fields 

using two nested domains with resolutions of 30 and 10 km. They showed that the 

downscaled winds in the coarse-resolution domain (30 km) continued to exhibit a strong 

negative bias while in the high-resolution domain (10 km) winds were more accurately 

reflected in their wave simulations. Molders et al. (2008) concluded that the Weather 

Research and Forecasting (WRF) model captures the overall temporal mean variability in 

wind speed over Alaska with minimal overestimation. However, Wyszogrodzki et al. 

(2013) analysed the characteristics of downscaled winds over the contiguous United 

States between June 2009 and April 2010 and reported that the WRF model 

overestimates wind speeds, especially over regions with high terrain (negative biases). 
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Other studies suggest that the WRF model has a general tendency to overestimate near-

surface wind speeds (at 10 m) and to underestimate daytime surface temperatures over 

topographically complex regions (Gozzini et al., 2008; Horvath et al., 2012; Roux et al., 

2008). 

Assimilating the observations that are available in a region of interest can reduce 

uncertainties in the initial conditions inherited from global outputs, and naturally, the 

more precise the initial and boundary conditions are the more accurate downscaled wind 

products are expected to be. Variational data assimilation techniques efficiently combine 

observations from heterogeneous platforms while satisfying model dynamics and 

accounting for various uncertainties. These techniques, such as three-dimensional 

variational (3DVAR) and four-dimensional variational data assimilations, are now 

extensively used in operational forecasting centers (Kalnay, 2003). Although availability 

of sufficient observations is essential (Andersson et al., 2006), 3VDAR is an attractive 

operational approach because it offers relatively low computational costs and reasonable 

performance (Zhang et al., 2012).  

Here, we explore the possibility of simulating accurate high-resolution wind fields 

for the Red Sea by updating the initial conditions of a mesoscale WRF model using 

3DVAR data assimilation. The Red Sea is characterized by highly varying and multi-

faceted wind fields, suitable to emphasize the difficulty of the situation and the possible 

approaches. Moreover, its long and narrow shape makes the local conditions very 

sensitive to even minor changes in the direction of the driving wind fields. In such a 

narrow basin, small errors in the surface wind direction may induce significant 

uncertainties in oceanic processes (Ardhuin et al., 2009). 



73 
 

	

 

Figure 3.1: The two nested domains used in the WRF-ARW model with resolutions of 30 

and 10 km for domains D1 and D2, respectively.   

The Red Sea has a meridionally elongated basin that stretches 2250 km between 

Africa and Asia. It has an average depth of 490 m and a maximum depth of 2300 m. The 

study area is shown in Figure 3.1. As described in Chapter 1, the orography has an 

important influence on the local dominant wind regimes, characterized by strong seasonal 

(winter and summer) variability. In summer, NW winds dominate the entire basin, and 

during winter, typically between October and April, both NW and SE winds are present 

in the northern and southern parts of the Red Sea, respectively. Characteristics of the Red 

Sea, including circulation, wind and wave conditions, and seasonal changes, have been 

discussed in recent literature (e.g., Jiang et al., 2009, Ralston et al., 2013, Yao et al., 

2014a, 2014b, Zhan et al., 2014). The orography surrounding the basin comprises valleys 
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of different sizes that cut across bordering mountain ridges, controlling local wind 

regimes; its complexity makes wind and wave modeling very challenging in this region 

(Ralston et al., 2013). 

3.2 Data and Methodology 

Advanced Research WRF Version 3.6.1 (ARW, Skamarock et al., 2008.) and its 

WRF Data Assimilation (WRFDA) package were adopted in this study. The resulting 

wind product was then used for forcing wave model WAVEWATCH III (WW3). Brief 

descriptions of the models, their configurations, and assimilated observations are given in 

this section.   

3.2.1 The WRF Model 

A high-resolution WRF modeling domain was implemented following the configuration 

of Jiang et al. (2009). It includes two, two-way nested domains with respective horizontal 

resolutions of 30 and 10 km (Figure 3.1) each with 35 vertical levels. The outer domain 

extends from 5° S to 39° N and from 16° E to 64° E, and the inner domain covers the Red 

Sea basin from 9° N to 30° N and from 31° E to 47° E. For better representation of land-

sea contrasts and wind forecasts over coastal regions, coarse-resolution lower boundary 

sea surface temperature (SST) conditions obtained from FNL data were replaced with 

time-varying high-resolution SST data from Real-Time Global High-Resolution (RTG-

HR) SST values (Gemmill et al., 2007). 

Downscaled products for the Red Sea were generated with and without 

assimilating observations. Simulations were conducted over one year (2009) using a 
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consecutive integration method with daily initialization, similar to Lo et al. (2008) and 

Jiang et al. (2009). In the first experiment, which we refer to as the Control (CTL) run, 

the WRF model was initialized from FNL data (1o x 1o) and the boundary conditions 

were updated every six hours. Simulations were conducted with daily initializations at 

1200 UTC integrated up to a 36-hour lead-time; the first 12 hours were excluded to allow 

for spin-up. The second experiment referred to as VARFC is based on the same 

configuration as the CTL but used a cyclic 3DVAR assimilation system to enhance the 

downscaled initial conditions. For the first 12 hours, the available observations were 

assimilated every three hours to replace the WRF first guess by the 3DVAR analysis. 

Using these improved initial conditions, a free forecast was computed for the subsequent 

24 hours. We assimilated the “prepared” or quality controlled observational data 

(PrepBUFR) available in BUFR format from the NCEP Atmospheric Data Project (See 

Appendix D for details).  

 

Figure 3.2: Spatial distribution of the observations assimilated into the WRFDA system 

during one cyclic assimilation (12 UTC 15 July to 00 UTC 16 July 2009). 
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3.2.2 Wave Model 

We implemented version 3.14 of WW3 on a regular latitude-longitude grid with 

0.050 resolution to cover the entire Red Sea from 10o N to 30o N and 31o E to 50o E. We 

used 29 frequencies, starting from 0.05 Hz with a 1.1 geometric progression in 36 equally 

spaced directions. We chose Janssen’s physics (1991, 2008) as a physical 

parameterization scheme for our configuration. The source term for dissipation was 

reshaped by Bidlot et al. (2007) and is referred to as “BJA”. A detailed description of 

WW3 can be found in the model user manual (Tolman, 2008), and outputs were made 

available at one-hour intervals. 

3.2.3 Atmospheric and Wave Data 

 For comparison with the numerical model outputs, we used observations from a 

surface-mooring buoy deployed near 22.170 N, 38.50 E (see Figure 3.1 for location) at a 

depth of 693 m. We used data (wind speed and direction and surface waves) collected at 

hourly intervals between January and December 2009. We also used the quality-

controlled altimeter-derived significant wave heights from the GlobWave database 

(http://www.globwave.org) to validate the wave model. During the study period, data 

from four satellites, ERS-2, Jason-1, Jason-2, and ENVISAT were available for 

comparison. 

In addition to the buoy, we used remotely sensed scatterometer data and available 

coastal synoptic weather station data. Wind data from QuikSCAT, downloaded from 

NASA’s http://podaac.jpl.nasa.gov webpage, have been validated extensively through 

application to different basins (Ebuchi et al., 2002; Pensieri et al., 2010), confirming a 
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nominal accuracy of 2 m s-1 in wind speed and 18o in direction. The three-hourly synoptic 

observations were retrieved from the National Climatic Data Center (NCDC), NOAA, 

USA. Observations collected at 17 stations along the coast of the Red Sea were 

complemented with one Automatic Weather Station (AWS) located south of Jeddah, 

which we obtained from ARAMCO, the Saudi Arabian Oil Company. 

3.3 Results and Discussion 

 In this section, we analyze the impact of the data assimilation on improving wind 

simulations over the Red Sea. First, we discuss the initial differences in the WRF outputs 

from runs with and without assimilation, and then we evaluate the level of accuracy in 

modeling atmospheric conditions by comparing model outputs with available 

observations. Next, improvements to simulated wave conditions resulting from 

assimilated winds are analyzed and quantified, followed by an extensive discussion 

focusing on two special cases of wind and wave conditions. 

3.3.1 Differences in the initial conditions of the WRF model with and without 

assimilation 

Here, we examine how the assimilation modifies and eventually improves outputs 

from the WRF model. The scatter plots of U and V wind components are shown in Figure 

3.3 alongside the corresponding QuikSCAT observations for the first guess (left panels) 

and the 3DVAR analysis (right panels). The scatter plot is shown for the summer months, 

during which the northwesterly flow dominates the entire Red Sea. Compared to the 

QuikSCAT, the zonal wind component of the first guess seems to be overestimated by 

0.84 m s-1 while the meridional component appears to be underestimated by 0.95 m s-1, 
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suggesting weaker than observed northwesterly flow. 3DVAR significantly reduces the 

initial error by about 0.7 m s-1 and RMSE by about 0.5 m s-1. Points are, therefore, less 

scattered after assimilation, which is clearly reflected in smaller standard deviations for 

both zonal and meridional components. In summer, error reduction is more pronounced 

in meridional wind components because uniform northwesterly winds over the Red Sea 

are dominant. In particular, reduction of the mean error by 0.80 m s-1 indicates stronger 

northerly flow in the assimilated fields, in agreement with the QuikSCAT data.  

 

Figure 3.3: Scatter plot of QuikSCAT observations against the first guess (a and c) and 

3DVAR analysis (b and d) for the zonal (upper panel) and meridional (lower panel) 

components. In total 6072 observations were assimilated. 



79 
 

	

 

Figure 3.4: Comparison of wind speed and direction for winter (upper panel) and summer 

(lower panel) against the QuikSCAT observation for corresponding dates. 

These differences in initial fields significantly influence WRF outputs. An example 

of winter and summer wind flow patterns, outlined in Figure 3.4, shows a comparison of 

simulated surface wind from the CTL and the 3DVAR analysis against QuikSCAT data. 

Although the observed surface flow patterns for both seasons are well captured in both 

simulations, the CTL overestimates the orographically channeled northwesterly winds 
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during summer and the southeasterly winds during winter. In general, WRF data tends to 

overestimate surface winds (Andrzej et al., 2013; Molders, 2008) over complex 

topographies and this is clearly reflected by the CTL outputs. In 3DVAR analysis, 

however, overestimation of the surface wind is significantly reduced during both summer 

and winter seasons, indicating that the assimilation better reproduces the spatial pattern 

and directional accuracy of the wind.  

More specifically, in winter, the intensity of northeast monsoon winds entering the 

Red Sea through Gulf of Aden is over predicted in the CTL. The assimilation brings 

down the intensity by 2-3 m s-1 and makes it more consistent with the scatterometer 

observations. A similar scenario could be observed in the northern Red Sea. During this 

period, the northern tip of the Red Sea was relatively calm with low 3-4 m s-1 winds. The 

1-2 m s-1 increase in wind speed observed in the CTL was reduced by assimilation. As a 

consequence of the decreased intensity of the northward winds, the convergence zone is 

better represented and more accurately positioned in the 3DVAR analysis fields as 

compared to CTL. 

In addition, in summer, 3DVAR analysis secures higher directional accuracy than the 

CTL. For example, QuikSCAT data of the strong wind speeds observed in the southern 

Red Sea, attributed to the funneling of cross-shore winds through the Tokar Gap, 

compare more closely with the 3DVAR analysis fields than with the CTL in terms of 

both magnitude and direction, especially in reproducing the locations of intense wind 

fields. However, while the decrease in initial surface wind fields by 1-2 m s-1 for the high 

wind speed in the 3DVAR analysis relative to the CTL may seem inconsequential, it may 
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lead to large variations in simulated fields, particularly surface winds, and consequently 

in ocean surface processes, such as waves, as will be shown below. 

3.3.2 Model performance: wind fields 

 Statistical scores were computed to evaluate the wind products from the CTL and 

the VARFC against available observations from the Red Sea: the mean error (ME), root-

mean-square error (RMSE), scatter index (SI), slope, and Pearson’s correlation 

coefficient (CC) (see the Appendix for definition of statistical parameters).  

 

Figure 3.5: A scatter plot of buoy observations against WRF model outputs from CTL and 

VARFC runs. The line of best fit (black dashed line) and QQ curve (thick black line with 

“+” signs) are overlaid on the plot. Number of points in each pixel is given in colorbar. 

3.3.2.1 Validation using buoy data 

In Figure 3.5, the scatter plot illustrates the relationship between the buoy data 

and simulated winds. A line of best fit and a QQ plot are overlaid on the scatter plot, and 
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the most significant statistical values are reported in Table 1. VARFC simulated wind 

fields more accurately represented buoy data than did CLT data for all computed 

statistics. For example, the QQ plot (thick black line with “+” signs) overlaid on the 

scatterplot illustrates how the VARFC fields accurately reported buoy measurements, 

especially high winds. As reported in the previous section, during high wind events winds 

are overestimated in CTL fields.  

Table 3.1: Summary of the performance of atmospheric and wave models using WRF-

CTL and WRF-VARFC approaches. Statistics were derived from comparison with 

observations at the location of the buoy. Units for RMSE and ME are presented in m s-1 

for wind speed, m for wave height, degrees for direction, and s for wave periods. Slope, 

CC, and SI are adimensional. 

	

 WRF CTL WRF VARFC 

 ME RMSE Slope CC SI ME RMS
E 

Slope CC SI 

Wind -0.1 1.72 1.03 0.79 0.32 -0.18 1.54 0.99 0.81 0.28 

Wind Direction 9.55 43.69 -- 0.66 0.14 11.18 37.44 -- 0.68 0.12 

Wave Height -0.04 0.26 0.93 0.88 0.29 -0.05 0.23 0.95 0.91 0.25 

Wave Direction -6.2 46.43 -- 0.61 0.35 -3.6 40.92 -- 0.66 0.31 

Wave Period 0.46 0.81 1.11 0.66 0.19 0.37 0.75 1.08 0.72 0.17 
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3.3.2.2 Validation against QuikSCAT and synoptic observations 

           Spatial distribution of the statistical scores computed from the modeled winds 

against coastal synoptic observations (indicated by dots) and QuikSCAT winds are shown 

in Figure 3.6. The upper (a, b, c, d) and lower (e, f, g, h) panels of Figure 3.6 show CTL 

and VARFC, respectively. Taken together, results show a clear net reduction in the error 

values in VARFC fields compared to CTL fields. CTL fields overestimated winds by 0.5 

to 1 m s-1 between the central Red Sea near the Tokar Gap and the northwestern Red Sea, 

reaching its highest value (~2 m s-1) at the northern mountain gaps (Gulf of Aqaba and 

Gulf of Suez) and western Gulf of Aden; underestimations of the coastal winds were 

made over the northeastern and southeastern Red Sea. Meanwhile, the VARFC reduced 

the overestimation of winds over the southern and central Red Sea, but underestimated 

coastal winds over the southwestern and northeastern Red Sea by 0.5 to 2 m s-1. The 

RMSE of the CTL wind was highest (~2.5 m s-1) near the Tokar jet, the northern Red Sea, 

and the western Gulf of Aden, reaching about 1.5 to 2 m s-1 in the south. The assimilation 

run significantly reduced RMSE (~0.5 to 1 m s-1) from northern to central regions but had 

little impact on the coastal winds along the western Gulf of Aden. For more than half of 

the compared synoptic locations, RMSE was greater than 1.5 m s-1 in the CTL run but the 

assimilation of observations considerably reduced the errors. A similar conclusion can be 

derived from the validation with QuikSCAT, where a RMSE of 2 m s-1 was estimated 

over most of the areas of the Red Sea in the CTL and was reduced to 1 m s-1 in the 

assimilated winds. Correlation coefficient values indicate that the CTL simulated winds 

exhibited higher correlations over the northern than over the southern Red Sea; these 

correlations were enhanced by assimilation up to 0.9 in the North. 
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Figure 3.6: Comparative statistics, ME, RMSE, CC, and SI, derived from the comparison 

of simulated winds with the QuikSCAT winds over the Red Sea and with the synoptic 

observations (in dots) along the coastlines of the Red Sea area for 2009. The upper panel 

(a-d) corresponds to the CTL and the lower panel (e-h) corresponds to VARFC. 

By assimilating the data, we obtained a net improvement in the SI (Fig6.d and 6.h); larger 

SI values corresponded to areas near more complex orography, suggesting that results 

were highly dependent on the location of the measurement. For example, results were 

drastically degraded throughout the coastal and south-central areas of the Red Sea, where 

RMSE and SI were high for the CTL. Errors in simulations can be associated with 

modeling wind fields close to relevant orographic features and with the higher turbulence 
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introduced in the fields in close proximity to mountains (Jimenez et al., 2013, 2010). The 

high variability associated with the mutli-faceted, high-gradient winds near the Gulfs of 

Aqaba and Suez may also explain errors in simulations. Compared to QuikSCAT, 

assimilation greatly enhanced model simulations with a correlation coefficient close to 

unity and a reduced SI of less than 30% over most areas of the Red Sea. 

 

Figure 3.7: As in Figure 3.6, but for summer months. 

As discussed above and shown in Figure 3.4, wind flow over the Red Sea has two 

distinct patterns in the summer and winter seasons. Therefore, we examined the 

performance of the WRF model separately for each season. The spatial distribution of the 

seasonally averaged statistical scores (ME, RMSE, CC, and SI) is presented in Figure 3.7 
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for the summer months (June – August, 2009) and in Figure 3.8 for the winter months 

(Jan, Feb and up to 1- 19 Nov), whenever QuikSCAT data were available. In both 

Figures, the upper and lower panels represent the CTL and the VARFC, respectively.  

During summer, the CTL wind overestimated the channeled flow through the Tokar Gap, 

the winds on the leeward side of the Gap (over the central Red Sea), and the northwestern 

Red Sea at Hurghada with high RMSE, low CC, and a significant SI. Overall, the 

simulated CTL wind flow pattern over the northern Red Sea exhibits lower errors than 

over the southern part of the basin, which is surrounded by complex topography. 

Although the assimilation considerably reduced the overestimation of channeled flow at 

the Tokar Gap as well as at mountain gaps near Hurghada, winds along the coast of the 

Red Sea were slightly underestimated. Assimilation of observations significantly reduced 

RMS and SI errors across the entire Red Sea. 

During winter (Figure 3.8), errors in wind speed shifted toward the southern and 

northeastern Red Sea. High RMSE values near the northeastern coast of the Red Sea 

were also likely associated with an inaccurate representation of the mountain channel 

flow towards the leeward side. Furthermore, the higher error associated with more 

complicated orography was more prevalent in the southeast wind flow in the southern 

Red Sea, similar to the errors observed around the Tokar Gap during the summer months. 

The underestimated channeled flow of the northwesterly monsoon winds caused by the 

Hijaz Mountains was significantly reduced in the assimilation run. Although the VARFC 

reduced wind flow uncertainties over the northeastern Red Sea during winter, it failed to 

enhance the southeasterly wind flow near the coast; however, we tentatively attribute this 
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to a lack of synoptic data in this region.  

 

Figure 3.8: As in Figure 3.6, but for winter months 

Overall, between the two seasons, the winter months exhibited lower errors. Also, 

the northern Red Sea performed better than the southern, likely because the wind flow 

direction is consistent over the northern Red Sea. In the southern Red Sea, the 

performance of the model is, therefore, limited by the complex orography, channeled 

winds, and a lack of observational data. 
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Figure 3.9: Wind rose diagrams at three locations: i) Kosseir, ii) KAUST Buoy, and iii) 

Hodeida for Synoptic, CTL, and VARFC data (a, b, and c respectively). 

3.3.2.3 Wind direction from the CTL and the VARFC 

To illustrate the performance of the simulated wind direction from CTL and 

VARFC, we plotted wind rose diagrams (shown in Figure 3.9) based on data from three 

stations, namely Kosseir, KAUST Buoy, and Hodeida located in the northern, middle, 

and southern parts of the domain, respectively. We divided the wind rose circle into 24 

directional bins and wind speeds were grouped into three sets separated by 5 m s-1. As 

expected, northerly flow dominates over the north, northwesterly flow was predominant 
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at the location of the buoy, and south to southwesterly flow prevails over the southeast 

coast. Both the CTL and VARFC simulate the observed directional distribution in the 

central and southern Red Sea with a westward shift of high wind speeds that is more 

pronounced in the CTL. Significant differences between simulated and measured south-

southeasterly winds in the southern Red Sea became apparent, where both runs failed to 

produce wind speeds in the range of 5-10 m s-1. 

3.3.3 Model Performance: Wave Fields 

 Analyzing the wave simulations forced by the CTL and the VARFC assimilation 

also enables us to directly validate the quality of these two wind fields. In a long narrow 

basin like the Red Sea, which experiences multifaceted winds, a difference in the spatial 

structure of the wind contours or mis-location of the intense mountain jets can also 

induce significant errors in the simulated wave fields. Here, we used wave observations 

from buoys and altimeters to assess the performance of the wave model forced with the 

CTL and VARFC winds. 

3.3.3.1 Validation using buoy data 

To start, we compared the wave model outputs with the buoy data and analyzed 

the simulated wave parameters. To judge the quality of the simulated integral parameters 

of wave fields, such as significant wave heights, mean wave period, and mean wave 

direction, we used the ME, RMSE, slope of the line of best fit, CC, and SI statistical 

scores (Table 3.1). Results show that the performance of the model forced with the CTL 

winds was poor compared with the run forced with the VARFC which is consistent with 

results reported in previous sections. Figure 3.10a and 3.10b show the scatter plot 
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between the buoy observed and modelled significant wave heights. Similar to that 

reported for high winds, higher waves were also better simulated by the VARFC winds; 

this conclusion is confirmed by the QQ plot, which shows a better distribution of wave 

heights, especially with regard to higher waves.  

 

Figure 3.10: Comparison of WW3 modeled waves with buoy and altimeter observations: 

a) CTL v/s Buoy, b) VARFC v/s Buoy, c) CTL v/s Altimeter and d) VARFC v/s Altimeter. 

The line of best fit (dashed black line) and QQ curve (thick black line with “+” signs) are 

overlaid on the scatter plot. The colored bar indicates the number of points in each pixel. 

The strongest measured wind occurred at the location of the buoy on 14 January 

2009 and was associated with easterly jets, whereas the highest wave was recorded on 09 
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May 2009 as a consequence of persistent NNW wind. The occurrence of the most 

extreme wind and wave events at different dates indicates that no cause-effect 

relationship can be established between high winds and high waves at the location of 

buoy. A comparison of wind speeds with wave heights at the location of the buoy 

outlines that despite a significant difference in the distribution of extreme waves, data 

assimilation improves wind speed, particularly with respect to simulating high waves 

compared to the CTL winds, which completely overlooked high waves. Further analysis 

indicated that, in narrow basins like the Red Sea, the generation of high waves is 

dependent on the spatial structure and direction of “stormy” wind areas. As we observed 

in Section 3.3.2, the assimilation greatly improved the spatial patterns of the winds, in 

particular, the extent of the affected area and the geographical location as well as the 

intensity of “storms.”  Overall, the VARFC fields more accurately reproduce the features 

of high waves. The lower scatter in Table 3.1 and Figure 3.10a and 3.10b is associated 

with the use of the VARFC winds, consistent with the discussion on wind speeds in the 

previous section.  

3.3.3.2 Validation using altimeter data 

 Figure 3.10c and 3.10d show the scatter plots for each source as derived from the 

one-year comparison of the wave heights simulated using WW3 versus altimeter data. 

The color represents the number of collocation points in each pixel. The best-fit slopes 

and the QQ plots are overlaid on the scatter plot and the derived statistics from the 

comparison are labeled.  
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 Results from comparing model with altimeter data were similar to those from 

comparison with buoy measurements. Wave heights simulated using CTL winds were 

strongly underestimated as a direct consequence of underestimating winds. Furthermore, 

the stronger scatter in the CTL winds also affects wave simulations. The underestimation 

of high waves simulated by the CTL causes a lower best-fit slope compared to that of 

modeled waves forced with VARFC. Hindcast errors at high wave heights are even more 

evident in the QQ plots: data points in the CTL QQ plot strongly diverge from the line of 

equality for measured wave heights greater than 2.5 m, while most data points in the 

VARFC QQ plot are on the line of equality irrespective of the wave height. Nevertheless, 

on a few occasions VARFC simulated 2-2.5 m waves when altimeter observed 3-4 m. 

Detailed analyses of the winds that generate these high waves suggest that the 

underestimation of winds by VARFC led to differences in wave distribution. 

3.3.4 Case Studies 

The previous sections evidence that the VARFC produces better simulations of 

wind fields and thus improved simulation of wave fields with respect to CTL. To obtain a 

more clear idea of the models’ performance, we will now explore two case studies in the 

Red Sea in greater detail. In the first case, we analyze the performance of the models 

during mountain-gap events, which are difficult to reproduce. For this, we rely on 

altimeter observations to obtain adequate data coverage. In the second case, we focus on 

a period of about ten days on May 2009, when the buoy recorded the most severe wave 

event with waves reaching over 4 m high.  
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Figure 3.11: The time snaps of a) CTL, b) VARFC, and c) scatterometer wind fields 

corresponding to the Tokar event on 12 July 2009. 

3.3.4.1 Case I: Waves generated by mountain-gap winds 

 The southern Red Sea experiences strong mountain-gap eastward winds during 

summer, and the northern Red Sea experiences heavy cross-axis westward winds during 

winter. From mid-June to mid-September, the Tokar Gap wind jet, the strongest cross-

axis jet in the southern Red Sea, develops almost every day with a strong daily cycle. 

During this event, the South is covered by strong easterly winds greater than 10 m s-1 

(Jiang et al., 2009). From November to March, the westward-blowing mountain-gap 

winds, with a frequency of occurrence of 10-20 days and a wind speed greater than 10 m 

s-1, cover almost 40% of the northern Red Sea. These winds produce remarkable wave 

heights that often exceed 2 m.  

 A general description of the conditions is shown in Figure 3.11, which plots the 

time snaps of CTL, VARFC, and QuikSCAT wind speeds corresponding to a Tokar event 

on 18 July 2009. Both the CTL and the VARFC follow the wind speed patterns as 

observed in QuikSCAT. However, CTL wind speeds had a slightly higher magnitude than 
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QuikSCAT. Similar results have been reported in other areas by Bertotti et al. (2013), 

who found that in general, under the presence of a strong wind gradient, higher-resolution 

limited-area models forced with global fields generally simulate higher wind speeds in 

the western Mediterranean Sea. As observed in Figure 3.11, the assimilation reduced 

mountain-gap wind speeds to a level comparable with observations, producing accurate 

wind patterns over the area.  

  

Figure 3.12: Scatter plot of altimeter wave observations against model simulations for 

Tokar (upper panels a & b) and easterly jets in the northern Red Sea (lower panels c & d). 

The left and right panels correspond to CTL and VARFC, respectively. The QQ curve 

(thick black line with “+” signs) is overlaid on the scatter plot. The colored bar indicates 

the number of points in each pixel 
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To evaluate wave model performance, we considered only the days during which 

eastward jets determined the wave climate over the southern Red Sea. The upper panels 

of Figure 3.12 (a and b) show scatterplots of altimeter observations and model simulated 

wave heights during Tokar Gap events, forced by CTL and VARFC winds, respectively; 

corresponding statistical scores are summarized in Table 3.2. Simulated waves using 

CTL winds overestimated with a RMSE of 0.46 m and a high SI of 0.62. Alternatively, 

wave model simulations using VARFC winds lowered the ME and SI to -0.12 m and 

0.34, respectively. As a consequence of overestimated wind fields, simulated waves using 

the CTL were more scattered with many exaggerated values compared to altimeter 

measurements.  

The westward mountain-gap winds in the northern Red Sea during winter were 

highly localized and very short-lived compared to Tokar Gap winds (Jiang et al., 2009). 

However, the simulated waves using CTL and VARFC during the westward mountain-

gap events followed the same behavior as observed during the Tokar Gap events. The 

lower panel of Figure 3.12 (c and d) shows the scatter plots of altimeter observations and 

simulated waves created by westward mountain-gap winds, and the corresponding 

statistics are reported in Table 2. VARFC correlated well with altimeter data with a 

correlation coefficient of 0.76 compared to 0.66 for the CTL. Although high-resolution 

spatial and temporal CTL and VARFC fields both help to reproduce the small variations 

observed in wave fields, the assimilation brings the model into better agreement with the 

observations.  
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Table 3.2: Summary of the performance of the wave model during mountain-gap events. 

Statistics are derived from the comparison with altimeter observations. Units for RMSE 

and ME are presented in meters. Slope, CC, and SI are adimensional. 

 WRF CTL WRF VARFC 

 ME RMSE Slope CC SI ME RMSE Slope CC SI 

Tokar 0.17 0.46 1.27 0.27 0.62 -0.12 0.28 0.86 0.62 0.34 

NE 0.2 0.35 1.16 0.66 0.39 -0.11 0.26 0.88 0.76 0.27 

 

3.3.4.2 Case II: High wave event during the study period. 

 Note that the overall statistics may not accurately represent the reliability of 

hindcasts during extreme wave events. For example, the evaluation of model fields at the 

location of the buoy presented a number of cases where large differences were evident 

between simulated and measured values of extreme waves (Figure 3.10a and 3.10b). To 

determine the relationship between meteorological conditions and model performance in 

the area, we conducted a detailed analysis of the highest wave event, which occurred on 9 

May 2009. Data from the location of the buoy showed winds of 12.50 m s-1 and wave 

heights of 4.46 m; for this, we used buoy (for continuity in time) and altimeter data (for 

continuity in space).  

 Figure 3.13 shows time series plots of wind speed, wind direction, significant 

wave height, mean wave direction, and peak wave period over a 10-day period in May 

2009.  The CTL fields significantly underestimated the winds during certain situations, 
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especially when the Red Sea basin is covered with northwest winds. Moreover, the wave 

model incorrectly predicted the start time of the extreme event at the location of the buoy. 

Although not simultaneous with the highest observed wave, we found an altimeter pass 

(JASON-1 track no.246) and QuikSCAT ascending pass on 10 May 2009 around 03 UTC 

that captured the same “storm” event. Figure 3.14 shows the measured winds 

(QuikSCAT) and waves (altimeter) with the corresponding model predictions. As 

observed at the location of the buoy, CTL winds, and thus simulated wave heights are 

underestimated along the satellite track.  

 

Figure 3.13: Time series plots of the buoy measured and model simulated wind speed, 

wind direction, significant wave height, wave direction, and wave period during the 

extreme wave height event measured during the study period. 
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Figure 3.14: WW3 modeled significant wave heights from a) CTL and b) VARFC on 10 

May 2009 03 UTC. Comparison between the c) significant wave heights measured by the 

altimeter and the corresponding model and d) wind speed measured by QuikSCAT and 

the corresponding model data. 

Note that both CTL and VARFC winds have minimal deviation from QuikSCAT data 

between 21o N and 24.5o N despite that simulated wave heights exhibit a significant 

deviation from the observations. A comparison of wind speeds at the location of the buoy 

(Figure 3.5, slope = 1.02) suggests that the CTL overestimates the high wind speed, 

which most likely led to an overestimate of the simulated waves during these episodes. A 

detailed analysis shows that strong waves were created by relatively moderate, consistent 

winds along the axis of the basin that persisted for more than 24 hours. Since the waves 

have long history in terms of swells, the measured/modeled wave height at any given 

position does not depend solely on wind speed at that position, but also on the waves 
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generated in nearby areas. Thus, waves generated in the northern Red Sea propagate 

towards the South, contributing to the creation of high waves near the southerly located 

buoy. As discussed in the previous sections, for better prediction of the waves, accurate 

representation of wind fields in space and time are required. The VARFC fields more 

accurately simulate direction, magnitude, and the spatial patterns of wave fields.  

3.4 Summary and Conclusion 

Surface wind speeds derived from global atmospheric models can be insufficient 

for studying regional-scale ocean surface processes in enclosed basins, especially when 

surrounded by complex orography, such as the Red Sea. In order to incorporate the 

complexities of the terrain and the local physics, the global fields are generally 

downscaled to the required resolution using a mesoscale model. In this Chapter, we 

explored the possibility of simulating high-resolution and better quality winds by 

assimilating available observational data in a mesoscale WRF model using 3DVAR.  

Two simulations were performed using a high-resolution nested-domain WRF 

modeling system with (VARFC) and without (CTL) assimilation for the year 2009. 

Consistent with previous studies, the CTL exhibited more errors in the wind fields, 

particularly channelled or gap flows over the leeward areas of the mountains. 

Assimilation of observations from various sources led to a significant improvement in the 

WRF wind flow patterns: simulated winds were more accurate over the northern than 

over the southern Red Sea with better consistency in their flow direction and a higher 

directional consistency of wind direction was simulated by the assimilation experiment. 

Comparisons performed against AWS, buoy, and QuikSCAT data reveal that VARFC best 
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describes wind fields, which are more pronounced in the areas of intense winds. The 

seaward land breezes reinforced through interactions with mountain gaps are one of the 

important factors in determining the wind and wave variability in the Red Sea and the 

assimilation of observations enables more realistic simulations of these cross-axis winds. 

Improvements and differences in wind fields with and without assimilation were 

verified directly using a wave model forced by these wind fields. The inaccurate 

representation of high waves is more prominent in waves simulated using the CTL. The 

increased intensity during mountain-gap winds in the CTL run resulted in an erratic 

simulation of waves during those events. A detailed study of the highest wave event that 

occurred during the study period revealed that an accurate spatial structure of the winds is 

more important in simulating those events in narrow basins like the Red Sea than in more 

ample basins. 

In conclusion, for accurate representation of the surface processes in narrow 

basins like the Red Sea, a precise definition of the wind fields in terms of their 

magnitude, direction, duration, and time is required. Directional changes to forcing may 

result in an inaccurate representation of the energy input into ocean models, at least in 

short-term studies. Therefore, conventional downscaling of global atmospheric model 

fields using high-resolution mesoscale models may not always be adequate. Instead, 

correction of the initial conditions through data assimilation may improve the overall 

structure of atmospheric fields, providing high-quality wind fields that adequately 

represent various surface processes.   
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   Chapter 4

Wind wave source functions in opposing seas 

4.1 The problem to be discussed 

The remarkable progress of wind wave modeling in the last few decades is mainly 

due to two reasons: a) substantial improvements to the quality and resolution of 

meteorological modeling, and b) a keen definition of the source functions in the wave 

models. The WISE-Group (2007) has made a comprehensive panorama of the situation 

and documented the state-of-the-art approaches. More recent developments are presented 

in Ardhuin et al. (2010). 

While we have reasons to be pleased with the successes in the field (see, e.g., 

Janssen (2008) and the statistics of the European Centre for Medium-Range Weather 

Forecasts, henceforth ECMWF, at www.ecmwf.int), it is important to remember how we 

arrived at the presently working theory of the single processes of wave modeling, in 

particular the generation by wind and white-capping. The basic idea of wind wave 

evolution theories, see Miles (1957) and Janssen (1991) for the former or Hasselmann 

(1974) and Komen et al. (1984) for the latter, is that of a wind sea (typically a JONSWAP 

spectrum (Hasselmann et al., 1973)) eventually reaching a well-developed stage. As one 

may expect, application to a real ocean with different wave systems (for energy, period, 

and direction) acting simultaneously, forced some revisits of the mechanisms as, among 

others, those by Bidlot et al. (2007), Ardhuin et al. (2010), and Babanin (2011). However, 

subsequent modulations serve more as updates than a reform of the basis of the original 



102 
 

	

idea. This is particularly true for white-capping, which remains the least understood part 

of wind-wave dynamics, and as such is used in practice as the tuning knob of the system. 

Conflicting results reflect our insufficient knowledge of the involved physical 

mechanisms. 

In this study, we investigate whether the two generally accepted source functions 

that contribute, with their positive and negative terms, to the overall energy budget of the 

system remain valid in conditions very different from the ones typically found in the 

oceans. We begin by considering an unusual meteorological, hence wave, situation, 

which will be described later and that occurs in the Red Sea, where we are focusing our 

attention. An extensive application of an advanced third-generation wave model and 

analysis of available data in the region will provide information for a useful discussion. 

This Chapter is organized as follows: Section 4.2 describes the study area, the Red Sea; 

Section 4.3 describes the focus of the work and details relevant to our tests; Section 4.4 

briefly outlines the modeling approach and the available data; Section 4.5 compares 

model outputs with measured data; Section 4.6 discusses the results, outlining the limits 

of the present formulations; and Section 4.7 concludes our investigation and tentatively 

proposes an initial approach to a solution. 

4.2 Characterization of the Area 

Chapter 1 provides a detailed description of the area, including various meteorological 

situations. Here we provide essential information that needs to be discussed in this 

chapter. The Red Sea is a narrow elongated basin (roughly 2000 x 200 km) distributed in 

the NNW – SSE direction (see Figure 2.1) between 10o and 30oN latitude and 32o and 
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44oE longitude. The geological origin (being close to the East African rift) gives rise to 

two continuous ranges of high mountains on both sides of the sea. The described 

orography transforms the Red Sea into a virtual wind channel, where the along-axis 

winds are the dominant feature. In summer, this is given by the SSE-directed wind that 

covers the entire basin. To provide a more direct dynamic insight, we will refer to flow 

direction for both wind and waves; we will also refer to the two along-axis possible 

directions as NW and SE. A combination of night cooling on Sudan’s Boma Plateau and 

katabatic effects lead to the so-called Tokar Gap wind, which blows towards the eastern 

side (Jiang et al., 2009). Strong jets in the opposite direction erupt in some cases from the 

transversal valleys on the Arabian side of the sea. 

	

Figure 4.1: Convergence of SE- and NW-flowing winds at the center of the Red Sea at 

00UTC 21 November 2009. 
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The uncommon set of conditions occurs in winter, typically between October and April, 

where both NW and SE winds are present. The NW wind arises from the WSW-blowing 

monsoon in the Gulf of Aden. Orographically forced through the Bab el Mandeb strait, 

the wind is then channeled along the axis of the Red Sea. The SE winds typically 

originate from synoptic pulses of cold air from the Mediterranean Sea. The simultaneous 

appearance of the NW and SE systems occurs in two slightly, but considerably different 

ways. The most common scenario is shown in Figure 4.1. Each of the two systems 

occupies a part of the surface of the Red Sea, with an intermediate zone of calm or weak 

winds.  

Figure 4.2 provides a vertical view of the situation; the warm NW flow slides on top of 

the cold northerly air flowing to the SE. Trapped in the Red Sea channel, the latter is 

forced to reverse, flowing back at higher altitude. Within the Red Sea Convergence Zone 

(CZ), the two airflows, both saturated with humidity, move to a higher altitude and cause 

an unusually cloudy zone with frequent drizzling in an otherwise ubiquitously sun 

dominated area. Pedgley (1966a, 1966b) gives a full description of the region. The slight, 

but considerable difference occurs when the two systems come in contact without an 

intermediate calm zone. An example is shown in Figure 4.3, focused on the Tokar Gap 

area (see Figure 2.1 for its location). This typically happens when a previously 

dominating NW flow is vigorously pushed back by a sudden inflow of northerly air 

(moving SE). In this case, the separation line between the two systems acts as a cold front 

so that different winds are present at the surface on the two sides of the “front.” The rapid 
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advance of the cold front typically slows down at the latitude of the Tokar Gap, when the 

advancing cold air can escape to the west through the Gap (see Figure 4.3). It is these 

opposing winds that motivated this investigation. 

The NW and SE winds give rise to long fetch (up to 2000 km) fields that are not strong, 

but are generally well developed. The narrow jets from the east coast lead to locally 

energetic young waves that have a strong transversal gradient. The katabatic Tokar Gap 

winds produce transversal flows that often interact with the summer dominant SE waves. 

The two opposed (NW and SE), coexisting winds produce two opposed wave systems 

with similar general characteristics. Here, we focus on this unique situation and provides 

a more detailed description in the following section. 

	

Figure 4.2: Vertical structure of the convergence zone shown in Figure 4.1. Wind flow 

directions are indicated. 
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Figure 4.3: Convergence of two opposing wind systems at 00UTC 20 January 2010. The 

south-flowing cold air funnels through the Tokar gap (see Figure 2.1 for its position). 

4.3 The focus of the Study 

We aim to illustrate, with data wherever possible, that some of the present assumptions 

for source functions in wave modeling require some modification to be applicable to less 

common oceanic conditions, particularly for the area and the wind systems studied here. 

Interestingly, although Pedgley (1966a, 1966b) is an excellent source for referencing the 

wind patterns in the area, he was in fact investigating the migration of desert locusts. In 

1966 wave modeling was still an art in its early stages, and unfortunately detailed local 

data are scarce. Nevertheless, we have an adequate amount of data to begin making a 

case for our point-of-view. Specifically, we focus on the source functions acting on the 

waves when considering two opposite similar active wave systems. We will begin by 
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describing our modeling approach and the available data, and then we will discuss our 

results and suggest a possible suitable modification to the present-day model. 

4.4 Model and Available Data  

We refer to Chapter 1 for a full description of wind and wave modeling in the Red Sea. 

Here we report only the essential details relevant for the present discussion. 

4.4.1 Wind Data 

After testing several approaches, Chapter 1 showed that, based on the available 

information and on average, the best wind and wave results were obtained with a slightly 

enhanced ECMWF analysis wind fields. While highly precise in open oceans (see the 

cited ECMWF statistics), these surface fields tend to underestimate wind speed in 

enclosed seas, a typical feature of meteorological models (Cavaleri and Bertotti, 1997, 

2004). A careful guess and a few trial-and-error experiments suggested that a good 

solution would be to increase (in the Red Sea) the surface wind speed by 7%. Figure 4.4 

shows four comparisons between enhanced wind speeds (indicated as EC+) and derived 

wave heights versus the ASCAT scatterometer, altimeter (Jason1, Jason2, ENVISAT), 

and buoy data. The solution is clearly satisfactory, where the average difference from the 

ideal 45o best-fit lines versus measured data is in the order of 1%. Note that for the 

comparison, the buoy wind data were considered at a 10 m height, assuming neutral 

conditions.  

For our modeling purposes, we use the ECMWF analysis winds at 0.25o resolution, 

available at 6-hour intervals (00, 06, 12, 18 UTC). Such a relatively large interval may 
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mask, for example, accurate onsets of the katabatic Tokar Gap wind (see Section 4.2), but 

it is sufficient for the northerly and southerly winds conditions we consider in this paper. 

Due to the strong insolation of the coasts, sea breezes can occasionally be intense, 

extending up to 100 km from the coast at their peak. Although sea breezes do not alter 

large-scale circulation, they do superimpose on the general flow. 

4.4.2 Wave model outputs 

We used the WAVEWATCH III model (Tolman, 2008, henceforth referred to as WW3) 

with both the BAJ formulation (Bidlot et al., 2007) and a more recent approach by 

Ardhuin et al. (2010), henceforth referred to as ARD (This formulation is known as 

TEST451 parameterization or ST4 parameterization in latest version (v4.18) of the 

WAVEWATCH III model). The model was configured on a 5-km-resolution regular 

grid, lat-lon oriented, with 33 frequencies (f1=0.05 Hz, fn+1=1.1*fn) and 36 directions. The 

Discrete Interaction Approximation (DIA, Hasselmann et al., 1985, for the evaluation of 

the nonlinear wave-wave interaction term) was originally tuned to a 1.1 geometric 

progression of frequencies in 24 directions; any other approach would have required a 

different DIA calibration. In our case, there was no appreciable change in the nonlinear 

wave-wave interaction with an increased number of directions. Since BAJ and ARD 

approaches showed no noticeable change in the model simulation, we make no 

distinction in this respect. For the final data, both the two-dimensional spectra and the 

single-source functions were saved at hourly intervals for later analysis. 
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This study used the observations described in previous chapters, focusing the opposing 

wave conditions on the 2009-2010 winter season during a five month period (November-

March). 

4.5 Model Simulation and Comparison With Data 

Figure 4.4 illustrates the overall performance of the meteorological and wave models. We 

focused on the CZ by visually inspecting the six hourly surface ECMWF wind maps (an 

example is in Figure 4.1) during the five-month study time. We identified a well-defined 

CZ in 19 cases of convergence events. Our aim is to evaluate the wave-model 

performance during each of these cases with respect to the model overall performance 

over the whole domain. In particular, we explored the evolution of the two different wave 

systems (NW and SE). Inevitably, we focus on the buoy, the only location where all 

necessary information is available. The limited wavelengths in the Red Sea restricted us 

from looking for synthetic aperture radar spectra. 

Figure 4.5 plots the time series of the measured and modeled significant wave height at 

the buoy location for three months (Nov–Jan) and for two short periods in February and 

March; the vertical arrows point to the CZ cases. Table 4.1 lists each CZ case, reports on 

model accuracy, and describes wind and wave behavior relative to the model and 

observations wherever available. 

As it will be explained in the next section, we discuss the significant wave height, Hs, of 

the model to be too high when a CZ is present. A meaningful evaluation of model 

performance requires a considerable amount of quality wind-field data; therefore, only 

cases with ample scatterometer data were considered. Furthermore, the bias of the 
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modeled wind speeds and wave heights should not be macroscopically in the same 

direction (positive or negative). These conditions were necessary to draw conclusions. 

After considering these limitations we focused on the only six cases where the conditions 

were satisfied. These are indicated by the color-filled arrows in Figure 4.5. Figure 4.6 

provides zoomed-in view of three cases representative of possible situations. The second 

panel in Figure 4.6, representing 21 November, corresponds to the CZ shown in Figure 

4.1. 

	

Figure 4.4: Best fits of enhanced (+7%) ECMWF wind speeds (+) and derived wave 

heights versus scatterometer and altimeter (top) and buoy observed wind speed and wave 

height (bottom). Data collected between October 2009 and March 2010. The colors 

indicate the number of cases in each pixel. 
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Figure 4.5: Time series plot of buoy and model simulated Hs from November 2009 to 

January 2010 and two cases in February and March respectively. The arrows indicate the 

19 cases analyzed. The color-filled arrows indicate the six cases suitable for analysis. 

	

Figure 4.6: Three different cases of convergence recorded at the buoy location.  
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Table 4.1: A list of the strong convergence events between October 2009 and March 

2010, their characteristics, and a compact description of the wind and wave models 

performance. 

Date RSCZ 
Characteristics 

Available information 

Waves Wind 

03 Nov 2009 Large CZ in the 
south Model overestimated SE winds are dominant; model 

winds are underestimated 

05 Nov 2009 Large CZ in the 
center Model overestimated Both winds are equal; model 

winds are very high in the south 

16 Nov 2009 Large CZ at Tokar 
Gap (TG) Model predicted well No information about winds 

17 Nov 2009 Large CZ at TG Model underestimated Model wind is too low–not usable 

21 Nov 2009 Narrow CZ at TG Model overestimated 
Wind very weak in the south; 

model wind underestimated in the 
north 

22-23 Nov 
2009 Large CZ at TG Model overestimated SE winds are low; NW winds are 

low in the south 
26 Nov 2009 Narrow CZ at TG Model predicted well Limited information about wind 

27 Nov 2009 Narrow CZ at TG Model overestimated NW is dominant; SE winds are 
low–not usable 

04 Dec 2009 Narrow CZ at TG Model overestimated Wind weaker to SE; model wind 
overestimated in the south 

05-06 Dec 
2009 Narrow CZ at TG Model predicted well Wind weaker to SE–not usable 

07 Dec 2009 Narrow CZ at TG Model slightly 
overestimated 

Wind overestimated to SE; weaker 
underestimated to NW; model 

wind slightly overestimated–not 
usable 

20 Dec 2009 Narrow CZ at TG Model underestimated No information about winds 

23 Dec 2009 Large CZ at TG Model predicted well 
Wind to NW is low; no 

information about SE wind–not 
usable 

05 Jan 2010 Large CZ at buoy 
location Model predicted well Wind to NW is very low 

19 Jan 2010 Narrow CZ at TG Model overestimated SE wind underestimated 

20 Jan 2010 Narrow CZ at TG Model predicted well Both SE and NW winds are 
underestimated 

03 Feb 2010 Large CZ at TG Model overestimated 
Winds are stronger in south; both 

SE and NW winds are 
underestimated 

17 Mar 2010 Large CZ at TG Model predicted well Both SE and NE winds are strong; 
NW wind underestimated 

18 Mar 2010 Large CZ at TG Model overestimated 
 

SE winds are stronger than NW; 
model well predicted 
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Figure 4.7: A scatterplot between adimensional percent Hs model errors vs buoy, and 

adimensional percent errors of enhanced (+7%) ECMWF 10 m wind speed vs 

scatterometer. The point with a red circle corresponds to the case in Figure 4.1. 

To quantify the model errors with respect to errors in the wind speed, we have related the 

bias in the model Hs to the corresponding model surface wind. Using adimensional 

quantities, the former was evaluated as the average bias in the considered period (of a 

specific event), typically between 12 and 36 hours, divided by the average buoy Hs over 

the same period.  For the wind, the considered period was selected according to the 

meteorological conditions and the available scatterometer data. Figure 4.7 shows a 

scatterplot of the results, where the red-circled dot corresponds to the CZ shown in Figure 

4.1. Given the information available, the estimated values in Figure 4.7 are only 
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approximations of the truth. Nevertheless, from within these limits, under CZ conditions, 

the results strongly suggest a frequent underestimation of the model surface wind and an 

overestimation of significant wave height. Although limited by available data, similar 

trends are apparent for all the cases (two events were excluded due to a lack of wind 

data). More specifically, this supports our claim that when there is a CZ (i.e., when two 

wave systems move against each other – see the model and buoy two-dimensional spectra 

in Figure 4.8) model wave heights are too large. This is the starting point for our 

discussion in the following section. 

4.6 Analysis of Wave Model Source Functions Over Convergence Zone 

Using results from the previous section we analyzed the wind input (henceforth input) 

and dissipation by white-capping (w-c). Although our arguments do not have a 

theoretical foundation, they are based on physical intuition, sound reasoning, and 

previous results in the literature. 

	

Figure 4.8: Observed and modeled 2-D spectra at 06UTC 21 November 2009. Units are 

in m2 s rad-1. 



115 
 

	

As pointed out in Section 4.1, the wave modeling community tends to forget that the 

source functions for input and w-c were implicitly conceived, and later accepted, for an 

ideal wind-wave generation case. Although modifications/corrections have been 

suggested, mostly to consider the constant presence of swells in oceans, the overall 

framework remains the same. The w-c is of particular concern because its empirical 

expression remains the least known term of the energy balance equation and it sits at the 

base of any spectral wave model. 

The classic, well-established method of testing the robustness of an approach is to test it 

in extreme or unusual situations, although still within the realm of possibilities, outside 

the ideal conditions it was founded on. The CZ in the Red Sea is an excellent opportunity 

for such a test (i.e., two well-developed wave systems, both wind generated, in 

approximately the same range of frequencies and energy, moving towards each other, and 

superimposed over a large part of the basin). Generally, a no-wind area divides the two 

windy zones (see the case in Figure 4.1), wherein some cases, for example in Figure 4.9, 

the two windy, and hence wave, zones meet. This typically occurs when the NW-blowing 

wind and wave fields cover the entire Red Sea, only to then be progressively pushed 

towards the south by colder, possibly more energetic, air entering from the Mediterranean 

Sea via the Gulf of Suez. In this case, the northerly SE-blowing cold air acts as a cold-

front wedge, causing a full reversal of the direction of NW-blowing warmer air at the 

dividing surface line. This reversal causes the NW-blowing warmer system to slide on 

top of the colder SE-blowing system (see Figure 4.2). Because waves are an integrated 

effect in space and time, they exhibit smoother transition. The key point is that when on 

one side of the “front” system is wind-driven, it produces a steep swell with a wide 
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spectrum on the other side, and vice versa. Here we would like to point out that under 

these conditions the physics of the situation are different from those commonly found in 

wave modeling. Consequently, some of the assumptions implicit in the accepted theories 

may not be fully valid. We aim to specify and, when possible, quantify the consequences. 

	

Figure 4.9: Typical wind flow convergence during the 18-21 January 2010 event. The red 

lines indicate the sequential, from north to south, frontal positions of the NW winds at 

labeled days and times. The plotted field is at 18 UTC 18January 2010. 

We will start by examining at the input term of the model. The classical wave generation 

theories by the Miles’ process (1957), later improved by Janssen (1991), require an 

interaction between wind flow and the wavy field. Opposing wave conditions, as is the 

case in the Red Sea, causes a messy surface, similar to, but different from, the classical 
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case of standing waves because of the presence of a full range of frequencies: Crests are 

much sharper, continuously breaking in both directions, with an irregular motion that is 

quite different from the regular flow assumed in the model generation mechanism. The 

concept of a critical layer is not easily defined, and this is likely true over limited time 

and space in the CZ (i.e. until one of the two systems dominates). Nevertheless, it seems 

reasonable to assume that such a situation affects the generation process, decreasing its 

efficiency. The effect of an opposing swell on local wind sea generation has been studied 

in the Gulf of Tehuantepec (Mexico) (see, among others, Garcia-Nava et al. (2012)). It 

has been suggested that opposing swell decreases the input to the wind sea. Because of 

the stronger and more irregularly distributed deformation of the sea surface, this effect is 

likely to increase substantially (i.e., input is further reduced) when the two systems are in 

the same range of frequencies and/or with comparable energies.  

	

Figure 4.10: (a) Wind speed and (b) significant wave height fields during a convergence 

event. (c) Total energy of two converging systems along the line shown in panels (a). 



118 
 

	

By analyzing one of our cases in detail, we can clarify the type of situation that could be 

encountered. For example, Figure 4.9 illustrates the wind flow convergence from January 

18-19, 2010.The position of the front is marked at six-hour intervals starting from 18 00 

UTC when the front entered the Red Sea from the North. Figure 4.10 provides a general 

view of the conditions at the same time of Figure 4.9, showing how the energy of the two 

systems varied along the axis of the basin. Note that, although we are formally dealing 

with variance, we take the liberty of using the word “energy” because we believe it better 

conveys the feeling of the situation. 

Figure 4.10(c) shows the progressive decay (seen by the model) of the NW system 

towards the north and the corresponding distribution of the SE system. Instead of 

growing with fetch, the SE system shows a uniform distribution in space until it reaches 

the position of ‘front.’ Then the SE system decays completely as it is moving against the 

vigorous north going flow. The more detailed view of the two systems presented in 

Figure 4.11 makes the progressive evolution in space of the two opposing systems 

evident. This is the situation for the front at the position in Figure 4.9. It is then 

enlightening to look in detail at the evolution of wave height and at the source functions 

at the buoy position from the model and measured values. Figure 4.12 provides more 

detailed information about the total energy and source functions, which shows for the 

period 18.00 - 20.12 (dd.hh): panel (a) the evolution of buoy and model overall energy, 

NW, and SE systems;(b) the total input, w-c energy, and their difference;(c) the same as 

b) but for the NW system; and (d) the same as (b) but for the SE system. Using Figure 

4.11 as a reference, the two systems have been quantified by splitting the two-

dimensional spectra along the 60o–240o line. Note that for a better visualization of panels 
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(b), (c), and (d) the differences have been multiplied by 5. A more detailed view is 

provided in Figure 4.13 (a) and (b), showing the frequency distribution of the source 

functions (input, w-c, nonlinear interactions (Snl), and overall budget) at 18.00 and 19.12, 

respectively. The corresponding two-dimensional distributions (f-θ) are plotted in Figure 

4.14. 

	

Figure 4.11: 2-D wave model spectra (m2 s rad-1) along the NW-SE line across the 

convergence zone at 18 UTC 18 January 2010. See Figure 4.10 for the distribution of 

points. 

Starting from panel 4.13a, the large excess of the model NW system on the 18.00 (red 

shadowed area) is not supported by the source functions (Figures 12 (c) and 13 (a)), 

which suggests a strong local dissipation. Thus the local growth at the buoy position is 

due to advection from the south that propagates unabated, although the waves are moving 
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against a vigorous growing wind sea (Figure 4.14a). Note the two dissipation peaks 

(Figure 4.13a) and the two peaks of DIA (to be discussed latter).   

	

Figure 4.12: Total energy (variance) and source wind input and dissipation functions at 

the buoy location for NW and SE propagating wave systems. The shadowed areas show 

the excess energy of the modeled NW (red) and SE (blue) systems.  
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Figure 4.13: Source terms at the buoy location for 12 UTC 18 January and 12 UTC 19 

January 2010. 

The situation is opposite, but similar, at 19.12 (Figures 13 (b) and 14 (b)). As indicated in 

Figure 4.9, at this time the ‘front’ line had moved south of the buoy, to the latitude of the 

Tokar Gap. Figure 4.12 (a) illustrates energy excess from the growing SE system (the 

blue-shadowed area).  However, the growth is not fully supported by the local source 

functions. A direct analysis places the previous front speed at about 30 km h-1 (i.e., close 

to 8 m s-1, and the SE flowing waves at about 0.2 Hz peak frequency with a group speed 

of about 4 m s-1). This indicates that the SE waves at the ‘front’ were locally generated. 

After 19.00, when the front slowed down, the back SE waves catch up and increase the 
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SE system behind the ‘front.’ Thus, the excess, with respect to the buoy, SE energy in 

Figure 4.12 (a) on January 19 was again due to advection. Note that the available wind 

information from ASCAT indicates that the model winds were underestimated. The 

conclusion is that again the waves were advected unabated, without sufficient dissipation. 

Afterwards the NW system decreases substantially, hence the interaction decreases and 

the model follows the buoy data without a particular bias. 

	

Figure 4.14: Source terms (m2rad-1) at the buoy location for the convergence event of 18-

19 January 2010.  

4.7 The State-of-the-art and an Attempt for Correction 

The unique wind and wave conditions in the Red Sea force the wave model to operate 

under conditions not considered when the different source functions were formulated. 

Here we used WW3, but it is clear that this is unessential because its physics is basically 

the same as in all the commonly available advanced wave spectral models. Because the 
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problem is in the source functions, both input by wind and white-capping dissipation, the 

use of any third-generation wave model (e.g., WAM or SWAN) would have led to 

virtually the same results. Physical intuition, data analysis, and model results all suggest 

that in an unconventional situation (i.e., when two comparable wave systems move one 

against the other) the present formulations provide unsatisfactory solutions. Present and 

previous evidence suggests that in locations with environmental conditions such as those 

studied here, the present formulation, even in the state-of-the-art wave models, are biased 

towards an excessive input by wind and an underestimation of the loss by white-capping. 

Garcia-Nava et al. (2012) have shown the influence of swell on an opposed growing wind 

sea, but we believe that the matter is substantially different when the two opposing 

systems are both steep and in the same range of frequencies. Not surprisingly, a precise 

quantification is difficult to define, and an analysis would require revisiting the 

background theory. Although the present approaches for white-capping contain more 

empiricism, there is room for improvements in this area as well. 

Here, we have outlined the problem, but we cannot separate the two effects because both 

are working in the same direction (i.e., toward decreasing wave heights). However, a 

recent work by Cavaleri et al. (2015) suggests that input by wind and white-capping 

should perhaps be seen as parts of a single process, and furthermore, to consider the 

influence of breaking waves on the generation by wind. This approach provides an 

opportunity to bypass the fundamental difficulty of modeling wave growth as a function 

of a small difference between wind input and white-capping. 



124 
 

	

Leaving these inspiring considerations for the future, we ought to look for a solution for 

the time being. The problem is not limited to a more accurate simulation of the wave 

conditions in the Red Sea. We have seen that the overall performance is satisfactory, and 

that the CZ zones, especially the ones with adjacent opposing systems, is limited in space 

and time. We are striving, at least from a quantitative point of view, for a more complete 

formulation capable of better tackling the interactions of different wave systems in the 

ocean, especially if similar in frequency and in range of interaction with the local wind. 

Our overall quantification, including the ones in Figure 4.7, is currently only an 

approximation of the truth. Although tempting, we have not tried to fit a curve to these 

results because six cases represent a very limited sample. However, the direction for 

future investigations is evident, i.e. decreasing the wind input and enhancing dissipation 

in encounter situations. As a preliminary, crude attempt we have modified the related 

model source functions as follows. Define  and  as the energy of the two opposing 

systems. Taking full advantage of their clear separation in the Red Sea, we considered the 

 and  source functions for a spectral component in (e.g., system A) 

                (1) 

                (2) 

where  indicates the presently used source function and the term in brackets

represents the correction. The rationale behind (1) and (2) is that a negative influence on 

AE BE

sinS disS

[ ]
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

long

short

A

B
inA L

L
E
E

=S α1.........

[ ]
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

long

short

A

B
disA L

L
E
E

=S β1.........

[ ]......... ( )



125 
 

	

 will correspond to a positive for . Also, the negative influence on  will 

grow with the increase in energy of the opposing system B. The influence will also 

depend on the dominant wavelengths of the two systems, and will increase as both 

systems approach the same value. The term is the same for the influence of 

B on A or vice versa, where Lshort is the shorter of the two wavelengths. These are derived 

by linear theory after evaluating the mean frequency of each system. The coefficients  

and  have been chosen in the range of 0.05-0.15 and 0.10-0.30, respectively. This 

reflects our perception that w-c will be more seriously affected (i.e., enhanced) by the 

“encounter.” The entire period of October 2009 until March 2010 has been simulated for 

a number of combinations of the  and coefficients in the chosen range. The typical 

result, selected in correspondence with Figure 4.12, is shown in Figure 4.15. 

	

Figure 4.15: Significant wave height at the buoy location: from the buoy, modeled with 

original source terms, and with modified source terms with α = 0.08 and β = 0.20.  

While some excess of the Hs model values persists at the peak, a substantial decrease 

from the original formulation and a much better fit to the recorded data is evident. The 
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best results were obtained with = 0.08 and  = 0.20, with no strong sensitivity to the 

specific  or  values. The overall statistics for the five months and the 19 convergence 

cases are given in Table 4.2, including the model comparison with both satellite and buoy 

data. The comparisons show a clear improvement in terms of better agreement between 

model and measured data using the modified source functions, for the longer-term 

statistics and in particular at the peak. 

	

Figure 4.16: Two opposing wave spectra (upper panels) with different peak frequencies 

0.15 and 0.20 Hz and (lower panel) their non-linear interactions with DIA (left) and XNL 

(right). Black and blue curves show single spectra and their related (lower panels) budget. 

Red curve shows the combined spectrum and the consequent (lower panels) budget.  The 

upper panel is duplicated for a better interpretation of the NL differences with frequency.  

α β

α β
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Table 4.2: Best-fit slopes of used surface wind speeds versus scatterometer data, and 

model results versus altimeter and buoy measured data. 

period (mm.dd) 
altimeters buoy 

wind original modified wind original modified 

10.01 – 03.31 1.00 1.02 0.99 0.97 1.01 0.98 

19 cases 0.99 1.05 0.98 0.98 1.03 0.97 

 

In this chapter, we have explored the case of two opposing wave systems from the point 

of view of the operational models, mostly based on the DIA approximation. We have 

seen how a reasoned modification of the input and output terms leads to improved results. 

Now we look at how well the DIA, an accepted approximation for the classical 

generation case, deal with the two converging systems. Figure 4.16 (courtesy of Gerbrant 

van Vledder) shows the nonlinear budget resulting from the use of DIA and the exact 

calculation (XNL). The black and blue lines show the two systems in the 1D spectrum 

(upper panels), the red one the overall system. The lower panels provide, respectively for 

DIA and XNL, the corresponding (single and combined) nonlinear budgets. Without 

entering the details (that would in any case change also for slight modifications of the 

situation), for the time being it suffices to note how different are the resulting DIA (left 

bottom panel) and XNL (right bottom panel) redistributions. Note in particular how the 

XNL positive peak (at about 0.2 Hz) is to the right (higher frequencies) of the DIA one. 

Also the negative and high frequencies lobes are very different. The conclusion we derive 

is that, while the DIA, as repetitively proved, is a sufficient approximation for the more 

common situation of a dominant active wind sea, it does not cope well with more 
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complicated situations, especially when, as in the present example, more than one active, 

more specifically steep, system is present. 

4.8 A Discussion of the Results 

In Chapter 1, we reported positive results from the simulation of the wave conditions in 

the Red Sea, provided that the input ECMWF wind speeds were slightly increased. This 

is consistent with multiple previous results (see, among others, Cavaleri and Bertotti 

(2004)), indicating that, like other global model results, the ECMWF surface wind speeds 

are of good quality over the oceans, but have a marked tendency to underestimate the 

wind blowing from the coast, a fact relevant particularly in the inner seas. 

A more focused examination of the wave model simulations in the Red Sea reveals that 

there is a tendency for wave models to overestimate the significant wave height within a 

period of the year repetitively characterized by the convergence of two opposing winds 

and related wave systems. It turns out that under these occasions, even with a correct or 

underestimated wind, the wave model tends to overestimate the wave conditions, 

particularly in the convergence zone. It is important to note that the two encountering 

wave systems, locally one under wind generation and the other out of a similar condition, 

have similar characteristics. 

In our opinion the overestimation is due to two parallel, but co-acting, reasons with a 

common origin. On the one hand, the confrontation of the two systems profoundly 

modifies the surface conditions, making the generation by wind less effective. In parallel, 

the same situation leads to a substantially enhanced breaking with a consequently larger 

dissipation than anticipated by the generally accepted wave model formulation. However, 
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this situation is not often present in the results reported by many users and specialists in 

operational centers; environmental conditions in the Red Sea are, if not unique, certainly 

very unusual. However, similar situations, at least with a similar potential problem, take 

place regularly also in the oceans. A classic example is a moving cold front, where the 

frontal wind, ahead of the front itself, is typically at angles of up to 90 degrees, with 

respect to the motion of the front and the following wind. Modeling for these 

circumstances has long been a challenge to wave modeling, and has been investigated 

since the SWAMP study (The SWAMP Group, 1985). While at the time a great deal of 

attention was paid to the role of nonlinear interactions, in our opinion a similar problem 

as the one we have discussed exists. It is a matter of analyzing a model performance in 

specific areas, moments and situations rather than at large scales. 

From the physical point of view, maybe an improved definition of the physics of the 

source functions could be useful. The fact is that our evidence does not agree with the 

currently preferred approach, where, once the vertical wind profile has been established, 

the energy input to a spectral component depends only on the energy of that component. 

Instead, in certain conditions, the presence of other wave systems can also affect the input 

into that component. Similar, but different, arguments hold for white-capping. 

Summarizing our findings and results: 

1 – The unusual, geometrical and meteorological conditions in the Red Sea leads to wave 

conditions where the accuracy of the present formulation of the wave model source 

functions are in question. 
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2 – Our wind and wave results suggest that the encounter of two wave systems in a 

meteorological convergence zone leads to less active wave generation by wind and more 

intense white-capping than predicted by the formulated model. 

3 – Less extreme, but similarly questionable situations are present in open oceans; for 

instance across a moving cold front. The finding, if we can tell it so, is that also in these 

less extreme situations the model formulation may not be adequate. 

4 – We have tentatively modified the input and white-capping source functions with a 

reduced generation and an enhanced dissipation depending on the characteristics, energy, 

and dominant wavelength of the two converging wave systems. The results support our 

assessment of the present wave modeling approach. 

5 – The DIA approach to nonlinear interactions is also shown to provide largely 

approximated results in these situations–adding to the overall uncertainty. 

6 – Approaches along the line we have suggested may be a first and simple solution. 

However, in our opinion the main result of this study is to show the limitations of the 

currently used formulations, and consequently the need for formulations capable of 

representing more complicated conditions of ocean waves, where the Red Sea 

convergence zone serves as only one example.  
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  Chapter 5

Wind and Waves in the Red Sea – Climate and Trends  

5.1 Introduction 

In Chapter 1, we provided an extensive description of the local wind and wave 

characteristics that we briefly summarize in the following. The tectonic movements imply 

an orography with very high mountain ridges on both its western and eastern sides at 

most a few tens of kilometers inside. These mountain ranges influence the local dominant 

wind regimes and transform the Red Sea into a virtual wind channel, where along-axis 

winds are the dominant feature. In the southern part, mountains extent higher than 2,000 

m on the Arabian Peninsula, and, most of the mountains are above 1,500 m in Ethiopian 

plateau on the African side. On the former the highest altitude is reached at the southern 

part with more than 4000 m. These high mountains are instrumental in deviating the 

northeast monsoon winds from Arabian Sea into a southeast winds over the Red Sea. In 

summer, from May till October, northwest winds dominate the entire basin. During 

winter, typically between November and April, northwest winds from Mediterranean Sea 

and orographically driven southeast winds occur in the northern and southern parts of the 

Red Sea, respectively. The larger and smaller valleys exist in the mountain ridges lead to 

develop local seasonal wind patterns in the Red Sea. Most relevant ones are the Tokar 

gap jets (Jiang et al., 2009) in summer over the central Red Sea and westward blowing 

mountain gap jets in winter over the northern Red Sea.  
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Figure 5.1: The Red Sea. The two dash lines split the basin in its northern, central, and 

southern sectors. The arrows represent the dominant wind in the various areas. Note the 

orography surrounding the basin, instrumental in determining the dominant winds. The 

dot shows the buoy position. 

There are four main wind patterns dominate the Red Sea; 1) following the northern 

passing of Mediterranean storms, strong northwest winds penetrate to the left of the Sinai 

peninsula blows southward and it occasionally reaches the southern end of the Red Sea. 

2) in winter, the above mentioned southeast wind from the Arabia Sea is strong in the 

south part of the basin, and occasionally extends until North with progressively lower 
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intensity. 3) half a way on the African side, the difference in temperatures between the 

high plains and the sea leads to strong winds through the Tokar Gap, which is further 

enhanced by the katabatic effects. These winds blow towards the Arabian coast, then 

generally turns towards the southern part of the basin (Jiang et al., 2009). 4) a few 

distributed narrow valleys in the northerly part of the Arabian coast occasionally lead to 

strong concentrated jets into the sea, which locally affects the northern Red Sea. As 

expected, wind-waves react accordingly to the wind patterns described and generate four 

dominant wave systems. In describing the climatology of the Red Sea, we will refer to 

the above four systems as respectively E1, E2, E3, E4 and are summarized in Table 1 

(see also Figure 5.1). 

Table 5.1: The four main wind systems in the Red Sea. 

Wind systems Characteristics 

E1 Northwest wind from the upper end of the basin, often affecting the 
whole basin 

E2 Southeast wind, mostly limited to the southern part, occasionally 
extending northwards 

E3 Tokar gap wind blowing down this African valley, then across the 
basin towards Saudi Arabia 

E4 Jets through the narrow valleys in the northern part of the basin 

 

An interesting interaction takes place between systems E1 and E2 wave systems and 

Chapter 4 provide a detailed description of this situation and its implications. The 

systems E1 and E2 are active at the same time with almost equal frequencies. These wave 

fields are created by two different systems and occur in winter: the monsoon connected 
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southeast wind generates a wave field that extends much towards the north and a storm 

pulse enters from the Mediterranean Sea creating a cold front advancing along the Red 

Sea. This leads to a rather unique and very peculiar situation of the encounter of two 

opposite wind, and active wave systems. The convergence at the center of the Red Sea 

causes a full reversal of the winds coming from the north, which in turns makes the 

blowing warmer air from the south to slide on top of the colder air from the north. This 

leads to an area of cloudiness and drizzle in the middle of the otherwise sunny zone. On 

the surface, the convergence of northwest and southeast wind systems lead to a unique 

situation of opposing wind-wave systems.  

In this Chapter, we analyze the surface wind and waves conditions over the Red Sea from 

a 30-year high-resolution reanalysis, providing a description of the local climatology 

along with their long-term trends. Section 5.2 describes the reanalysis procedure used to 

generate the data available for the climatological analysis and its validation with available 

observations. The related wind climatology and trends in time over the Red Sea region is 

described in Section 5.3. Section 5.4 presents the wave climatology and their associated 

trends in time. Section 5.5 concludes the chapter with a summary and discussion of the 

main findings.  

5.2 The Modeling System, the Hindcast and the Data Available 

The Advanced Research Weather Research and Forecasting (WRF) Version 3.6.1 

model (ARW, Shamarock et al., 2008) and its WRF Data Assimilation (WRFDA) 

package were used in this study to generate an 18-year high-resolution reanalysis of Red 

Sea. ARW was implemented based on two, two-way nested domains with respective 
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horizontal resolutions of 30 km and 10 km, each with 51 vertical levels. The model 

simulation was performed using a consecutive integration method with daily 

initialization. The model’s physics were the same as in Jiang et al. (2009) and Chapter 1. 

The ARW model was initialized at 1800 UTC on a daily basis with data from the 

European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA-

interim; Dee et al., 2011) and then integrated for 30-hours using boundary conditions 

updated every six hours. We use 6-hour WRF forecast as a first guess to assimilate 

National Centers for Environmental Protection (NCEP) Atmospheric Data Project (ADP, 

See Appendix D for details) observations in 6-hourly cycles for 24-hours using a three-

dimensional variational (3DVAR) approach. The detailed description of the PREPBUFR 

dataset is available at http://rda.ucar.edu/datasets/ds337.0. The outputs are available at 

one-hour intervals and the WRF products for the first six hours were excluded for spin-

up.  

We used a third-generation spectral wave model, WAVEWATCH III (WW3, 

Tolman, 2014), developed at NCEP for simulating wave conditions in the Red Sea. WW3 

uses a finite difference method to solve the energy balance equation of the spectrum in 

the approximation of phase averaging. We implemented WW3 version v4.18 on a regular 

latitude-longitude grid with 0.050 resolutions covering the entire Red Sea. We used 29 

frequencies, starting from 0.05 Hz with 1.1 geometric progression and 36 equally spaced 

directions. We saved the outputs at one-hour intervals. Among the available physical 

parameterization schemes, we used the latest physics scheme (ST4) in our configuration.  
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5.2.1 Reanalysis Validation 

A validation of Red Sea winds and waves for a year (2009) against buoy and satellite data 

is reported in Chapter 1. Here, we report a long-term validation study that was performed 

for different periods, depending on the availability of the data: over an 18-month period 

(October 2008-August 2010) for buoy data, over a 9-year period (2001-2009) for 

scatterometer and over a 17-year period (1997-2014) for altimeter data. For comparisons 

with numerical model outputs, we used wind speed and direction and integral surface 

wave parameters from moored buoy located at 22o 10’N, 38o 30’E. We also used 

scatterometer wind measurements from QuikSCAT (http://podaac.jpl.nasa.gov) and 

quality-controlled altimeter-derived significant wave heights from the GlobWave 

database (http://www.globwave.org) for validation. 

Figure 5.2 presents the scatter plots of the reanalysis fields compared with the buoy, 

scatterometer and altimeter data. The various panels show the corresponding scatter 

diagrams, with the colors representing the number of collocated points in each pixel. A 

Quantile-Quantile (QQ) plot is overlaid on the scatter plot. At the location of the buoy 

(upper panel), both wind and wave simulations are in good agreement with observations 

despite a slight underestimation of wind speed and an overestimation of wave height. The 

QQ plot confirms the accuracy of the reanalysis fields, especially the high waves. A 

comparison with scatterometer and altimeter data (lower panels in Figure 5.2) provides a 

general assessment of the accuracy of the reanalysis fields under various specific 

conditions over the entire basin. The substantial scatter evident in the plots suggests 

different performances of the models under specific conditions. 
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Figure 5.2: Scatter diagrams and QQ plots for simulated wind and wave heights against 

buoy and satellite observations (QuikSCAT and Altimeter). The colorbar indicates the 

number of collocated points. 

Four statistical parameters, mean error (ME), root-mean-square error (RMSE), 

correlation coefficient (r), and scatter index (SI) were computed to evaluate the 

performance of the model. The values are reported in Table 5.2. The statistics show that 

the reanalysis fields were in good agreement with the measurements with low scatter 

index values and high correlation coefficients. Moreover, the statistical parameters 

computed from the scatterometer and altimeter observations were in the same range as 

those from the buoy data. A particularly large value is found in the directional rms error. 

This points to the frequent superposition of different, possibly opposite, wave systems (at 

the buoy position) and the consequent sensitivity of the direction. This likely lead to an 
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increased error compared to errors in the case of single systems. The related very small 

bias suggests again good confidence in the average results, especially to investigate long-

term statistics. 

	

Figure 5.3: Wind speed (upper) and wave height (lower) rose plots at the buoy location. 

The left and right panels represent buoy measurements and model results, respectively. 

The rose plots presented in Figure 5.3 show that both wind and wave models 

simulate the corresponding directions well. The buoy data and model reanalysis indicate 

that the northwest is the predominant wind direction; however, the model slightly 

overestimates the higher wind speeds observed by the buoy. A similar pattern is also 
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apparent in the simulated wave heights. While the scatterplot and statistical scores 

provide an overview of the accuracy of the reanalysis fields, they do not imply the 

performance during extremes, as such events represent only a small percentage of the 

whole study period.  

Table 5.2: Summary of the performance of the atmospheric and wave models. The 

statistics are derived from the comparison with observations from the buoy location. ME 

and RMSE units are m s-1 for wind speed, m for wave height, degrees for direction and s 

for periods. CC and SI are adimensional. 

Parameters ME RMSE r SI 

Wind Speed -0.07 1.63 0.78 0.31 

Wind Direction 14.53 36.28 0.69 0.18 

Wave Height 0.03 0.24 0.89 0.26 

Wave Direction -4.3 38.67 0.66 0.30 

Wave Period 0.41 0.83 0.70 0.19 

 

5.3 The Wind Climatology and Trends 

For our present analysis, 30-years (1 January 1985 – 31 December 2014) of wind data is 

available at one-hour interval and 10 km resolution. Figure 5.4 shows the distribution of 

mean (Um) and maximum (Umax) wind speeds in summer (left panel) and winter (right 

panel) in the Red Sea. Note that for each point, the maximum refers to the highest value 

in the whole 30-year time series. The differences (an average ratio of 3) between the Umax 

and Um values point to the discontinuous, but frequent presence of intense events. In 
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summer, the largest mean values distributed in the north are associated with the storms 

penetrating from the Mediterranean Sea. The highest mean values over the southern part 

of the Red Sea in winter are driven by the northeast monsoon winds. Strong mean wind 

speeds over the northern Red Sea are expected also in winter, as an extension of the 

Mediterranean storms. 

	

Figure 5.4: Mean (panels a, c) and maximum (b, d) wind speeds in the Red Sea. Left 

panels for summer, right ones for winter. 

For further analyses, and because of the characteristics of the basin, we divide the Red 

Sea into three areas: North, Centre and South (for brevity N, C, S), separated by the dash 

lines in Figure 5.1. There is no specific position for these lines; these areas correspond to 

the zones dominated by the above mentioned winds, the northerly winds, the Tokar Gap, 

and the winter monsoon. Figure 5.5 shows the statistical distribution of wind speed in the 

three zones. It shows that, on average, the winds are stronger in the northmost zone N 
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(protruding Mediterranean storms) compared to the other two zones, while areas C and S 

exhibit similar wind speed distributions.  

	

Figure 5.5: Statistical distribution of the wind speed in the three zones of the Red Sea 

defined in Figure 5.1. 

A more complete picture is provided in Figure 5.6, where we present the yearly evolution 

of the 95th and 5th percentile values of wind speed and its running average for each zone. 

The highest average and 5th percentile values are in area N; however, the overall 

maximum values are observed in area C and these winds, associated to the Tokar Gap 

during their active months (June to September), reach the highest values for all the 

presented statistics. This makes the tail of the wind distribution in are C (Figure 5.5) 

significant for the highest wind speeds. In area S, the presence of the monsoon-driven 

wind is distributed over the winter months and has a lower intensity compared to area N. 
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Figure 5.6: For each of the three zones, north to south from top to bottom: daily 

distribution in the year of the 95 and 5 percentiles of the wind speed distribution. The 

corresponding mean values, smoothed by a running average, are also shown. 

Figure 5.7 plots the whole 30-year time series plots of the average monthly values. 

Because of the different genesis, distinct characteristics are evident in the prevailing 

winds over all three zones. The irregular stormy characteristics of the northerly wind are 

dominant in zone N (Figure 5.7a). The highest mean values of wind speed are reached in 

winter, but these characteristics are not observed in the 95th and 5th percentiles. This 

points to the possibility of intense events in summer as well and, conversely, to extended 
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calm periods in winter. The situation is completely different in zones C and S where the 

dominant winds are more associated to the seasonal climate. In area C, the Tokar Gap 

winds in summer are due to the different temperatures and to the cooling effect of night 

in the high local plains (Jiang et al., 2009). In S, the year-to-year variability of the winter 

monsoon creates a slightly more irregular sequence of wind speed compared to C, where 

the genesis is simply the strong summer insolation. 

	

Figure 5.7: For each of the three zones delimited in Figure 5.1, north to south from top to 

bottom: 95, 50, and 5 percentile of the monthly averaged wind speed. 
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Figure 5.8: For each of the three zones delimited in Figure 5.1, north to south from top to 

bottom statistical distribution of the wind speed in the first (1985-1994) and last (2005-

2014) decade of the reanalyzed 30 year period. A logarithmic scale is used. 

Although not significant in the very long term, 30 years of data are considered to 

be sufficient to derive information about the trend of climate within this time scale over 

the area of interest. Figure 5.8 shows the wind speed statistical distribution over the three 

areas for the first and last decade of the considered period (respectively, 1985-1994 and 

2005-2014). The logarithmic scale makes the differences very clear in the tail of the 

distributions. It is evident that there is a general trend to weaker the wind speed in the last 
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decade, with more occurrence of lower wind speed range compared to the higher range. 

The anomalous increase observed in the higher wind speed in zone N is not significant 

due to limited number of samples, as depicted by the lowest number of occurrences of 

wind speed at 14.55 ms-1. In the high wind speed ranges, both areas C and S distributions 

exhibit larger number of occurrences, particularly the Tokar Gap with a percentage of 

wind speed occurrences almost two orders of magnitude larger than N. 

As a first step in analyzing these tendencies toward lower wind speed, we explore the 

distribution of this tendency in the whole basin. Toward this aim we plot in Figure 5.9 the 

spatial distribution of various trends (derived from the respective best-fit slope lines). 

More specifically: a) the general trend from all values, b) from the monthly maximum 

values, and from the c) monthly 90th and d) 50th percentiles. 

	

Figure 5.9: Spatial distribution of the wind speed trends derived from best-fit line slopes 

on the whole series from a) all values, b) monthly maxima, c) monthly 90th percentile, 

and d) monthly 50th percentile. 
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Figure 5.10: For each of the three zones delimited in Figure 5.1, north to south from top 

to bottom: for each month of the year, 99, 95, 75, 50 percentiles of the long term trend of 

the wind speed. A circle indicates that the result is significant at the 99% level. 

It is evident that there is a general diffused tendency toward a decrease in intensity of 

wind speeds in the various categories (all data, monthly maxima and different 

percentiles). This tendency is stronger in the northern part of the basin, dominated by the 

impulses from the Mediterranean Sea. In contrast, the trend at the southern end of the 

Red Sea much reduced for the monsoon associated southeast wind. With regard to the 

Tokar Gap wind (E3, see Table 5.1), the interpretation is more subtle, with most of the 
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panels showing an increased weakening of the wind speed in the central part of the basin 

(see Figure 5.1 for the specific zone). However, the much smaller trend of the monthly 

maximum values in C (Figure 5.9b) suggests that the intense wind speeds are relatively 

maintained during the study period. 

Figure 5.11: As Figure 5.10, but for the 

winds blowing to south in a 90° sector 

centered on the main axis of the basin 

 

Figure 5.12: As Figure 5.10, but for the 

winds blowing to north in a 90° sector 

centered on the main axis of the basin. 
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Granted the information in space, it is of interest to explore and better quantify the 

distribution of trend throughout the year. Figure 5.10 shows the monthly trend of wind 

speed for the 99, 95, 75, 50 percentiles i.e., the tendency to weaken or strengthen the 

wind speed in each month from January (1) to December (12), for each zone. The trends 

have been derived first testing with Mann-Kendall approach (Mann, 1945; Kendall, 

1975), then quantified following Sen (1968). A circle indicates that the estimate is 90% 

significant. The wok has done in collaboration with Angela Pomaro and a description of 

the evaluation can be found in Pomaro et al. (2017). 

As observed in Figure 5.9, the general tendency for a decrease of the wind speeds in all 

three zones is clear. The only exception is September in areas C and S and it is more 

prominent in C. The general trend is of the order of a few cms-1 y-1, but this is significant 

because it corresponds to more or less 1 m s-1 in 30 years out of the average 6-7 m s-1 as 

shown in Figure 5.4, and better quantified in Figure 5.6. 

Given the presence of two dominant north and south going wind systems, it is important 

to establish the contribution of these two systems in weakening the wind speeds over the 

basin in a more objective way. In practice the question is:  do these two systems decrease 

at a similar rate or, given their different genesis, the change is more associated to a 

specific meteorological pattern? This has been studied by repeating the analysis of Figure 

5.10 for only the north, or conversely south going winds. More specifically, given the 

orientation of the Red Sea, we have considered the two following sectors: D1 for winds 

blowing from 292.5°-22.5°, a 90° sector which mostly account for the Mediterranean 

derived events, directed from north to south; D2 for the opposite conditions, i.e. from 
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112.5°-202.5°, roughly directed from south to north, with genesis in the Arabian Sea 

winter monsoon. The obtained results are shown respectively in Figure 5.11 and Figure 

5.12. The resulting trend for the D1 sector (Figure 5.11) in zone N practically reproduces 

the trends in Figure 5.10. The trends in sector D2 (Figure 5.12) are not significant (except 

for November). This lead to a conclusion that the decreased wind activity in the basin is 

fundamentally due to the less intense impulses from the Mediterranean Sea. The 

consequences are noticeable also in areas C and S, as seen from the other two panels of 

Figure 5.11. However, the situation is more complicated in C and S (see Figure 5.12), 

with the weakening of wind speeds in sector D2 related to the winter monsoon. 

5.4 The Wave Climatology and Trends 

Wave Climatology 

We have available 30 years of wave data at a resolution of 0.05° in space and one-hour in 

time. This corresponds to more than 2.6 × 105 data (for Hs, Tm, Tp, θm) per grid point. We 

used this information to derive the wave climatology of the basin. For the Red Sea wave 

climatology, we first provide an overview of the general wave conditions related to the 

winds described in the previous section. Then we highlight the spatial and temporal 

differences between the three areas, respectively northern, central, southern (for 

convenience henceforth N, C, S) parts of the Red Sea. While some characteristics are 

common throughout the basin, each of these three areas has specific characteristics. 

Figure 5.13 provides the general distribution of the maximum and mean significant wave 

height, in the summer (figures 5.13a and 5.13b) and the winter months (figures 5.13c and 

5.13d), respectively. The general diffused distribution of mean Hs values in most parts of 
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the basin in summer manifests the dominant role of the meteorological inputs from the 

Mediterranean Sea driving this season. The exception is the most southern part of the 

basin, showing that these impulses are in general not strong enough to reach this area 

(more than 2000 km away from the northern end). Note that the highest waves in the 

basin are produced by to the Tokar Gap winds in summer. An interesting oceanographic 

detail is the different positions of the two larger waves areas in Figures 5.13a and 5.13b. 

The reason is the different behavior of fetch-limited wind-generated waves under a strong 

jet that expands with decreasing wind speeds while funneling out to the sea. In “normal” 

conditions the expansion is more limited and dependent both on wind speed and fetch; a 

maximum wave height is reached at a certain distance form the coast. In contrast, 

particularly in strong wind cases, the waves grow correspondingly faster and the peak is 

reached sooner, i.e. for a shorter fetch, the rapid decrease in wind speed with distance 

because of the wider expansion of the jet. Another factor could be the occasional 

encounter between a northerly storm (cited above) and the Tokar Gap winds. The later 

situation is practically a daily event in summer over the central part of the basin. 

The major difference between summer and winter is the presence of higher waves in the 

most southern part of the Red Sea. These are generated by the northeast monsoon 

connected southern winds and these winds are continuous, but without reaching extreme 

values. This leads into relatively higher waves in Figure 5.13c compared to the maxima 

in Figure 5.13d. Sheltering by islands, in particular coral reefs, in the southeastern Red 

Sea attenuates waves significantly. This also results in a well-defined preferential flux of 

energy along the main axis with almost swell characteristics. 
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Figure 5.13: Mean (panels a, c) and maximum (b, d) significant wave heights distribution 

in the Red Sea. Left and right panels are for summer and winter, respectively. 

	

Figure 5.14: Statistical distribution of the significant wave heights in the three regions 

indicated in Figure 5.1. 

For a more integral view, we show in Figure 5.14 the statistical distribution of Hs in the 

cited three areas of the basin (see Figure 5.1). In area N, the waves are in a range between 
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one and two meters, the highest waves are generated as a consequence of the frequent 

northerly storms. Areas C and S are progressively more concentrated on the relatively 

low wave heights, less than one meter. However, for the highest range (> 2.25 m), more 

occurrences are observed in area C, as a result of the occasionally very strong Tokar Gap 

winds, especially when superimposed to a northerly event. 

	

Figure 5.15: 95 and 5 percentiles, mean and running average distribution of the daily 

significant wave height in the three regions indicated in Figure 5.1. 

A much more illustrative representation of wave conditions in the Red Sea is given in 

Figure 5.15, where we plot the variability of the 95th and 5th percentiles, the mean, and 

running average of waves in the three zones N, C and S. Although the waves in N exhibit 
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some variability throughout the year, the maxima (95th percentile) are relatively more 

observed within the first part of the year, but without much difference from the other 

periods. A minimum in the 95th percentile is reached in summer months, due to both 

reduced activity in the Mediterranean Sea, and to the absence of the, albeit small, waves 

from the south during this period. In area C the prominent feature is the intense waves 

generated by the Tokar Gap winds in summer. Otherwise the waves in the area are 

dominated by the superposition waves coming from north and south. The noticeable 

feature in S is related to the northeast monsoon period, from October to April. 	

	

Figure 5.16:  95, 50, and 5 percentiles of the monthly Hs for study period. 
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The characteristics of these winds, hence waves, appear more clearly in the time series of 

the monthly values, respectively for 95th, 50th and 5th percentiles as shown in Figure 5.16. 

Coherently with Figure 5.15, the N waves are very irregularly distributed throughout the 

year. Although, the highest waves are observed in winters, the summers also show high 

waves in the time series, which is not much different from the winter periods. The yearly 

cycle is more evident in C and S. The differences between the 95th and 50th percentiles in 

C are the characteristic of a temporary phenomenon. In our case, the Tokar Gap wind 

blows only for part of the day, preferably in the early hours, which lead into this large 

difference. In S waves, the difference between the 95th and 50th percentiles is rather 

variable (note the high 50th percentile values in 1999 and 2002), reflecting the variable 

characteristics of the monsoon from year to year.  

Another basic feature of the wave characteristics in the three zones emerges from their 

Hs-Tm statistical distributions as shown in Figure 5.17. The two dotted lines correspond to 

the 1/15 and 1/25 wave slopes. The first value of the isolines is higher than usually found 

in deep waters because we have used Tm instead of Tp. This choice was mandatory due to 

the mixed character of the waves, wind-sea and/or swell, in parts of the basin. Isolines are 

at ratio of 2, geometric progression starting from 0.025. 

In N, the distribution of waves reflects the basic local feature of a wind-sea. A slight 

prominence in the upper left of the distribution reflects some low waves coming from 

large distance, i.e., in our case, low wave heights with relatively large periods coming 

from the south. This feature is more evident in C, due to the waves coming from both 

north and south. Moreover, the distribution extends towards the high values (Tokar Gap 
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waves). The influence of the waves propagating from north is much more evident in S 

with the large bump of low wave heights and larger periods.  

	

Figure 5.17: Statistical distribution of the peak period and significant wave height for 

each of the three regions indicated in Figure 5.1. Isolines are at a ratio of 2, geometric 

progression starting from 0.025. 

Trends in time 

Similar to the discussion of Figure 5.14, we begin with an integral view showing the 

statistical distribution of the occurrences of significant wave height for the first (1985-

1994) and last decades (2005-2014) of the studied period (Figure 5.18). We use a 

logarithmic scale for a better representation of the differences in the higher Hs range. This 
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comparison clearly indicates a general shift of the wave heights towards lower values. 

Otherwise discrepancies in the higher value range are not significant due to the limited 

number of occurances. 

	

Figure 5.18: As Figure 5.14, but for the two decades 1985-1994 and 2005-2014. A 

logarithmic scale is used. 

As a further step to understand the change in wave climate, Figure 5.19 provides the 

spatial distribution of the trend (cm y-1) of a) the full time series, b) the monthly maxima, 

c) the 90th, and d) 50th percentiles. Again there is an obvious diffused decreasing trend of 

the wave height and its distribution is reflected throughout the basin. This is also 

noticeable from Figure 5.19 that the rate of decrease is consistent with, if not proportional 

to, the Hs distribution.  
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Figure 5.19: Spatial distribution of the significant wave height best-fit slopes for a) the 

whole time series, b) the monthly maxima, c) the monthly 90, d) monthly 50 percentiles. 

As followed in the wind analysis, we have evaluated the trend in the Hs for the three N, 

C, and S areas.  Evaluating the trend in Hs for each month from January (1) till December 

(12) brings out the possible seasonality and the genesis of these trends. The results are 

shown in Figure 5.20 for the 99th, 95th, 75th, and 50th percentiles and a circle indicates 

those greater than 90% significance. As expected, the trends are almost everywhere 

negative, the only exception being the 99th percentile in September. Though the decrease 

is very diffused, very clear patterns emerge. For example, the decrease in the first months 

of the year more marked in C than in N (and only mild in S) indicates a reduced intensity 

of the Mediterranean intrusions, which prevent the storm reaching the southern Red Sea. 

This is confirmed by the results at S and it seems proportionally more marked for the 

higher percentiles, indicating most severe events. With the exception for the 90th 
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percentile of the waves in C in September, there is no significant trend in this period, 

which cannot be interpreted in a specific direction. 

	

Figure 5.20: For each of the three zones delimited in Figure 5.1, north to south from top 

to bottom: for each month of the year, 99, 95, 75, 50 percentiles of the long term trend of 

the significant wave height. A circle indicates that the result is significant at the 99% 

level. 
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Figure 5.21: As Figure 5.20, but for the south 

going waves in a 90° sector centered on the 

main axis of the basin. 

	

Figure 5.22: As Figure 5.20, but for the north 

going waves in a 90° sector centered on the 

axis of the basin. 

The above results have the limitation of not specifying which wind system is behind the 

observed trend. For this purpose, and focusing on the E1 and E2 systems (see Table 5.1), 

we have repeated the Sen (1968) analysis, but considering separately the north and south 

going systems. More specifically, we have considered the time series of wave data whose 

mean flow direction is within a 90° sector centered about the Red Sea main axis, 
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respectively between 112.5° and 202.5° for South going waves (referred as D1), and 

between 292.5° and 22.5° for North going waves (referred as D2). It is evident that D1 

and D2 are likely to be similar to E1 and E2. The corresponding results are given in 

Figures 5.21 and 5.22, respectively. A decreasing tendency in the intensity of the E1 

system is evident in D1. For instance, as already pointed out, the strong decrease in S 

during February points to a progressively reduced capability of the E1 systems to extend 

up to the most southerly part of the basin. Partially, this trend is also noticeable in 

December, at least clearly observed in C. In contrast, the indications are scarcer for D2 as 

shown in Figure 5.22. Note that a missing value in the plot means that there were not 

enough data to compute a meaningful statistics for that particular month. There is no 

observed significant trend in the data, except for wave heights in the last months of the 

year, related to the northeastern monsoon generated waves.  

To summarize the results from this section, we have found a substantial decrease of the 

storms related to the intrusions from the Mediterranean Sea (E1). A possible similar 

tendency for the Tokar Gap waves (E3) and a much-reduced similar signal for the 

northeastern monsoon connected wind generated waves (E2) are also observed. We have 

not explored E4, the narrow jets due waves in the northern part of the basin because of 

their reduced relevance, and consequent masking of the possible signal by the E1 system. 

5.5 The Partition Approach for Spectra 

Wind waves have the characteristic of being an integrated product, in space and time, of 

the wind fields. This implies that wind fields need to be known in space and time to 

derive the wave conditions at a specified location (and time). Conversely this implies that 
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wave conditions at a specific location, specified in frequency and direction (spectrum), 

provide valuable information on the driving wind fields. 

	

Figure 5.23: For each of three zones (north, center, south) indicated in Figure 5.1, the 

distribution of peak frequency and direction of the various wave systems present in each 

spectrum for each wave system of the 30-year time series. The color represents number of 

occurrences in each frequency direction bins. 

At this aim a wave spectrum is split into the composing wave systems (partitioning, e.g. 

wind sea and swell), each one identified by its own energy, peak frequency and mean 

direction. This work has done in collaboration with Jesus Portilla and Portilla et al., 
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(2015) provides the details of deriving long-term statistics of the wave systems acting at a 

certain location. 

Having selected three points, each one in the center of the three N, C, S areas we have 

conceptually divided in the Red Sea (see Figure 5.1), and using the spectra from the 

described reanalysis, we have derived a 30 year statistics of their partitions, obtaining the 

statistical distributions shown in Figure 5.22. We focus for the moment on panel b, 

representing the typical results of a point in the central area C. What is represented is not 

a two-dimensional (f-θ) spectrum. Rather, it is the statistical distribution, along the whole 

30 years, of the positions of the peaks of the different wave systems in each spectrum. 

The scale represents the number of wave systems in each frequency-directional bins. This 

distribution is then separated, as in the figure, again into logical systems, in so doing 

highlighting the characteristics (frequency and direction) of the dominant systems.  

In Figure 5.23, in each area the logical groups have been numbered according to the 

number of data. It is instructive that the resulting sequence of importance reflects the 

order of the wave systems we listed in Table 5.1. So for the C zone we see the dominant 

E1 wave system flowing to 150°, followed by the opposite system 2 (i.e., E2). System 3 

is the result of the Tokar Gap waves (E3). Of course there are other occasional winds, 

hence waves, in various directions. System 4 in the North (panel a) corresponds to the E4 

system. Note that in this distribution there is no information about wave height, more 

specifically the energy of the systems that led to the distribution. However, this 

information is available and it is what we are going to use for our detailed interpretation 

of the situation. 
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Having recognized in the statistical distribution of the spectral peaks the four basic 

patterns of wind and waves in the Red Sea, we can repeat for each pattern (or wave 

system) the analyses previously done on the overall significant wave heights. The first 

comprehensive result is represented in Figure 5.24. Here each column refers to a zone, 

respectively north, center, and south. Each panel repeats the yearly distribution used in 

Figure 5.15, but, while the first row provides the overall energy of the system (not of Hs 

as in Figure 5.15), the following four rows provide the same information for the E1, E2, 

E3 and E4 systems, respectively. Note that, working with energy (as derived from the 

original spectra), for each zone the overall energy is close to the sum of the single 

systems, the minor differences (less than 1%) corresponding to the energy of the 

remaining groups. 

The Figure 5.24 provides an enlightening view of the climatological situation. The 

overall characteristics along the year in the three areas reflect, albeit with energy instead 

of significant wave height, what seen in Figure 5.15. In row 2 we see at once how E1, the 

north coming waves, propagate along the basin with progressively lower energy. 

Conversely the effect of the monsoon is clear in row 3, with these waves virtually absent 

from May to September and the peaks in the winter months. Note (the two panels to the 

left) how these waves propagate to North, but with less effectiveness than system E1 in 

the upper row. The isolated effect of the Tokar Gap winds is macroscopic in row 4, 

present only in the summer months and absent in N and S. Finally in the last row we see 

in N (left panel) the presence in the winter months of the valley jets in northern Saudi 

Arabia.  
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Figure 5.24: The five panels in each column report respectively (from top) the overall 

wave energy throughout the year, and the ones of the E1, E2, E3 and E4 systems. 95 

percentile, mean, running averaged mean, and 5 percentile are shown. 

Given, as evident from Figure 5.24, the seasonality of the signal, the trend analysis has 

been done for each month and the results are shown in Figure 5.25. As expected, there is 

a diffused negative trend. However, splitting the overall signal (first row) among the 

different components allows identifying which system and in which zone the change is 
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possibly more marked. In this way we see that in general the most evident trend is in 

system E1, in all the three zones.  

	

Figure 5.25: Same as in Figure 5.20, but for monthly trends of the energy of each system. 

The trends of the 99, 95, 75, 50 percentiles are shown. A circle indicates that the result is 

statistically significant at better than 90%. 
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Considering the different E1 energy in N and S in Figure 5.24, the relative change is 

more macroscopic in S. This suggests that the impulses of cold air from the 

Mediterranean Sea are not only progressively losing strength, but this corresponds to a 

decreased capability of propagating energy till the southern end. There is less energy in 

the monsoon connected wind and waves in S, particularly in the early months of the year, 

but statistically significant only in March (3). This decrease is reflected in C and N with 

progressively lower signal, but consistent with the corresponding energy in Figure 5.24. 

There is practically no significant trend for the Tokar Gap waves. Finally there is a very 

mild, but significant, negative signal also for the E4 in N, again somehow proportional to 

the local energy. 

5.6 Summary and Discussion 

We summarize and discuss here the main findings of our analysis.  

The main point is that, there is a general trend to decrease the intensity of the winds in the 

Red Sea. This is mainly manifested for the E1 system, which is connected to the 

protruding events from the Mediterranean Sea. Though we have not analyzed the single 

cases, in general there are two typical atmospheric conditions that can affect the Red Sea. 

The important one is driven by the storms that propagate from west to east in the 

Mediterranean basin. Reaching its eastern end, the south and southeast blowing winds 

flow over the Nile delta, before entering the Gulf of Suez and the Red Sea. The 

orography of the Sinai Peninsula affects these winds and facilitates a more energetic 

intrusion to the Red Sea. The other scenario that affects the Red Sea is the westward 

movement of the low-pressure on a more northerly track, normally over the Aegean Sea, 
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which leads to a strong northerly winds in the Mediterranean Sea, and thus over the Red 

Sea. Moreover, the presence of these northerly intense winds in the summer months 

(Etesian winds) contributes to the continuity of the E1 system throughout the year in the 

Red Sea. It is widely accepted (see, among others, Conte and Lionello, 2013) that 

storminess is decreasing in the Mediterranean Sea. This explains the progressive decrease 

of the E1 system we found in the Red Sea. 

The tendencies in the monsoon are more complex and are a wide subject that we did not 

try to explain in detail here. Being a well-defined seasonal event, the minor decrease we 

have found seems to concern more the wind speed than its frequency. This reduced 

intensity creates a greater difficulty to propagate monsoon winds to north of the Red Sea, 

and is more evident from the analysis of winds blowing from south to north. Chapter 1 

has already shown how the more energetic colder air from north repels the possible warm 

wind from south, forcing it to slide above the advancing colder air. Note that the 

decreased intensity of the Mediterranean events should favor the northward propagation 

of monsoon winds. Apparently, this does not seem to occur because of the parallel, albeit 

limited, decrease of the monsoon related southerly winds. 

The E3 system is dominated by the strong Tokar Gap winds, which develop almost daily 

between June and September. During summer, wind regimes in the region are largely 

affected by the Indian southwest monsoon and the northerly impulses from North Africa 

and the eastern Mediterranean Sea. Davis et al. (2015) reported that the cycle of the 

Tokar jets and its variability are controlled by the summer wind regimes, lying at a 

crossroads of influences of the seasonal Indian Ocean monsoon cycle to the south and the 
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seasonal patterns of the Sahara Desert and eastern Mediterranean Sea to the north. They 

are also influenced by the local Red Sea land–sea breeze cycle.  

The position of the Inter-Tropical Convergence Zone (ITCZ), which migrates over the 

Tokar Gap in the summer (Pedgley, 1974), and variation of intensities in the local heat 

low greatly influence initiation of the Tokar Gap winds (Davis et al., 2015). We have 

further noticed a decrease in the intensity of the Tokar Gap wind. Being driven by the 

large-scale atmospheric dynamics, we speculate that the observed trend could be either 

associated with the reported decrease in the intensity of the E1 wind system, or with 

possible changes in the summer monsoon winds (Naidu et al., 2009; Joseph et al., 2005). 

However, this tendency is not strong, and besides it is not significant in the very intense 

cases. We have not drawn any conclusion on the wind jets in the northern part of the 

Arabian Peninsula because of their limited relevance, with their signal frequently masked 

by the Mediterranean connected events. 

The waves are integral products, in space and time, of the wind fields. So, the wave 

conditions at given time and location can provide valuable information on the generating 

wind fields, i.e. the previous meteorological situations. If we expand this in time, the 

trend of the wave climate can tell a lot about the meteorological ones. This is more the 

case when, using the partition technique, we can detect the changes at one, or more, 

locations according to the wave system we observe, the direction it comes from and 

potentially other information. This technique is best effective in the ocean because it is 

possible, analyzing how the peak frequency of a system varies in time (days), to get an 

estimate for the area, possibly at large distances, where these waves had been generated  
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(see Snodgrass et al., 1947). The trend of a wave system could give information about the 

winds blow over a distant region (see Portilla et al., 2015, for example). This is not the 

case in the basin where the mountain bordered elongated shape simplifies the diagnosis. 

However, still in this simplified environment this approach is able to derive information 

about the larger surrounding areas such as the decreasing trend of winds from the 

Mediterranean Sea.  
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   Chapter 6

A High-Resolution Assessment of Wind and Wave Energy Potentials in 

the Red Sea 

6.1 Introduction 

Increasing awareness of the adverse effects of fossil fuel consumption on climate 

change has significantly contributed to the push toward developing alternative renewable 

energy sources. Ocean energy is considered to be major renewable energy resources, 

among which ocean waves and offshore winds are the most evident. Intensive efforts 

have been expended on developing wind and wave energy harvesting technologies (see 

Hau, 2013 and McCormick, 2007 for more details). Because huge infrastructure 

investments are required to extract energy from wind and waves, careful analysis of the 

wind and wave climates is a necessary step for selection of suitable sites. This analysis 

should be conducted based on the climatology of wind and waves in terms of their power, 

rather than on standard characterization (i.e., extremes and mean) commonly used in 

offshore engineering applications, e.g., offshore and coastal structures, navigation, etc. 

(Appendini et al., 2015). In general, energy resource assessment involves identification of 

optimal locations with maximum potential for harvesting wind and wave power based on 

an investigation of the variability of wind and waves at all scales (diurnal, seasonal and 

inter-annual). 

Characterization of both wind and wave power has been carried out at the global 

(e.g., Zheng et al., 2016; Reguero et al., 2015; Portilla et al., 2013) and regional scale 
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(e.g., Appendini et al., 2015; Sempreviva et al., 2008; Pontes, 1998; Ashtine et al., 2016; 

Rusu and Soares, 2012; Dvorak et al., 2010; Kim et al., 2011; Beyene and Wilson, 2007; 

Zheng and Li, 2015; Zheng et al., 2013; Akpınar and Kömürcü, 2013; Lorenz and 

Barstad, 2016). Zheng et al. (2016) provides an outline of offshore global wind energy 

potential and Reguero et al. (2015) presented the seasonal and inter-annual variability of 

global wave energy resources. Sempreviva et al. (2008) and Pontes (1998) offered an 

assessment of renewable energy resources across the European seas from offshore winds 

and waves, respectively. Several other regional resource assessment studies such as 

Ashtine et al. (2016) for Ontario and Great Lakes, Rusu and Soares (2012) for Azores 

islands, Dvorak et al. (2010) for California and Kim et al. (2011) for Korean peninsula 

present a comprehensive evaluation of available renewable energy potentials over their 

respective regions. Zheng and Li (2015) and Zheng et al. (2013) also provide a detailed 

assessment of wind and wave energy potentials in the South China Sea. 

While the global studies provide a general assessment of potential wind and wave 

energy sites across the ocean, regional studies are usually focused on areas with high 

wind and wave energies. Regional studies are commonly based on local wind and wave 

models because of their capability to simulate offshore fields at high spatial and temporal 

resolutions (Ashtine et al., 2016). A minimum of ten years of climate information is 

needed to assess potential wind and wave energies in a given region (Smith et al., 2013). 

Because long-term measurements are required for reliable energy assessments, numerical 

model outputs are the main source of information in regions where long-term, in-situ 

observations are not available (e.g., Ashtine et al., 2016; Rusu and Soares, 2012; Dvorak 

et al., 2010; Lorenz and Barstad, 2016; Iglesias and Carballo, 2010; Stopa et al., 2013; 
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Rusu and Soares, 2009). However, there has been little effort to characterize wind and 

wave energies in areas with low-energy conditions, especially in enclosed seas 

(Appendini et al., 2015; Zheng et al., 2013; Akpınar and Kömürcü, 2013). Although such 

areas are often characterized by low energy production rates, they have practical 

advantages in terms of implementation, operation, and maintenance of energy converter 

devices (Liberti et al., 2013). With its long and narrow basin, the Red Sea is one area 

where few alternative energy assessments have been reported. Despite the view that the 

Red Sea does not produce enough wind or wave energy for harvesting, there are some 

areas where seasonal systems produce sustained wind speeds greater than 10 m s-1 (Jiang 

et al., 2009). 

Wind resource characterization is generally carried out at the height of turbine 

hubs (50 m, 80 m, 120 m, etc.) and most of the wind energy studies (e.g., Yip et al., 

2016) are based on winds that are reconstructed from the surface (i.e., 10 m), assuming 

neutral stability conditions. However, reconstructed winds may not provide an accurate 

representation of the winds over the Red Sea, where boundary-layer stratification, low-

level jets (LLJs), and changing surface conditions are likely to be the dominant factors 

determining the weather conditions. In particular, the long and narrow shape of the Red 

Sea makes the local conditions very sensitive to even minor changes in the direction of 

the wind and wave fields (See Chapter 2). Detailed analysis of wind and wave resources 

requires high-resolution datasets that could resolve spatial features and local circulations 

relevant to wind and wave power generation over the region (See Chapter 2). To date, the 

lack of high-resolution (spatial and temporal) wind and wave information hindered the 

development of a comprehensive characterization of renewable energy resources from the 
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Red Sea. This work presents the first attempt to characterize wind and wave potential 

energy resources over the Red Sea based on 18-year (1997 - 2014) high-resolution (10-

km horizontal and hourly temporal resolutions) regional reanalysis generated using state-

of-the-art assimilative numerical models and available observations. The long-term 

validated reanalysis data contains information to explain the wind and wave climate in 

the Red Sea and to describe the energy potentials as digital maps, providing vital 

information for planning and designing renewable energy extraction. By jointly 

considering wind and waves, our study locates potential sites for combined exploitation 

of wave and wind energy in the region and provides a detailed analysis of their 

availability, while addressing seasonal and diurnal variabilities.  

The remainder of the Chapter is organized as follows. Section 6.2 presents the 

datasets used in the study and the methodology followed for the assessment of wind and 

wave energies. Section 6.3 presents information on the wind and wave climate over the 

Red Sea. An assessment of wind and wave potentials is presented in Section 6.4. A 

summary of the main results and conclusions is given in Section 6.5. 

6.2 Materials and Methods 

6.2.1 Data Available 

Chapter 5 provides a detailed description of the 30-year wind and wave reanalysis 

generated for the Red Sea. Here we report only the essential information that is relevant 

to the assessment of the wave and wind energy. The Advanced Research Weather 

Research and Forecasting model (WRF, see Shamrock et al., 2008) was implemented 

with two, two-way nested domains of horizontal resolutions 30 km and 10km with 51 
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vertical levels, focusing on the surface boundary layer. We employed more vertical levels 

for lower layers of the atmosphere model configuration to ensure suitable representation 

of the fields at turbine heights. The model simulation was performed using a consecutive 

integration method with daily initialization. The initial conditions have been obtained 

from the ERA-Interim reanalysis (Dee et al., 2011) of the European Centre for Medium-

Range Weather Forecasts (ECMWF). Daily 30-hour forecasts were issued at 18 UTC. 

The assimilation of available observations in the region obtained from the National 

Center for Environmental Prediction (NCEP) Atmospheric Data Project (ADP, see 

Appendix D) was conducted in 6-hourly cycles using a three-dimensional variational 

(3DVAR) approach.  The outputs are available at one-hour intervals and the WRF 

products for the first six hours were excluded for spin-up.  

The 30-year hourly wind fields have been used as input to the third generation 

WAVEWATCH III wave model (Tolman, 2014). The model was implemented on a 

regular latitude-longitude grid with 0.05° resolution. We used 29 frequencies, starting 

from 0.05 Hz with 1.1 geometric progression and 36 equally spaced directions. The 

integral parameters (significant wave height Hs, mean direction θm, and mean and peak 

periods Tm, Tp) were saved at one-hour intervals.  

The simulations were validated versus buoy, scatterometer and altimeter data in 

Chapter 5. The relatively large scatter index is, partly at least, due to the large variability 

of the local winds, which is in turn related to the strong orographic influence. In general 

the errors (which include the instrument errors also) are small enough to be confident 

about the wind and wave energy assessment.  
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6.2.2 Methodology 

Wind energy studies are commonly conducted at the height of a wind turbine (50 

to 120 m). Our assessment of wind energy is therefore conducted at 80 m. We calculated 

the wind power density, 𝑃! in units of watts per square meter (W m−2). This computes the 

flow of kinetic energy associated with the wind per unit area, and is calculated as 

𝑃! =
!
!

 𝜌𝑉!.  A constant air density, 𝜌 = 1.225 𝑘𝑔 𝑚!!, is used for the calculation. The 

power production from a operational wind turbine also accounts the efficiency of the 

rotor and the area swept by the blades. Power density is, however, the most convenient 

measure, as it is not dependent on the turbine’s characteristics. 

The calculation of wave power density in deep and shallow water is different 

(Zheng et al., 2015). In deep water, the wave power density, 𝑃! , i.e., available wave 

power per meter of wave crest (W m−1) can be obtained from the deep-water energy flux 

equation based on the energy period (Te) and significant wave height (Hs). It is evaluated 

as 𝑃! = !!!

!"!
𝑇!𝐻!!. We used 𝜌 = 1025 𝑘𝑔 𝑚!! as the density of seawater. In shallow 

water, the wave power density depends on the water depth (d) and is evaluated as 

𝑃! = !"
!"
𝐻!! 𝑔𝑑. The response of most wave energy converters (WECs) varies at 

different frequencies of excitation. The typical power capture performance of a WEC 

depends on the device characteristics and on the spectral shape and distribution of energy. 

We used the 18-year wind and wave reanalyses to identify the richest areas of 

wind and wave energy, based on which we could present a general assessment of the 

wind and wave power climate in the Red Sea. We also performed an analysis of monthly 
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wind and wave data from the Red Sea. Further, we performed a detailed analysis at three 

sites in the northern, central and southern parts of the Red Sea where the general 

assessment reported maximum energy potential.  

	

Figure 6.1: Monthly wind speed (upper panel, in m s-1) and significant wave heights 

(lower panel, in m) over the Red Sea based on 18 years of reanalysis data. 

6.3 Assessment of the wind and wave energy potentials in the Red Sea 

In order to provide a general picture of the wind and wave conditions in the Red 

Sea, we present the monthly mean wind speed and significant wave heights computed 

from the 18-year wind and wave reanalysis in Figure 6.1. The distribution of wind speed 

is inhomogeneous and concentrated in specific areas. It is characterized by various 

meteorological conditions including weather fronts, mesoscale vortices, land and sea 

breezes and mountain jets. The figures depict strong seasonal changes with intense 
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episodes in the northern and southern Red Sea during summer and winter, respectively. 

Chapter 5 provides a detailed description of the wind and wave climatology and their 

related trends in time.  

	

Figure 6.2: Annual mean power densities of a) wind and b) waves in the Red Sea. 

To study the perspective of wind and wave power potential in the Red Sea, we 

first analyzed average energy production from wind and waves. The annual mean wind 

and wave power densities in the Red Sea are presented in Figure 6.2.  The power 

distribution was obtained by calculating the power in each cell over the entire simulation 

period at one-hour intervals. There are three areas (North, Tokar and South) that exhibit 

higher power densities compared with other areas of the basin. Although the consistent 

winds associated with the Mediterranean frontal systems are observed in the northern Red 

Sea, winds through the Tokar gap generate more energetic waves in the central area.  The 

northwestern part of the Red Sea has greatest near-shore potential with 3 kW m-1 in wave 
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power and 500 W m-2 in wind power. No remarkable near-shore locations are found in 

the east, except for a small area around 25o N, 37o E where the wind power reaches up to 

400 W m-2. Sheltering by islands, in particular coral reefs, in the southeastern Red Sea 

attenuates waves in the deep water, reducing the wave power potential along the coast.  

	

Figure 6.3: Monthly wind (upper panel, in W m-2) and wave (lower panel, in kW m-1) 

power anomalies in the Red Sea based on 18 years of reanalysis data. 

To estimate energy return levels, it is important to quantify not only the average 

energy resource but also the expected variability at different scales (diurnal, seasonal and 

inter-annual). A monthly assessment of wind and wave power anomaly is presented in 

Figure 6.3. The waves follow analogous behavior to that of winds; however, they exhibit 

a smoother transition due to their integrated effect in space and time. Because of the 

seasonality of wind and waves, the corresponding powers fluctuate ±200 W m-2 and ±3 

kW m-1, respectively. The monthly variability suggest that peak power seasons differ in 

different areas; while the southern Red Sea favors November to April for producing 
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higher power densities, February through September are more suitable for energy 

production in the north. Although there are strong wind and waves around the Tokar gap 

in summer (June through August), there are below average values during the rest of the 

year. Seasonal variation in wind and waves leads to a distribution of power potential that 

is almost two times larger than the annual mean in the north, Tokar, or south during their 

respective peak power seasons. 

	

Figure 6.4: Occurrences of exploitable a) wind speed and b) significant wave height 

based on 18 years of hourly reanalysis data. 

The availability of sustained wind and waves above a given threshold is one of the key 

factors that determine the feasibility of harvesting wind at a particular location. 

Moreover, this information is essential in determining the proportion of exploitable 

power using energy converters. The wind speed between 3 and 25 m s-1 is defined as the 

exploitable wind speed Zheng et al. (2013). Similarly, with recent developments in the 
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wave energy converters, Zheng et al. (2013) defined the exploitable Hs as higher than 0.5 

m. The occurrences of exploitable wind speed and Hs from 18-years of hourly reanalysis 

fields are presented in Figure 6.4. The Figure 6.4a plots the occurrences of exploitable 

wind speed persist for more than 60% of the study period over the whole Red Sea and the 

occurrence is more towards of the northern Red Sea. Waves being an integrated product 

of wind in space as well as time, the higher occurrences strong wind speed in the northern 

Red Sea favor higher occurrences of exploitable Hs in the central and southern Red Seas 

(Note that northwest winds blows over the northern Red Sea (see Figure 6.1)).  

	

Figure 6.5: Monthly mean values of wind speed and wind power (upper panel) at 

northern, Tokar and southern locations. Monthly mean values of significant wave height 

and wave power (lower panel) at those locations. 

Since most of the wind and wave energy from the Red Sea is associated with 
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seasonally developed systems, a more analysis on the sustainability of wind and wave 

outputs is needed. However, for the purpose of general energy assessment, we have 

chosen to focus on three rather different locations representing the northern, central and 

southern parts of the Red Sea, where the potential for harvesting energy is more 

promising than in other parts of the basin. The characterization of the energy potential at 

those areas is presented in Figure 6.5, along with corresponding wind speeds and wave 

heights. Pronounced seasonal differences can be seen with almost opposite episodes of 

wind and waves in the northern and southern Red Seas. The contribution of wave energy 

from Tokar gap during summer is greater than from the other two sites.  

	

Figure 6.6: Wind and wave power rose diagrams at three studied locations: north, Tokar 

and south. 
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To illustrate the directional variability of wind and wave power densities at the 

three locations, we present power density rose diagrams in Figure 6.6. As observed in 

Figure 6.6a, the high wind power (>3 kW m-2) bin at the Tokar gap is generated by strong 

westerlies in summer. However, the winds are rather scattered in terms of direction in 

front of the Tokar gap. This is due to the convergence of northern and southern wind 

systems in the neighborhood of the Tokar gap. The direction differences are evident in 

the wave power rose diagrams (Figure 6.6b) also. In the northern and southern locations, 

most of the wind and wave energies accumulate in one direction because it is associated 

with the northwest and southeast wind regimes, respectively.  

	

Figure 6.7: Mean diurnal variation of wind power densities for different seasons at three 

studied locations: north, Tokar and south. 

Frequency distributions and rose plots suggest how often particular wind power 

levels occur; however, the persistence of wind is also important for reliable energy 

production. The wind patterns over the Red Sea are characterized by synoptic winds as 

well as by the land-sea breezes due to large land-sea temperature differences. Although 
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the major contribution to wind power density comes from synoptic winds, diurnal 

variation is mainly connected to the localized differences induced by land-sea breezes. 

The breeze and the synoptic wind may co-exist with, counteract or modify each other 

according to their relative strengths and direction (See Chapter 4). Previous studies (e.g., 

Weisser and Foxon, 2003) outlined the importance of diurnal variability in power output 

in such locations. Figure 6.7 shows the mean diurnal variation of wind power densities 

for different seasons at the three considered locations, indicating more downward 

changes during the morning hours and more upward changes during the afternoon hours. 

The diurnal wind power pattern is predominantly random with peaks of wind power 

occurring at different seasons in different locations. Wind power densities in the north are 

subject to a more pronounced diurnal variation in all seasons, whereas the Tokar and 

southern locations show noticeable diurnal variation in summer and winter, respectively. 

In winter, the co-existence of opposite directional winds and formation of RSCZ causes 

the north and Tokar locations to have a lower wind power potential compared with other 

seasons. 

Wave model simulations generally provide the wave power available under ideal 

conditions and their characteristics in terms of the sea state. The actual electric power 

yield depends on the characteristics of the Wave Energy Converter (WEC). Each 

technology operate in different ranges and its efficiency vary according to sea conditions 

(some detailed discussions about these issues are addressed in Dunnett and Wallace 

(Dunnett and Wallace, 2009) that depend on the occurrences of the significant wave 

height (Hs) and energy period (Te). Thus, the characterization of the total wave energy 

resource at specific locations was carried out based on Hs and Te. The results are 
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presented as a scatter diagram in Figure 6.8. Each wave period and height is categorized 

into 0.25 s and 0.25 m intervals, respectively. Figure 6.8 suggests that the concentration 

of wave energy lies between Hs of 0.5 – 3 m and the Te of 4.5 – 7 s.  Considering the 

total time, the wave energy in the northern and Tokar locations lies between the isolines 

of 1 and 5 kW m-1. In the southern location, significant occurrences can also be obtained 

in between 5 and 10 kW m-1. Compared with other locations, the considerably higher 

wave energy in the south is attributed to sustained southeasterly winds during most of the 

months and this makes the energy peak less scattered than at other locations. 

	

Figure 6.8: Combined scatter and energy diagrams with respect to energy period and 

significant wave height at three selected locations:  north, Tokar and south. 

 6.4 Summary and Conclusion 

This work provides detailed information on the wind and wave climate in the Red 

Sea and on their potential use as renewable energy resources in the enclosed Red Sea 
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basin. An 18-year high-resolution wave and wind reanalysis was generated for the Red 

Sea and adjoining region and validated against available buoy, scatterometer and 

altimeter data. The reanalysis was performed using two, two-way nested domains (30- 

and 10-km) of the WRF model and was initialized from ERA-Interim data. The wave 

hindcast was simulated using WAVEWATCH III on a 5-km resolution grid. The 

validation of the wave modeling system has demonstrated its relevance for describing the 

wind and wave conditions in the basin. The temporal extent of 18-years of wind and 

wave hindcasts enabled us to perform an analysis of seasonal and inter-annual variability 

and to derive reliable estimates of possible power distributions in the Red Sea.  

There are minimal wind wave activities in the Red Sea, consistent with the weak 

local wind conditions. The mountain ranges bordering the Red Sea influence the local 

dominant wind regimes and transform the Red Sea into a virtual wind channel, where 

along-axis winds are the dominant feature. Also, the non-existence of extreme storms 

suggests that the survival issues that are presently considered the most important 

impediments to effective extraction of offshore energy are not an impediment to 

harvesting wind and wave energy from the Red Sea. Evaluation of the spatial distribution 

of wind and wave energy in the Red Sea shows that relevant energy concentrations 

usually occur in three areas where wind and wave power densities are stronger compared 

with other areas of the basin. Although consistent winds associated with the influence of 

Mediterranean frontal systems are observed in the northern Red Sea, more energetic 

waves are coupled with winds from the Tokar gap in the central region. The main issue 

for energy extraction from the Red Sea is the considerable differences in power densities 

that occur in different seasons. Moreover, there exist distinct diurnal variations of wind 
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power at each location, and the diurnal patterns change with seasons. 

By jointly considering wind and wave conditions, we have been able to build a 

unified description of the wind and wave energy potentials of the Red Sea and to select 

regions that exhibit higher energy densities (their accessibility in terms of marine 

operations and maintenance have not been considered).  Our results suggest that the Red 

Sea is rich in wind energy. Seasonality is one of the factors that need to be carefully 

addressed before designing an energy-harvesting system. Most existing wave energy 

converters are devised for the coastal areas with higher waves and larger periods than in 

the Red Sea. However, wave energy should not be completely discarded in the Red Sea, 

at least for wind-wave energy projects. 

In conclusion, this study provides detailed information on wind and wave energy 

that reflects the current climate and addresses the uncertainty regarding the wind and 

wave renewable energy potential in the Red Sea. The high resolution of the data allows 

us to build a spatial picture of the temporal variability, capturing the coastal regions with 

high accuracy. We plan to produce an extended reanalysis dataset for the Red Sea from 

1979 to the present, employing a high-resolution model configuration to investigate the 

decadal variations of the energy potentials.   
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  Chapter 7

Concluding Remarks 

7.1 Contribution of the Thesis 

This thesis considered the numerical modeling of wind and waves in the Red Sea. To the 

best of our knowledge, this is the first attempt to investigate wind and waves 

characteristics in detail over this understudied basin. Precise knowledge of ocean surface 

weather conditions will be highly beneficial for broad range of applications ranging from 

oceanographic studies to ocean engineering applications and maritime activities in the 

basin. We used state-of-the-art atmospheric modeling system, Weather Research and 

Forecasting model, and a third generation wave model, WAVEWATCH III for 

simulating wind and wave conditions in the Red Sea. We also used both satellite and in-

situ observations from buoy, scatterometer and altimeters to calibrate the models and to 

understand the different physical processes that modulate wind and wave characteristics 

in the Red Sea. Briefly, the contents of the thesis can be summarized in five points:  

1. The orography surrounding the Red Sea determines much of its wind and wave 

characteristics. The thesis identified the challenges for wind and wave modeling 

in the Red Sea and different strategies were proposed to model their 

characteristics in the basin. In particular, we suggested two completely different 

methods that involve both regional and global modeling aspects: the high-

resolution assimilative regional atmospheric model and the slightly enhanced 

surface winds from the global reanalysis.  
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2. We quantified the improvements in the wave fields that could be achieved 

through enhanced atmospheric wind fields generated by regional high-resolution 

assimilative atmospheric model in the enclosed basin, the Red Sea. We proved 

that the improvement in the wave simulation using assimilated wind fields are 

more noticeable compared to the assimilated wind itself, and this is more 

pronounced in the presence of extreme winds and mountain jets conditions. 

3. We investigated the wave evolution in the presence of two opposing wind-waves, 

a situation that was not considered in state-of-the-art wave model physics. We 

demonstrated that currently available model source functions need to be revisited 

to accommodate this unique situation. We proposed a correction term to the 

white-capping and wind-input source functions to accurately simulate opposing 

wind-wave conditions and tested the modified terms to model waves over the Red 

Sea Convergence Zone. 

4. A validated high-resolution reanalysis dataset is generated to study the wind and 

wave climate and variability in the Red Sea. We identified four major wind and 

wave systems and investigated their characteristics in terms of both climate and 

trends. An innovative wave spectra partition technique is adopted to distinguish 

the various wave systems in the Red Sea. We showed that wind and waves are 

showing a tendency toward lower their intensity and their rate of decrease is 

dependent on the genesis of the individual systems. 

5. A high-resolution assessment of wind and wave energy is carried using the long-

term reanalysis based on classification of the Red Sea into three regions. The 
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study revealed that the Red Sea is abundant in wind energy, but wave energy is 

not enough for harvesting with present extraction technologies.  

7.3 Future Perspectives 

Several modeling and forecasting aspects of the wind and waves in the Red Sea deserve 

further research.  Potential future investigations may include: 

• The role and implications of nonlinear interactions (NL) between the opposing 

wind-waves was not addressed in detail in the thesis. Though NL do not directly 

change the overall energy budget, the redistribution of energy due to NL in the 

presence of the two opposing wave systems could have indirect effects on the 

amount of wind input and white-capping dissipation. This potentially adds a new 

dimension to the problem. Since the sensitivity of NL is limited to the variations 

of the spectrum, the redistribution of energy will be very sensitive to the specific 

situation. This needs further investigation both in terms of modeling and 

observations. 

• To correct the model source functions for opposing wind-waves, we proposed a 

simple correction scheme defining only two energy systems, taking full advantage 

of their propagation along the axis of the Red Sea. This however could lead to the 

underestimation of waves in the grid points near the coastlines. Furthermore, the 

correction terms will also tend to dampen the cross-axis waves generated by 

mountain gap jets. A correction term by considering waves from all directions 

should be developed for a better calculation of energy under opposing wind-

waves. 
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• In the wave models, all physical processes describing wave growth and decay are 

parameterized explicitly. Accordingly, there are several empirical and tuning 

parameters in the related formulas that may greatly influence the outputs of model 

simulations, especially in the cross-axis and opposing waves in the Red Sea. It is 

important to first quantify the uncertainties of the system with respect these 

parameters, and then try to infer their optimal values and distribution so as to 

improve the model results and predictions. This needs further research. 

• We have not investigated the impacts of teleconnection indices on wind and wave 

variability in the Red Sea.  Since the wind and wave conditions over the Red Sea 

is modulated by the extra-tropical climate of the northern hemisphere and the 

tropical zone with monsoon effects, it may be very sensitive to even small 

modifications in the global climate changes. It is therefore important to explore 

how such large-scale features influence the variability of wind and waves in the 

Red Sea.  
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APPENDICES 

A. Spectral modeling of wind waves 

The first reference to the parametrical description of the sea sate for the wave 

prediction appears to be Sverdrup and Munk (1947). Later, the wave prediction model 

has been formulated in terms of the basic transport equation (Gelci et al., 1957) for the 

two-dimensional wave spectrum where the waves evolve in five dimensions – two 

spectral dimensions (wave number k and wave direction θ), two spatial dimensions to 

follow ocean surface (longitudes and latitudes) and time. A brief overview of the theory 

and concepts about spectral modeling of waves is given below. 

Since there were not much knowledge about nonlinear interactions and 

whitecapping, the first generation wave models (e.g.: Pierson et al., 1955; Darbyshire, 

1961; Seymour, 1977) were based only on energy input and decay due to wind forcing 

and wave breaking. The significant advancement in the understanding of nonlinear 

interaction processes in determining the distribution of wave energy spectrum framed the 

second-generation wave models (e.g.: Mandal, 1985; Holthuijsen and De Boer, 1988). 

These models used a parameterization for non-linear interactions that force the wind-sea 

spectrum to grow in a particular shape. Unlike second generation, third generation wave 

models solve the wave energy balance equation without any constraints on the shape of 

the spectrum by incorporating the more accurate calculation of non-linear energy transfer 

with some approximations. Though the efficient calculation of non-linear interactions is 

expensive, the significant achievement in the development of computing resources made 

it feasible. At present, operational wave forecasting centers widely use the third 



204 
 

	

generation wave models such as WAM (Komen et al., 1994 and WAMDI Group, 1988), 

WAVEWATCH III (Tolman, 1999) and SWAN (Booij et al., 1999).  Third generation 

wave models are similar in structure which describe the evolution of the wave spectrum 

by the energy balance equation written as: 

𝜕𝐹
𝜕𝑡 +  𝐶!.∇𝐹 =  𝑆!" +  𝑆!" +  𝑆!" +  𝑆!"  

where, 𝐹 =  𝐹 𝜎, 𝜃  is the wave spectrum in terms of intrinsic frequency 𝜎 and 𝐶! is the 

group velocity.  The left terms represents the energy propagation in space and time, and 

the right hand side terms accounts for the physical processes for the wave evolution. The 

source process includes wave generation by wind (𝑆!"). The sink terms are account for 

wave energy dissipation due to whitecapping (𝑆!"), non-linear wave-wave interaction 

𝑆!"  𝑎𝑛𝑑 bottom friction (𝑆!").  These source or sink terms are briefly explained in the 

following paragraphs. 

The fundamental theories of Philips (1958) and Miles (1957) on wave growth and field 

measurements of the air-water energy flux by Snyder et al., (1974) resulted in a 

reasonable description of the atmospheric transfer. Later, Janssen (1991) incorporated a 

profile parameter to account the dependence of wave growth rate on the sea state i.e., the 

parameter considers the wave-induced stress to compute the effective roughness.   

Non-linear energy transfer between the waves occurs due to a resonance mechanism and 

the exact calculation of these interactions is computationally expensive. Hasselmann 

(1962) made the first attempt to parameterize this interaction for a set of four waves 

(quadruplet interactions). The discrete interaction approximation (DIA) developed by 

Hasselmann et al. (1985) could reasonably accommodate the energy transfer between the 
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different frequencies due to their nonlinear interactions.  Another method for calculating 

the non-linear interactions, Webb-Resio-Tracy method (WRT) is based on the six-

dimensional Boltzmann integral formulation of Hasselmann (1962) and further developed 

by Webb (1978), Tracy and Resio (1982) and Resio and Perrie (1991).  

Whitecapping is the least understood and certainly the most poorly represented physical 

process that contributes substantially to the evolution of the wave field (Cavaleri, 2009). 

Hasselmann (1974) developed an effective highly simplified formulation for 

whitecapping based on the random pulse theory. Later, Komen et al., (1984) introduced a 

series of parameterization, where the dissipation function, basically controlled by a single 

tunable coefficient, applied on whole spectrum without any physical reasoning. In order 

to limit the problems in the cases of mutual existence of wind waves and swell, a second 

tunable coefficient was introduced by Janssen et al., (1994) with a square dependence on 

the wave number. This formulation was later reshaped by Bidlot et al., (2007) and then 

referred to as BAJ. Tolman and Chalikov (1996) introduced an alternate approach and 

widely used formulation for wind input and dissipation. This approach combines separate 

dissipation formulations for low and high frequencies with a transition at twice the peak 

frequency of wind seas.  

Recently, Banner et al., (2000, 2002) have studied breaking in relationship to the wave 

group formation and their instabilities. Following the efforts of Young and Babanin 

(2006), Babanin et al., (2007 a, b) developed the formulation for the energy dissipation 

that support both threshold behavior and cumulative effect of spectral dissipation. The 

detailed effort of the Babanin and Young (2005), Babanin et al., (2007a, b) and Ardhuin 

et al (2008) provided new perceptions of whitecapping, which brings out the limits 



206 
 

	

associated with the current parameterizations. Thus, using the empirical knowledge of the 

breaking of random waves and swell dissipation, Ardhuin et al., (2010) introduced a term 

to estimate dissipation of swells as a function of drag velocity. This parameterization is 

implemented in to a third generation operational wave model WW3 (version-4.12). One 

of the key differences between old and new formulations of the whitecapping is the 

different dependence of the dissipation of wind-sea on presence of swell and vice-versa 

(Cavaleri, 2009). So far, a significant improvement in the dissipation term is obtained 

from the Ardhuin et al., (2010). On a global scale, the performance of these 

parameterizations has been thoroughly evaluated (see, Ardhuin et al., 2008 and Ardhuin 

et al., 2010). 

This study uses the third generation wave model, WAVEWATCH III (WW3) developed 

by National Center for Environmental Prediction (NCEP) for simulating ocean waves 

over the Red Sea. Brief description of the model configuration is provided in the 

following chapters depend on the application of wave model in each problem attempted. 

B. Wave energy directional spectrum 

The complex and chaotic nature of ocean surface wave is described in terms of 

directional wave spectrum and it gives the contribution of wave energy propagating in 

different directions (𝜃) with different frequencies (𝑓). The first reference to the 

measurement and analysis of ocean wave spectra appears to be Barber and Ursell (1948). 

However, the practical methods introduced by Pierson et al., (1955) for observing and 

forecasting ocean waves led to the significant progress in understanding wave dynamics. 

Nowadays, the concept of wave spectrum is the foundation of wave modeling. A detailed 
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review on measuring and analyzing the directional spectrum of ocean waves can be found 

in Hauser et al. (2005) in a historic perspective. Conventionally, the wave energy 

directional density spectra are often used in the following form 

𝐸 𝑓,𝜃  =  𝐸 𝑓 𝐷 𝑓,𝜃  

where, 𝐸 𝑓  is the one-dimensional variance spectrum, that does not hold any directional 

information and can be attained by integrating spectrum over the directions: 

𝐸 𝑓  =  𝐸 𝑓,𝜃 𝑑𝜃
!!

!
 

𝐷 𝑓,𝜃  is a non-negative spreading function that represents the directional distribution, 

defined as, 

 𝐷 𝑓,𝜃 𝑑𝜃 = 1 𝐷 𝑓,𝜃  ≥ 0,          0, 2𝜋
!!

!
 

Generally, the ocean waves at any point will consist of the wind-seas and one or several 

swells propagating from distant sources (Soares, 1991). Analysis of the wave spectrum 

allows the characterization of different wave systems present at a specific location 

(Hanson and Phillips, 2001). 

C. Integral mean wave parameters 

Usually, sea state is described using statistical parameters like the significant 

wave height (𝐻!), mean wave direction and mean wave period. The mean integral mean 

parameters of wind waves can be described from the ocean wave energy spectrum 𝐸 𝑓  

and are defined in terms of nth order moments of that particular spectrum: 
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𝑚! =  𝑓!𝐸 𝑓 𝑑𝑓   𝑓𝑜𝑟 𝑛 ∈  ℤ
!

!
 

The typical statistical characteristics are described in Table XX. 

Spectral Nomenclature Definition Description 

𝐻!! 4 𝑚! Significant Wave Height (𝐻!) 

𝑇!!!,! 𝑚!! 𝑚! Energy Period (𝑇!) 

𝑇!!,! 𝑚! 𝑚! Mean Period (𝑇!) 

𝑇!!,! 𝑚! 𝑚! Zero crossing period (𝑇!) 

 

The mean wave direction (𝜃!, in radian; see Kuik et al., 1998) is computed from the 

directional wave spectrum by folllowing, 

𝜃! =  tan!!
𝐸 𝑓 sin𝜃 𝑓 𝑑𝑓!

!

𝐸 𝑓 cos𝜃 𝑓 𝑑𝑓!
!

 

D. Description of data sets used 

Based on availability of various wind and wave data, different data sources (buoy, remote 

sensing, reanalysis) were used to understand the research problems listed in the first 

chapter. Each data has its own advantages and disadvantages in terms of accuracy and 

resolutions, both in temporal and spatial. A brief description of main data sources that are 

used in the study is given below.  

Buoy: In an agreement between the King Abdullah University of Science and Technology 

(KAUST, located on the Arabian coast, about 100 km north of Jeddah) and the Woods 
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Hole Oceanographic Institution (WHOI, Woods Hole, Massachusetts, USA) led to the 

deployment of a meteo-oceanographic buoy in the Red Sea, at a position about 22o 10' N, 

38o 30' E shown with a red dot in Figure 1.1. The local depth is 693 m. We used the 

Wave and Marine Data acquisition System (WAMDAS) developed by NOAA’s National 

Data Buoy Center (NDBC) to obtain the meteo-oceanographic measurements. The details 

of the buoy can be found in Teng et al. (2005). The buoy worked from October 2008 till 

May 2010, providing the standard meteorological parameters and surface wave 

information at hourly interval. 

Scatterometers: Wind vectors from QuikSCAT and Advanced Scatterometer (ASCAT) 

were available for the study period. QuikSCAT is a microwave scatterometer that 

measures both wind speed and direction at 10 m above sea surface with a swath width of 

1800 km at a resolution of 25 km. ASCAT is a real aperture radar, included in the 

payloads of the Meteorological Operational (Metop) polar satellites launched by the 

European Space Agency (ESA) and it is operating with system geometry based on the use 

of fan-beam antennas. ASCAT wind data has a nominal accuracy of 1.2 m/s and 18o 

between 4 and 24 m/s wind speed. 

Altimeters: Active microwave sensors on board altimeter are used to measure the ocean 

surface waves. Significant wave height is estimated from the slope of electromagnetic 

wave pulses from the ocean surface. After the short-lived altimeters SEASAT (1978) and 

Geosat (1985-1989), loads of data made available from the altimeters using 

Topex/Poseidon (1992-2005), ERS-1 (1992-1996), ERS-2 (1995-2003), Envisat (2002-

2012), Jason-1(2002-present) and Jason-2(2008-present). The altimeters provide wave 

height and wind speed at 6-7 km intervals along the satellite paths. 
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Conventional observations from NCEP ADP program: The convectional surface / upper 

air data over the study reagion are retrieved from the NCEP Atmospheric Data Project 

(ADP) or PrepBufr global observation. The data is downloaded from http://dss.ucar.edu. 

These include radiosondes, pibals and aircraft reports from the Global 

Telecommunications System (GTS), and satellite data from the National Environmental 

Satellite Data and Information Service (NESDIS). The observations are available for the 

atmospheric variables such as pressure, wind direction and speed, geopotential height, air 

temperature and dew point temperature.  
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