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Abstract 18 

The wind and wave climatology of the Red Sea is derived from a validated 30-year high-19 

resolution model simulation. After describing the relevant features of the basin, the main wind and 20 

wave systems are identified by using an innovative spectral partition technique to explain their 21 

genesis and characteristics. In the northern part of the sea, wind and waves of the same intensity 22 

are present throughout the year, while the central and southern zones are characterized by a marked 23 

seasonality. The partition technique allows the association of a general decrease in the energy of 24 

the different wave systems with a specific weather pattern. The most intense decrease is found in 25 

the northern storms, which are associated with meteorological pulses from the Mediterranean Sea. 26 

 27 
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1. Introduction 28 

When the Arabian Peninsula split from the Horn of Africa in the Eocene and Oligocene 29 

eras, it created the Rift Valley in the northeast part of Africa and led to the progressive opening of 30 

the Red Sea. The shape of the area reflects its genesis. It is a very long, narrow basin (see Figure 31 

1), more than 2200 km long and with an average width of 180 km, 355 km at its widest span. High 32 

mountain ranges border both sides of the Red Sea, and the highest point is more than 4000 m above 33 

sea level in the Ethiopian high planes. These mountain ranges are instrumental in establishing the 34 

local weather patterns; most of the time, winds blow along the longitudinal axis of the basin. At 35 

its southern end, the Bab-el-Mandeb Strait connects the Red Sea to the Gulf of Aden and the 36 

Arabian Sea (see the inner panel in Figure 1). During the winter months, the high mountains south 37 

of the strait force the northeast monsoon winds to turn right and funnel through the strait, blowing 38 

northward over the Red Sea (Langodan et al., 2014).  39 

Few studies have investigated the wave conditions in the Red Sea. Metwally and Abul-40 

Azm (2007) generated a wave atlas using a low-resolution (0.250) wave model forced by coarse 41 

resolution (1.90) wind speeds from the NCEP reanalysis. The spatial and temporal variability of 42 

Red Sea waves was also investigated by Fery et al. (2012) using a low-resolution (0.250) SWAN 43 

model forced with the global meteorological model (GME) of the German meteorological service 44 

(DWD). Ralston et al. (2013) presented a description of wave conditions in the Red Sea from a 45 

two-year simulation of a coupled SWAN+ADCIRC model system, configured at 5 km resolution. 46 

Langodan et al. (2014) explored how well the general and unusual wind and wave patterns of the 47 

Red Sea could be reproduced using standard meteorological products and local wind and wave 48 
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models. Recently, Langodan et al. (2016) and Aboobacker et al. (2016) presented an assessment 49 

of wave energy potentials in the Red Sea from long-term wave model simulations. 50 

In this work, we use 30 years of wind and wave conditions to analyze the climatic features 51 

of the Red Sea, focusing on the dominant wind and wave regimes. The extent of the available data 52 

further allows us to identify possible trends in the wind and the wave integral parameters. Many 53 

studies of the wind-wave climate have been conducted on both global (e.g., Wang et al., 2001; 54 

Caireset al., 2006; Vinoth and Young, 2011; Semedo et al., 2011; Gulev et al., 2013) and regional 55 

(e.g., Kushnir et al., 1997, for North Atlantic Ocean; Toumi et al., 2011, for Baltic Sea; Charles et 56 

al., 2012, for Atlantic coasts; Appendini et al., 2014, for Gulf of Mexico; Semedo et al., 2014, for 57 

Nordic Seas; Liu et al., 2016, for Arctic Ocean) scales. Most of the studies dealing with wave 58 

climate variability are broadly focused on statistical or integrated wave parameters, such as 59 

significant wave height, mean wave period, and mean wave direction. Here we present an 60 

innovative approach based on Portilla et al. (2015), in which we analyze the statistics of wave 61 

spectra in the Red Sea using a partition technique that further allows us to identify the origins of 62 

the observed trends and the associated tendencies in the larger scale driving conditions. 63 

The structure of the paper is as follows. We provide a brief description of the dominant 64 

wind and wave systems in the Red Sea in Section 2. In Section 3, we describe the methodology 65 

followed for the hindcast. Section 4 presents the first part of the results, including the general 66 

climatology of the area and highlighting special conditions connected to the orography of the basin. 67 

We investigate the possible trends of waves in time by focusing on the temporal variability of the 68 

wind and wave data in Section 5. This is further investigated in Section 6, where we identify the 69 

origin of the various trends using the spectral partition technique. We summarize our findings in 70 
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Section 7, where we also point out how the net results for a particular area, the Red Sea being the 71 

example here, may help to shed light on climate trends on a much larger scale. 72 

2. Wind and Waves in the Red Sea 73 

A brief description of the wind and wave characteristics of the Red Sea can be found in 74 

Figure 1. Indicated by arrows in the figure are four wind systems (systems E1, E2, E3, and E4 in 75 

Table 1) that dominate the situation. 76 

System E1 is driven by pulses from the Mediterranean Sea - either by the typical storms of 77 

the non-summer months or by the Etesian winds over the Aegean Sea during the hot season. The 78 

pulses move across the Nile delta (see the side panel in Figure 1) and the Gulf of Suez, then 79 

propagate southward as an energetic, relatively cold front. Based on yearly averages, these are the 80 

most energetic waves in the basin, propagating until the southern end of the Red Sea, often as swell 81 

and frequently as wind sea when the weather front propagates to south (Langodan et al., 2014). 82 

System E2 is present from October to April and is considered the most regular wind regime 83 

in the southern Red Sea. The waves generated by E2 propagate northwards, strongly attenuating 84 

as they approach the northern end of the Red Sea. If both the E1 and the E2 systems are present, a 85 

very peculiar, almost unique situation may appear in the Red Sea. When a pulse from the 86 

Mediterranean enters the basin and an extended E2 system is present, these two opposing wind 87 

systems converge around the center of the Red Sea. The warmer E2 air ascends above the 88 

southward moving, colder air from the north, leading to a peculiar local situation of cloudiness and 89 

drizzle in the middle of a vast sunny area. Langodan et al. (2014) provided a full description of 90 

this situation. This is complex for waves, where we have the unique case of two opposing wind-91 

wave systems, both in their active generation zones. Langodan et al. (2015) showed that the physics 92 
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used in the present wave models need to be updated to better simulate these opposing wave 93 

conditions. This updated term is not used in the current30-year hindcast because it has not been 94 

sufficiently tested under all possible conditions. While physically relevant, the implications of the 95 

“encounter” condition, which is limited in space and time, are marginal for the overall statistics. 96 

The third system, E3, is associated with the Tokar Gap wind that blows in the summer, 97 

from July to September (Jiang et al., 2009). The variability of E3 is controlled by the summer wind 98 

regimes, as it occurs at a crossroad of influences from the seasonal Indian Ocean monsoon cycle 99 

to the south and the seasonal patterns of the Sahara Desert and the eastern Mediterranean Sea to 100 

the north (Pedgley, 1974). The system E3isalso influenced by the local Red Sea land–sea breeze 101 

cycle, especially the thermally driven wind that originates from the night cooling on the African 102 

high planes, which propagates down through the Tokar Gap with a katabatic effect towards and 103 

across the Red Sea (see Figure 1 for its position). This wind generates the highest waves in the 104 

Red Sea (up to and more than 5 m), especially when they interact with the E1 system. 105 

The least globally important but still locally relevant system is the E4 system, which 106 

describes the jets that blow down through narrow valleys in the northern part of the Arabian 107 

Peninsula, leading to locally high waves (Jiang et al. 2009). Other wind and wave patterns appear 108 

occasionally, but are not permanent or consistent enough to be considered relevant in the local 109 

climatology. 110 

3. Thirty-Year Hindcast 111 

The Advanced Research Weather Research Forecasting (WRF, Skamarock et al., 2008) 112 

mesoscale model was used to generate the high-resolution wind fields over the Red Sea and its 113 

adjoining region. The model was implemented with two two-way nested grids; the outer domain 114 
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covers 5°-39° N 15°-63° E with 30 km resolution, and the inner domain focuses on 7°-32° N, 30°-115 

52° E with 10 km resolution. 116 

The ERA-Interim reanalysis fields (Dee et al., 2011) were used as the initial and boundary 117 

conditions. The model was initialized on a daily basis at 1200 UTC and integrated for 36hours 118 

using boundary conditions that were updated every six hours. Assimilation of the available 119 

observations in the region, collected from the National Center for Environmental Prediction 120 

(NCEP) Atmospheric Data Project (ADP, 1997 to present), was conducted in six-hour cycles using 121 

a three-dimensional variational (3DVAR) approach. For the WRF assimilation, we combined all 122 

the observations available for the previous years from different sources. The hourly outputs from 123 

+12 until+36 hours of the simulation were used as results of the hindcast. These hourly wind fields 124 

were used to force a regular grid with the 0.05° resolution WAVEWATCH III (hereafter WW3) 125 

wave model (Tolman, 2014), implemented with 29 frequencies (f1 = 0.05 Hz) with 1.1 geometric 126 

progressions and 36 directions uniformly distributed starting at 5o. The most recent version of 127 

WW3 as available since 2014 has been used, with the latest generation and dissipation physics of 128 

Janssen (1991) and Ardhuin et al. (2010). As in all the operational models and long-term hindcasts, 129 

the DIA formulation of Hasselmann et al. (1985) has been used for nonlinear interactions. 130 

Concerning the results, Langodan et al. (2016) reported a low bias for both wind and waves 131 

when compared to the available measured data (from buoys, scatterometers, and altimeters). Best-132 

fit slopes, bias, rms error, and scatter index from buoy were 0.99, -0.07, 1.63, 0.31, and 1.01, 0.03, 133 

0.24, 0.26 for wind speed (m s-1) and significant wave height (m), respectively (additional details 134 

are provided in Appendix). These values are amply suitable for a climatological analysis. More 135 

details about the validation of the model results are provided in the Appendix.  136 
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4. Wind and Wave Climatology of the Red Sea 137 

The left panel of Figure 2 shows the spatial distribution of the mean wind speed, U10, and 138 

significant wave height, Hs. The right panel provides the corresponding maximum values from the 139 

period covered in our study. There are three clear zones of intense action: (i) in the northern part 140 

of the Red Sea, due to the E1 system, (ii) in the center, due to the Tokar Gap (E3), and (iii) at the 141 

southern end, due to the northeast monsoon winds of E2. The differences between the mean and 142 

maximum values are more evident in the central and southern zones, as a consequence of the more 143 

marked seasonality of the winds in these two areas. As expected, these differences are less 144 

pronounced when analyzed on a seasonal basis. This is particularly relevant for the E2 system, 145 

which is connected to the winter northeast monsoon, though the differences are still large for the 146 

Tokar Gap winds (E3), due to their diurnal variations.  147 

In this respect, more complete information is provided in Figure 3, where we report the 148 

statistical distribution of U10 and Hs in each of the three zones: north, center and south (henceforth 149 

N, C, and S, respectively; separated by the two dashed lines in Figure 1). These zones correspond 150 

to the dominance of the E1, E3, and E2 systems, respectively. With some limited variability, E1 151 

winds are present over N throughout the year and are often strong compared to the other zones. E2 152 

and E3, respectively in S and C, blow seasonally and are mostly in a lower range of values. 153 

However, the most frequent high values occur in C, following the Tokar Gap winds. The 154 

distributions of the wave heights over the 30-year period (Figure 3, mean Hs in the left panel, 155 

maximum Hs in the right panel) show similar information, although less pronounced, due to the 156 

integral properties of the waves with respect to the generating wind fields. 157 
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An interesting characteristic of the local climate is revealed by the annual distribution of 158 

the wind speeds and significant wave heights in the three zones. The daily averages of these two 159 

variables (on the left and right panels, respectively) over each zone, and their corresponding 160 

running averages, the 95 and 5 percentiles, are plotted in Figure 4. Wind and waves are 161 

permanently present in the northern Red Sea, and the higher values (95 percentile) in particular 162 

are noticeable throughout the year. With some undulations during the summer (corresponding to 163 

the Etesian winds), wind and waves are always active in this area, with the daily Hs mean close to 164 

1 m (with the exception of slightly lower values between July and August). This suggests changes 165 

in the climate of the Mediterranean basin and the African region.  166 

The Mediterranean Sea acts as a border between the European climate to the north and the 167 

tropical climate of the African continent, restricting the interactions between these two drastically 168 

different regimes. The Red Sea and its two northern gulfs (Suez and Aqaba) provide the only 169 

pathways for meteorological pulses to flow southward, connecting the northern and southern 170 

regimes throughout the year. In contrast to N, the distribution is seasonal in C and S. The presence 171 

of the Tokar Gap winds is evident in both panels of Figure4b and 4e. The lower wave heights 172 

observed in October suggest that the northerly waves are not developed enough to reach the C or, 173 

a fortiori, S zones. This could be attributed to the beginning of the monsoon-associated southern 174 

winds (Figure4c and 4f) in this period. In S, the seasonality of the southern winds is more strongly 175 

manifested by the wave plot (Figure4f), suggesting that some of the winds over the region 176 

(Figure4c) are not associated with the monsoon. 177 
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5. Time Variability 178 

After assessing the general characteristics and seasonality of the wind and waves in the 179 

Red Sea, and taking advantage of the long (30 years) time series for all of the parameters of interest, 180 

we explore the possible trends in time.  181 

Similar to Figure 3, we present in Figure 5 the statistical distribution of U10 and Hs in the 182 

basin for the first (1985-1994), middle (1995-2004) and last decade (2005-2014) of the studied 183 

period. A shift in time towards lower values is evident, both for wind and waves. For instance, the 184 

peak of the U10 distribution in N lowered from 6.5 to 5.8 m s-1. The decrease is more noticeable in 185 

the wave height distribution, where the number of large wave heights (> 2m) in the last decade is 186 

on average less than half of that in the 1985-1994 period. We also explored the distribution of this 187 

tendency in the basin. Figure 6 displays the trends and best-fit slopes of U10 and Hs derived from 188 

the whole time series (more than 260,000 data per grid point) and from the monthly maxima (one 189 

datum per month). The whole Red Sea exhibits a negative trend. Although the value alone may 190 

have appreciable confidence limits (though>260,000 values provide a solid ground to start from), 191 

the overall message is remarkable. The strongest negative trend for mean wind is found in the 192 

north and Tokar Gap areas, while the same trends for the monthly maxima are rather spread across 193 

the basin. As expected, the wave trends follow accordingly. 194 

One interesting point is the precise identification of where these changes come from. 195 

However, the results in Figure 5 and the trends in Figure 6 cannot be associated with a specific 196 

meteorological pattern. For this, a more powerful and different approach is required. The related 197 

tool is described in the next section. 198 
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6. Spectral Partition Approach 199 

Wind waves are an integrated product, in space and time, of the driving wind fields. This 200 

implies that, to derive the wave conditions at a specified location, the wind fields must be known 201 

in space and time. Conversely, the wave conditions at a specific location, specified in frequency 202 

and direction (spectrum), provide valuable information about the driving wind fields. A wave 203 

spectrum can be split into its composing wave systems, associated with the different physical 204 

conditions, where each system is identified by its own energy, peak frequency, and direction. 205 

Portilla et al. (2015) exploited this approach to derive the long-term statistics of wave systems 206 

acting at given locations. Their paper offers a full description of the method. The partition 207 

algorithm works as follows. For each spectrum, from each frequency-direction (f-θ) spectral bin, 208 

the steepest path of ascending variance density is followed until a local peak is reached. All the 209 

points climbing to the same local peak are then grouped to form a partition. This partitioning is 210 

not aimed at differentiating between wind seas or swells, but some information can be derived 211 

from the physical one embedded in the spectrum. For long series of spectral data, the main 212 

advantage of partitioning is a facilitated analysis of the individual wave systems, independently of 213 

each other.  214 

We begin our analysis by considering the central points of the three areas of the Red Sea 215 

(N, C, and S) and their related spectral information (see Section 3). From this long-term spectral 216 

data, we derived 30-year statistics of their partitions and corresponding distributions, shown in 217 

Figure 7 (see Portilla et al., 2015, for details of the procedure). Still in the two f-θ dimensions, the 218 

figure presents the statistical distribution of the positions of the peaks from the different wave 219 

systems in all the spectra over the whole 30-year period. Using the partition technique again, this 220 
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distribution is then separated into different systems (as in Figure 7), highlighting and identifying 221 

the characteristics (frequency and direction) of the dominant systems. The contours and colors 222 

represent how frequently each system appears. Since we are dealing with waves, we follow the 223 

oceanographic convention, i.e., we specify the direction of wave propagation. 224 

In Figure 7, the logical groups have been numbered according to the number of data in 225 

each area, i.e., the frequency of appearance for each system. The wave systems in Table 1 are listed 226 

in order of their importance. Taking zone C as an example, we recognize the dominant E1 227 

(numbered 1 in the plot) wave system flowing towards 150°, followed by the opposite system E2 228 

(2 in the plot) at 330°. System E3 (3 in the plot) is the result of the Tokar Gap waves at 90°. A few 229 

other wave systems are generated by occasional winds in other directions. System E4 (4 in the 230 

plot) is in zone N (panel. 7a). Note that this distribution does not provide any information about 231 

the wave height or, more specifically, about the energy that led to the distribution of the systems. 232 

However, this information is available from the part of the wave spectra that corresponds to the 233 

individual wave systems, which we use for our detailed climatological analysis of these systems. 234 

We repeat the analysis performed in Section 4 for the overall significant wave heights on 235 

the individual wave systems, as identified from the statistical distribution of the spectral peaks. 236 

The first comprehensive result is presented in Figure 8, where each column refers to a zone (north, 237 

center, or south) and each row repeats the yearly distribution (same as in Figure 4), with the first 238 

row corresponding to the total energy (ET) of the wave system and the following four rows noting 239 

the energy of the E1, E2, E3, and E4 systems, respectively. The total wave energy (ET) is close to 240 

the sum of the single systems; the minor differences (less than 1%) correspond (see Figure 7) to 241 

the energy of the remaining groups in the other directions. 242 
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The different panels in Figure 8 provide an instructive and comprehensive view of the 243 

climatological situation. The overall energy characteristics in each of the three areas throughout 244 

the year reflect what we already reported in Figure 4 with the significant wave height. The 245 

propagation of southward waves (E1 system) along the Red Sea basin and their corresponding 246 

progressive decrease in energy are clearly depicted in the second row of Figure 8. Conversely, the 247 

waves associated with the monsoon (E2 system) and their contributions in the different zones are 248 

given in the third row. These waves are virtually absent from May to September; their peaks occur 249 

in the winter months. Though the monsoon winds largely affect the southern part of the basin, a 250 

small part of the generated waves propagate northward (the two left panels). However, these waves 251 

are less effective than system E1 in the northern Red Sea. The isolated effect of the Tokar Gap 252 

winds (the fourth row) is macroscopic and present only during the summer months over the central 253 

Red Sea. The last row, noticeable only in N, represents the E4 system and corresponds to the 254 

mountain valley jets from northern Saudi Arabia during the winter months.  255 

We now explore how the energy of each of the systems, E1, E2, E3 and E4, varied over 256 

the30-yeartime span in each area, N, C, and S. Since the seasonality of the signal was evident given 257 

the results shown in Figure 8, a monthly trend analysis was applied. Rather than using a single 258 

best-fit line fit, the trends were evaluated following first the Mann-Kendall approach (Mann, 1945; 259 

Kendall, 1975), then quantified following Sen (1968). Pomaro et al. (2017) provide a full 260 

description of the procedure followed for this analysis. The results are shown in Figure 9 following 261 

the same order as Figure 8: left to right corresponds to north, center, and south; top to bottom 262 

corresponds to trends in energy for total energy (ET), E1, E2, E3, and E4. Note that a circle 263 

represents the signals with significance over the 90% level. In each panel, the 99, 95, 75, and 50 264 

percentile trends are shown.  265 
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The results in Figure 9 show a diffused negative trend. However, splitting the ET signal 266 

(first row) among the different components allows us to identify which systems and which zones 267 

contribute more to this trend. In general, system E1 has the largest contribution in all three zones. 268 

Considering the different E1 energy in N and S shown in Figure 8, the relative change is more 269 

macroscopic in S. This suggests that the pulses of cold air from the Mediterranean Sea are not only 270 

progressively losing strength, but that this also corresponds to a decreased ability to propagate 271 

energy towards the south. There is also less energy in the monsoon-connected wind and waves 272 

(E2) in S, particularly during the early months of the year, but this weakness is only statistically 273 

significant in March. This decrease is reflected in C and N by progressively lower signals, 274 

consistent with the energy shown in Figure 8. There are no significant trends found in the Tokar 275 

Gap waves (E3). Finally, there is a very mild but significant negative signal for the E4 system in 276 

N, which is proportional to the local energy. 277 

In plotting the energy and the related trends in Figures 8 and 9, it is not clear whether the 278 

energy loss in time is due to the reduced strength of individual storms or to their decreasing 279 

number. We explored this by analyzing the frequency of the hourly data, i.e., how the number of 280 

occurrences of these records per year has varied in time (results shown in Figure 10). We show 281 

only the relevant results for E1 in N, E2 in S, E3 in C, and E4 in N.  There is a substantial reduction 282 

in the number of hourly events for E1, up to six per year in January for the 50 and 75 percentiles, 283 

with significant values also in June and December. Also, the number of monsoon events seems to 284 

decrease in the last months of each year, but this is uniformly significant. We have not found any 285 

trends in the number of the Tokar Gap events or in those connected to the E4 system. 286 
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7. Summary and Discussion 287 

The main findings of our work can be summarized as follows. 288 

1 – Four main wind and wave systems dominate the climate of the Red Sea (see Figure 1): 289 

(i) E1 system from north to south, driven by pulses entering from the Mediterranean Sea, 290 

(ii) E2 system from south to north, associated with the northeast monsoon channeled through 291 

the Bab-el-Mandeb Strait, 292 

(iii) E3 winds blowing from Africa through the Tokar Gap, generating waves towards the 293 

Arabian Peninsula, and 294 

(iv) E4 system, generated by jets from valleys in the northern part of the Arabian Peninsula. 295 

2 – The different features support splitting the Red Sea into three zones for the analysis, namely 296 

north (N), center (C), and south (S). 297 

3 – N is dominated by the E1 system, with minor contributions from E4 and sometimes E2 waves 298 

that reach the northern end of the Red Sea. 299 

4 – The dominant feature in C during summer is the E3 system. Otherwise, it is mostly dominated 300 

by E1 waves from the north and partly by E2 waves from the south in winter. 301 

5 – The monsoon-connected E2 system is the main one in S, with E1 waves frequently reaching 302 

this area. 303 

6 – On average, the highest waves are in N, but the peak values are reached in C with the E3 304 

system. 305 
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7 – Though at a variable level, the E1 system is present throughout the year; the other three systems 306 

are markedly seasonal, with E2 and E4 in the winter season, and E3 in the summer months. 307 

8 – There is a marked tendency towards decreasing wave heights in the Red Sea. 308 

9 – The partition technique allows a better definition of the characteristics and trends of each 309 

system. 310 

10 – The most marked decrease, both in total energy and number of events, is found in the E1 311 

system. 312 

11 – A milder decrease, but limited to the first months of the year, appears in E2. However, there 313 

is an indication of decreased frequency in the last months of the year. 314 

12 – There are no marked trends for the E3 and E4 systems. 315 

Having framed the situation, some of these aspects deserve more general comments. 316 

With the exception of an isolated positive peak in the 99th percentile during September, the 317 

marked decrease in both total energy and frequency of the E1 system is quite evident. Since it 318 

depends on input from the Mediterranean Sea, we naturally connect this decrease to the 319 

corresponding decrease in wind activity in this basin (see, among others, Conte and Lionello, 320 

2013). The decrease of E2, the monsoon-related southern winds, is more limited, both in intensity 321 

and frequency of events. The only significant signal is observed in March; however, that is not a 322 

period when we expect intense events. 323 

The strong contrast between the desert-land and sea-surface temperatures along the Red 324 

Sea coastline results in ageostrophic nighttime land breezes and daytime sea breezes that occur 325 
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almost daily and in all months (Jiang et al., 2009; Pedgley, 1974). Though the dominant wave 326 

systems are E1 and E2, the cross-axis winds generate multiple wave systems at all locations in the 327 

Red Sea. In summer, the most prominent cross-basin wind blows from the Tokar Gap, which 328 

frequently channels strong winds across the center of the Red Sea. These events are largely 329 

associated with the Indian summer monsoon, but are further enhanced by the local orography and 330 

the large variations between the day and night temperatures on the African high planes. Our 331 

analysis did not reveal any appreciable trend in the waves related to the Tokar Gap wind. The 332 

overall connection with the summer monsoon is a much broader subject that we did not address in 333 

this study.  334 

A comparison between E2 and E4 in the northern sector, where the Arabian Peninsula 335 

valleys are located, suggests a possible relationship between the two systems. The E4 winds 336 

generally blow from the northeast, a large-scale flow that leads to the E2 winds. Without a direct 337 

causality between the two systems, we only hypothesize a possible relationship that is beyond the 338 

scope of this paper. Rather, this takes us to a more general point. The wave conditions at a given 339 

time and location provide valuable information about the generated wind fields, i.e., previous 340 

meteorological situations. If we expand this in time, the wave climate trends provide quite a bit of 341 

information about the meteorological ones. This is more striking in the applied partition technique 342 

where we can detect changes at one or more positions according to the wave system we observe, 343 

the direction it comes from, and potentially other information. This technique is most effective in 344 

the ocean because it is possible to analyze the variation of peak frequency of a system in time 345 

(days) in order to obtain an estimate of the wave generation zone (even 10,000 km away or more, 346 

e.g., Snodgrass et al., 1966). Thus, the trend in time (years) of a wave system may tell us something 347 

about far-away winds (see, e.g., Portilla et al., 2015). This is not straightforward, if at all possible, 348 
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for the waves in the Red Sea. Rather, the elongated shape of the sea and its mountain border highly 349 

simplify the diagnosis. In this relatively simple environment, we are able to derive information 350 

about the larger surrounding areas. 351 

The presence of a trend derived from a reanalysis of the meteorological data starting from 352 

the ERA-Interim deserves a discussion. It is well-known that changes in the number and quality 353 

of the assimilated measured data may have, and had in ERA-Interim, a significant influence, 354 

especially on the derived trends. The paper by Aarnes et al. (2015) is enlightening in this respect. 355 

Especially in a reanalysis inevitably generated at a limited resolution, there is a general tendency 356 

to underestimate high values, a trend that is eventually corrected by the assimilation of measured 357 

data. In the long term, the progressively increased quality and quantity of these data may lead to 358 

an apparent positive trend in the reanalysis. However, the trends we found are negative, therefore 359 

arguably independent and more reliable. If any doubt remains, it is that the real negative trends 360 

may be even larger than what we report. 361 

Although we do not venture into large scale climatic analysis in this paper, we find one 362 

strong connection possibly supported your results. Conte and Lionello (2013), among others, 363 

report, as repetitively seen in other studies, an attenuation of the wind and wave climate in the 364 

Mediterranean Sea. It can be said that the climate is shifting northward. If this is the case, then the 365 

latitudinal gradients would decrease in the Mediterranean Sea and, in doing so, would also 366 

decrease the differences with respect to the Red Sea (via the Suez and possibly Aqaba gulfs). 367 

Indeed, this can be interpreted as the reason for the decreased intensity and frequency of the 368 

Mediterranean pulses. 369 
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The reasons for the described variations in time involve a broader scale of analysis with 370 

respect to the identification we pursued in this paper with the 30-year hindcast. However, with a 371 

reversed perspective, it is interesting to analyze the oceanographic implications of a varying wave 372 

climate in the Red Sea. Wu et al. (2015) have recently framed well the importance of wind waves 373 

in defining the vertical structure of the ocean. Together with surface breaking, Stokes drift and 374 

Langmuir circulation, they pointed out to the importance of wave orbital motion in stirring the 375 

upper layers of the ocean and deepening the thermocline (see also Huang and Qiao, 2010). In this 376 

respect, the decrease of wave height, especially of the E1 system, is not without consequences. 377 

Being locally wind generated, a decrease of the significant wave height implies also a decrease of 378 

the corresponding wavelength (see, e.g., Holthuijsen, 2007). Given the wave induced motion 379 

exponential attenuation with depth, a decrease of wind, consequently waves (hence their length), 380 

may have immediate consequences on the depth of the mixed layers, which reflects the extent of 381 

vertical mixing.   382 

The reported decreasing of the wind speed can potentially affect the formation of the Red 383 

Sea outflow water, which is formed in the north during winter under the conditions of intensive 384 

heat loss (Yao et al. 2014b). The heat loss would be reduced by the decreased wind speed, because 385 

of the linear dependence of the turbulent heat flux, the latent and sensible heat fluxes on the wind 386 

speed. The reduced mixed layer depth associated with the decreasing waves would change the 387 

properties of the formed water. Therefore, if the present trend continues, the outflow of the Red 388 

Sea water to the Indian Ocean is likely to change, and hence the signature of the Red Sea water 389 

along the eastern African coastline (Beal et al., 2000). Indeed, it is very interesting, how limited 390 

changes in the atmospheric distribution over a semi-enclosed basin could lead to significant 391 

changes in the adjacent large oceans. 392 
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Can we say anything about the future? We only have information for 30 years; we need 393 

more data before and after this period. A comparison between the values in Figure 8 and Figure 9 394 

suggests loss of wave heights in the order of 1%y-1 (e.g., for the E1 system in N).  This decrease 395 

is quite significant, and not unlike other estimates for the Mediterranean Sea (see the cited paper 396 

by Conte and Lionello, 2013). More information could be derived from climatic projections, but 397 

their present coarse resolutions and variable background hypotheses persuade us to be satisfied for 398 

the time being with the more limited, but solid, information we have derived. 399 
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Appendix A 410 

Validation of model simulations 411 

The model outputs were validated using observations from buoy, scatterometer, and altimeter data. 412 

The buoy (WMO 23020, located at 22o 10’N, 38o 30’E and depth of 693 m) was deployed from 413 

October 2008 until May 2010. All of the available altimeter (Jason1, Jason2, ERS-1, ERS-2, GFO, 414 

Envisat, Cryosat2, Altika) data were used (∼4 × 105 collocated points) as derived from the Glob- 415 

Wave database (http://www.globwave.org) for validation. The scatterometer data that are not 416 

assimilated were used for validation. Figure A1 presents the scatter plots of the model fields from 417 

the buoy, scatterometer, and altimeter data. The various panels show the corresponding scatter 418 

diagrams, with the colors representing the number of collocated points in each pixel. A best-fit line 419 

is overlaid on the scatter plot. The statistics show that the model fields are in good agreement with 420 

the measurements. Moreover, the statistical parameters computed from the altimeter and 421 

scatterometer data are in the same range as those from the buoy observations. 422 

http://www.globwave.org)/
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List of Tables 516 

Table 1 – Dominant wind and wave systems in the Red Sea 517 

System Characteristics 

E1 
This system blows from northwest to southeast year-around, often 

extending to the southern end of the basin. 

E2 

Associated with the northeast monsoon, it blows to northwest from the 

southern end of the basin, typically extending well into the Red Sea during 

the winter season. 

E3 

The Tokar Gap wind blows through the valley located halfway down the 

African coast; it is highly associated with the summer monsoon and 

differential heating, is present during the summer months, and generates 

the highest waves in the basin. 

E4 

Jets exiting from narrow valleys in the northern part of the Arabian 

Peninsula cause waves that are not very high, but that may be 

superimposed on those of system E1. 

 518 
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List of Figures 519 

Figure 1 – The Red Sea is more than 2200 km long and350 km across at its widest point. The 520 

dashed lines split the basin into three zones: north (N), central (C), and south (S). The arrows 521 

indicate the main winds blowing in the basin. The side panel frames the position of the basin within 522 

a larger geographical area. The red dot shows the position of the buoy. 523 

Figure 2 – Wind and wave climatology of the Red Sea. Left panel: mean wind speed and significant 524 

wave height distributions. Right panel: the same, but for the maximum values. 525 

Figure 3 – Statistical distribution of wind speed (U10) and significant wave height (Hs) in the three 526 

areas (north, center, south) indicated in Figure 1. 527 

Figure 4 – For each of three zones (north, center, south) indicated in Figure 1, wind speed (left) 528 

and significant wave height (right), daily distribution in the year of the 95 percentile, mean and its 529 

running average, and 5 percentile are shown. 530 

Figure 5 – For each of three zones (north, center, south) indicated in Figure 1, statistical 531 

distributions of wind speed (left) and significant wave height (right) for the first (1985-1994), 532 

middle (1995-2004), and last decade (2005-2014) of the 30-year period are shown. Note the 533 

enlarged scale to the right of each distribution. 534 

Figure 6 – For wind speed (upper panels) and significant wave height (lower panels), the 535 

geographical distributions of the trends are derived by best-fit line to the whole time series (left 536 

panels) and the monthly maxima (right panels), respectively. 537 
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Figure 7 –The long-term distribution of the peak positions that the various wave systems present 538 

in each spectrum from the 30-year time series at a representative central point in the north, center 539 

and south zones. Directions are given following oceanographic convention.  540 

Figure 8 – Single columns for the north, central, and south zones in Figure 1. The five panels in 541 

each column respectively report (from top) the total wave energy throughout the year, and the 542 

energyof the E1, E2, E3 and E4 systems. 95 percentile, mean, running averaged mean, and 5 543 

percentile are shown. Each row shows how the energy of each system varies throughout the basin. 544 

Figure 9 – The energy value trends for each month of the year are presented with the same logical 545 

distribution as in Figure 8. The trends of the 99, 95, 75, 50 percentiles are shown. A circle indicates 546 

that the result is statistically significant at better than 90%. 547 

Figure 10 – Trend in the number of data for each month of the year. The results are shown only 548 

for the months where a sufficient number of data is present – E1 and E4 in the north, E2 in the 549 

south, and E3 in center. The results of the 99, 95, 75, 50 percentiles are shown. A circle indicates 550 

that the result is statistically significant at better than 90%.  551 

Figure A1: Scatter diagrams and best-fit slopes for simulated wind and wave heights against buoy 552 

and satellite observations. The color bar indicates the number of collocated points. The statistics 553 

(bias, rmse, slope and scatter index) are labeled on figure. 554 

 555 

 556 
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 558 

Figure 1 – The Red Sea is more than 2200 km long and 350 km across at its widest point. The 559 

dashed lines split the basin into three zones: north (N), central (C), and south (S). The arrows 560 

indicate the main winds blowing in the basin. The side panel frames the position of the basin within 561 

a larger geographical area. The red dot shows the position of the buoy. 562 

 563 

 564 



 
32 

 

 565 

Figure 2 – Wind and wave climatology of the Red Sea. Left panel: mean wind speed and significant 566 

wave height distributions. Right panel: the same, but for the maximum values. 567 
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 569 

 570 

Figure 3 – Statistical distribution of wind speed (U10) and significant wave height (Hs) in the three 571 

areas (north, center, south) indicated in Figure 1. 572 

 573 
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 574 

 575 

Figure 4 – For each of three zones (north, center, south) indicated in Figure 1, wind speed (left) 576 

and significant wave height (right), daily distribution in the year of the 95 percentile, mean and its 577 

running average, and 5 percentile are shown.  578 
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 579 

Figure 5 –For each of three zones (north, center, south) indicated in Figure 1, statistical 580 

distributions of wind speed (left) and significant wave height (right) for the first (1985-1994), 581 

middle (1995-2004), and last decade (2005-2014) of the 30-year period are shown. Note the 582 

enlarged scale to the right of each distribution. 583 
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 584 

 585 

Figure 6 – For wind speed (upper panels) and significant wave height (lower panels), the 586 

geographical distributions of the trends are derived by best-fit line to the whole time series (left 587 

panels) and the monthly maxima (right panels), respectively. 588 
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 589 

 590 

Figure 7 –The long-term distribution of the peak positions that the various wave systems present 591 

in each spectrum from the 30-year time series at a representative central point in the north, center 592 

and south zones. Directions are given following oceanographic convention. 593 
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 594 

Figure 8 –Single columns for the north, central, and south zones in Figure 1. The five panels in 595 

each column respectively report (from top) the total wave energy throughout the year, and the 596 

energy of the E1, E2, E3 and E4 systems. 95 percentile, mean, running averaged mean, and 5 597 

percentile are shown. Each row shows how the energy of each system varies throughout the basin.  598 
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 599 

Figure 9 – The energy valuetrendsfor each month of the year are presented with the same logical 600 

distribution asin Figure 8. The trends of the 99, 95, 75, 50 percentiles are shown. A circle indicates 601 

that the result is statistically significant at better than 90%. 602 
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 603 

Figure 10 –Trend in the number of data for each month of the year. The results are shown only for 604 

the months where a sufficient number of data is present – E1 and E4 in the north, E2 in the south, 605 

and E3 in center. The results of the 99, 95, 75, 50 percentiles are shown. A circle indicates that the 606 

result is statistically significant at better than 90%.  607 
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 609 

Figure A1: Scatter diagrams and best-fit slopes for simulated wind and wave heights against buoy 610 

and satellite observations. The colorbar indicates the number of collocated points. The statistics 611 

(bias, rmse, slope and scatter index) are labelled on figure. 612 


