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Abstract 20	

The wind climatology of the Red Sea is described based on a 30-year high-resolution regional 21	

reanalysis generated using the Advanced Weather Research Forecasting (WRF) model. The 22	

model was reinitialized on a daily basis with ERA-Interim global data and regional observations 23	

were assimilated using a cyclic three-dimensional variational (3DVAR) approach. The reanalysis 24	

products were validated against buoy and scatterometers data. We describe the wind climatology 25	

and identify four major systems that determine the wind patterns in the Red Sea. Each system 26	

has a well-defined origin, and consequently different characteristics along the year. After 27	

analyzing the relevant features of the basin in terms of their climatology, we investigate possible 28	

long-term trends in each system. It is found that there is a definite tendency toward lowering the 29	

strength of the wind speed, but at a different rate for different systems and periods of the year. 30	

 31	

 32	
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1.Introduction 34	

Knowledge on the wind variability in a changing climate is crucial for a better assessment of the 35	

climate system. Many efforts have been made aiming to study and understand the variability of 36	

surface winds and their trends at global and regional scales, as for example Tuller (2004) for 37	

Canada, Pirazzoli and Tomasin (2003) for the Mediterranean Sea, Guo et al. (2011) for China, 38	

Klink (1999) for the United States, You et al. (2013) for Tibetan Plateau, Dadaser-Celik and 39	

Cengiz (2014) for Turkey, and Troccoli et al. (2012) for Australia. These studies reported the 40	

climate and trends in the surface wind speed over the respective regions. However, many other 41	

parts of the world are still lacking detailed knowledge about the wind variability and its climate, 42	

and the Red Sea is one of those regions where very few wind studies have been reported. 43	

The Red Sea (see Figure 1) resulted from the tectonic split of the Horn of Africa from the now 44	

facing Arabian Peninsula. The structure of the sea reflects its genesis, a 2300 km long narrow 45	

basin with a 355 km wide at its maximum width. It has an average depth of 490 m with a 46	

maximum depth that reaches a little lower than 2200 m. Enclosed between two desert areas, the 47	

northeast part of Africa and the Arabian Peninsula, its yearly evaporation exceeds 2 m, 48	

compensated by the average inflow through the Bab el Mandeb strait at its southern end, the only 49	

connection to the Arabian Sea and the open ocean (Yao et al., 2014a, Yao et al., 2014b).  50	

The tectonic movements resulted in an orography with very high mountains ridges on both sides 51	

of the basin. These mountains ranges influence the local dominant wind regimes and transform 52	

the Red Sea into a virtual wind channel, where along-axis winds are the dominant feature 53	

(Langodan et al., 2016). In the southern Red Sea, mountains extend higher than 2,000 m on the 54	

Arabian Peninsula, and, most of them are above 1,500 m in the Ethiopian plateau of the African 55	

side with the highest altitude (> 4000 m) at the southern part. These high mountains are 56	
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instrumental in deviating the northeast monsoon winds from the Arabian Sea into a southeast 57	

winds along the axis of the Red Sea. In summer, from May till October, northwest winds 58	

dominate the entire basin. During winter typically between November and April, northwest 59	

winds from the Mediterranean Sea meet the orographically driven southeast winds in the center 60	

of the Red Sea to form the Red Sea Convergence Zone (RSCZ, Pedgley, 1966). The existence of 61	

valleys in the mountain ridges along the shores of the Red Sea leads to the development of local 62	

seasonal wind patterns. The most relevant one is the Tokar gap jet (Jiang et al., 2009) in summer 63	

over the central Red Sea. Small westward blowing mountain gap jets appear in winter over the 64	

northern Red Sea, but with limited significance for the overall basin. A general description of the 65	

regional climatic features of the Red Sea region using a 15-year hindcast from a regional 66	

assimilative model is provided by Yesubabu et al. (2016). 67	

Langodan et al. (2014) provide a description of the local wind characteristics of the Red Sea 68	

from an analysis of a one-year (2009) model hindcast that we briefly summarize in the following. 69	

Four wind patterns dominate the Red Sea; 1) Following the passage of Mediterranean storms, 70	

strong northwest winds penetrate through the western side of the Sinai peninsula, blow 71	

southward and occasionally reaches the southern end of the Red Sea. 2) In winter, the above 72	

mentioned southeast wind from the Arabian Sea is strong in the south part of the basin, and 73	

occasionally extends northward, with progressively lower intensity. 3) Half way, on the African 74	

side, the Tokar Gap jet blows daily between June and September in response to synoptic-scale 75	

wind forcing regimes, which is further enhanced by the katabatic effect due to the difference in 76	

temperatures between the semi-desert land and the sea (Pedgley, 1974; Jiang et al., 2009, 77	

Yesubabu et al., 2016). These winds blow eastward, then generally turns towards the southern 78	

part of the basin. 4) Few distributed narrow valleys in the northerly part of the Arabian coast 79	
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occasionally lead to strong concentrated jets that blow into the sea, locally affecting the northern 80	

region. In describing the wind climatology of the Red Sea, we will respectively refer to the above 81	

four systems as E1, E2, E3 and E4, as summarized in Table 1. 82	

Since the wind and wave conditions over the Red Sea are modulated by the extra-tropical climate 83	

of the Northern Hemisphere and the tropical zone with monsoon effects, they are very sensitive 84	

to even small modifications of the general distribution of the global climate. Hence it is of 85	

interest to explore whether and if so how, its climate and average characteristics change in time. 86	

In this paper, we analyze the surface wind conditions over the Red Sea from a 30-year high-87	

resolution reanalysis, providing a description of the local wind climatology along with their long-88	

term trends. A companion paper, Langodan et al. (2017), discusses the corresponding wave 89	

condition. Our paper is organized as follows. Section 2 briefly describes the reanalysis procedure 90	

that was implemented used to generate the wind data that we use for the climatological analysis. 91	

The characteristics of the wind climatology over the Red Sea region are then described in 92	

Section 3. Section 4 investigates their associated trends in time. Section 5 provides a general 93	

discussion of the results and concludes the paper with a summary of the main findings. 94	

2. The atmospheric reanalysis 95	

To generate reanalysis fields based on available observations, a continuous re-initialization 96	

approach was employed in many regional reanalysis projects (e.g., Arctic Reanalysis by 97	

Bromwich et al., 2013;Chukchi–Beaufort High-Resolution Atmospheric Reanalysis by Liu et al., 98	

2014). We used the same reanalysis procedure to generate a high-resolution (10-km) atmospheric 99	

reanalysis over the Red Sea region for a period of 30 years (1985-2015). Langodan et al. (2016) 100	

provide a detailed description of the assimilative system used for the reanalysis. Here we only 101	

report the essential information that is relevant to the climatological analysis of winds.  102	
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The Advanced Research Weather Research and Forecasting model (WRF, see Shamrock et al., 103	

2008) was implemented with two, two-way nested domains of horizontal resolutions 30 km and 104	

10km, and 51 vertical levels. The large domain extends between 5°S – 39°N and 15°E - 63°E, 105	

and the nested domain covers the Red Sea between7°N – 30°N and 31°E – 47°E. The physics 106	

employed in the study are described in Langodan et al. (2016) and Yesubabu et al. (2016). The 107	

initial and boundary conditions for the WRF model have been obtained from the ERA-Interim 108	

reanalysis (Dee et al., 2011) of the European Centre for Medium-Range Weather Forecasts 109	

(ECMWF). The assimilation of available observations in the region, collected from the National 110	

Center for Environmental Prediction (NCEP) Atmospheric Data Project (ADP, 1997 to present), 111	

was conducted in 6-hourly cycles using a three-dimensional variational (3DVAR) approach. For 112	

the other years, we combined all observations available from different sources to be assimilated 113	

using WRF. The model was initialized at 1200 UTC on a daily basis and integrated for 36-hours 114	

using boundary conditions updated every six hours. The outputs are available at one-hour 115	

intervals, corresponding to the +12 - +36 forecast interval (i.e., 01 and 00 (+1d) UTC of each 116	

day).  117	

The resulting reanalysis was validated against buoy (see Figure 1, available from October 2008 118	

till August 2010) and scatterometer data. A meteo-oceanographic buoy was deployed at a 119	

position about 22o 10' N, 38o 30' E indicated with a red dot in Figure 1 with a local depth of 693 120	

m. The buoy was operational from October 2008 through May 2010, providing the standard 121	

meteorological parameters and surface wave information. Langodan et al. (2016) report model 122	

versus measured data best-fit slopes of 1.01, rms error 1.03 ms-1, and 0.31 scatter index. The 123	

relatively large scatter index is, partly at least, due to the large variability of the local winds, 124	

which is in turn related to the strong orographic influence. These figures, similar for all the 125	
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measured data, confirm the suitability of the generated Red Sea reanalysis for studying regional 126	

climatic features. For our present analysis, 30-years (1 January 1985 – 31 December 2014) of 127	

wind data is available at one-hour intervals and 10 km resolution. 128	

3. The wind climatology 129	

Figure 2 shows the spatial distribution of mean (U10m) and maximum (U10max) wind speeds in 130	

summer (left panel) and winter (right panel) in the Red Sea. In the figures, the color bars 131	

represent different parameter ranges and for each point, the maximum refers to the highest value 132	

in the whole 30-year time series. The differences (an average ratio of 3) between the U10max 133	

and U10m values point to the discontinuous, but frequent, presence of intense events. In summer, 134	

the largest mean values distributed in the north are associated with the storms penetrating from 135	

the Mediterranean Sea. The highest mean values over the southern part of the Red Sea in winter 136	

are driven by the northeast monsoon winds. Strong mean wind speeds over the northern part of 137	

the Red Sea are expected also in winter, as an extension of the Mediterranean storms. 138	

For further analyses, and because of the characteristics of the basin, we divide the Red Sea into 139	

three areas: North, Centre and South (for brevity N, C, S), separated by the dash lines in Figure 140	

1. There is no specific reason for the position of these lines; these areas correspond to the zones 141	

dominated by the above mentioned winds, the northerly winds, the Tokar Gap, and the winter 142	

monsoon. Figure 3 plots the statistical distribution of wind speed in the three zones. It shows 143	

that, on average, the winds are stronger in the northern zone N (protruding Mediterranean 144	

storms) compared to the other two zones, while areas C and S exhibit similar wind speed 145	

distributions.  146	

A more complete picture is provided in Figure 4, which presents the yearly evolution of the 95th 147	

and 5thpercentile values of wind speed (borders of the grey area) and the corresponding 31-day 148	
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running average for each zone. Each daily value is derived from 720 data points (30 years * 24 149	

hours every day). The highest average and 5th percentile values are in area N; however, the 150	

overall maximum values are observed in area C and these winds, associated with the Tokar Gap 151	

during their active months (June to September), reach the highest values for all the presented 152	

statistics. This makes the tail of the wind distribution in area C (Figure 3) significant for the 153	

highest wind speeds. In area S, the presence of the northeast Indian monsoon-driven wind is 154	

distributed over the winter months and has a lower intensity compared to area N. 155	

Figure 5 plots the whole 30-year time series of the average monthly values. Because of the 156	

different genesis, distinct characteristics are evident in the prevailing winds over all three zones. 157	

The irregular stormy characteristics of the northerly wind are dominant in zone N (Figure 5a). 158	

The highest mean values of wind speed are reached in winter, but these characteristics are not 159	

observed in the 95th and 5th percentiles. This points to the presence of intense events in summer 160	

as well and, conversely, to extended calm periods in winter. The situation is completely different 161	

in zones C and S where the dominant winds are more associated with the seasonal variations in 162	

the region. In area C, the summer monsoon winds, enhanced with katabatic effects, drive the 163	

Tokar Gap wind jets (Jiang et al., 2009; Zhai and Bower, 2013, Davis et al., 2015). In S, the 164	

year-to-year variability of the winter monsoon creates a slightly more irregular sequence of wind 165	

speed compared to C, where the genesis is simply the strong summer insolation. 166	

4. Changes in time 167	

Although not significant in the very long term, 30 years of estimated data are considered to be 168	

sufficient to derive information about the trend of climate within this time scale over the area of 169	

interest. Figure 6 shows the wind speed statistical distribution over the three areas for the first 170	

and last decade of the considered period (respectively, 1985-1994 and 2005-2014). The 171	
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logarithmic scale makes the differences very clear in the tail of the distributions. It is evident that 172	

there is a general trend to weaken the wind speed in the last decade, with more occurrence of 173	

lower wind speed range compared to the higher range. The anomalous increase observed in the 174	

higher wind speed in zone N is interesting, but less significant because of the limited number of 175	

samples in this range, as depicted by the lowest number of occurrences of wind speed at 14.55 m 176	

s-1. In the high wind speed ranges, both areas C and S distributions exhibit larger number of 177	

occurrences, particularly the Tokar Gap with a percentage of wind speed occurrences almost 178	

between one and two orders of magnitude larger than N. Note however that a similar analysis 179	

suggests that overall the number of events does not show a corresponding decrease. The trends 180	

therefore seem to concern only the intensity of the events. 181	

As a first step in analyzing these tendencies toward lower wind speed, we explore the 182	

distribution of this tendency in the whole basin. Toward this aim, we plot in Figure 7 the spatial 183	

distribution of various trends (derived from the respective best-fit slope lines). More specifically: 184	

general trend from a) the full time series (~2.6x105 data for each point of the basin), b) all the 185	

single monthly maximum values, and c) all the single monthly 90th, and d) 50th percentiles. 186	

It is clear that there is a general diffused tendency toward a decrease in the intensity of wind 187	

speeds in the various categories (all data, monthly maxima and different percentiles). This 188	

tendency is most pronounced in the northern part of the basin, dominated by the impulses from 189	

the Mediterranean Sea. In contrast, the trend at the southern end of the Red Sea is much weaker 190	

for the monsoon associated southeast wind. With regard to the Tokar Gap wind (E3, see Table 191	

1), the interpretation is more subtle, with most of the panels showing an enhanced weakening of 192	

the wind speed in the central part of the basin (see Figure 1 for the specific zone). However, the 193	
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much smaller trend of the monthly maximum values in C (Figure 7b) suggests that the intense 194	

wind speeds are relatively maintained during the study period.  195	

Granted the information in space, it is of interest to explore and better quantify the distribution of 196	

the trend throughout the year. Figure 8 shows the monthly trend of wind speed for the 99, 95, 75, 197	

50 percentiles, i.e. the tendency to weaken or strengthen the wind speed in each month from 198	

January (1) to December (12) and for each zone. The trends have been derived first testing with 199	

Mann-Kendall approach (Mann, 1945; Kendall, 1975), then quantified following Sen (1968). A 200	

circle indicates that the estimate is 90% significant. A full description of the procedure can be 201	

found in Pomaro et al. (2017) 202	

As observed in Figure 7, the general tendency for a decrease of the wind speeds in all three zones 203	

is clear. The only exception is September in areas C and S, and is more prominent in C. The 204	

general trend is of the order of a few cms-1y-1, but this is significant because it corresponds to 205	

more or less 1 ms-1 in 30 years out of the average 6-7 ms-1as shown in Figure 2, and better 206	

quantified in Figure 4. 207	

Given the presence of two dominant north and south flowing wind systems, it is important to 208	

establish the contribution of these two systems in weakening the wind speeds over the basin in a 209	

more independent way. In practice the question is:  do these two systems decrease at a similar 210	

rate or, given their different genesis, the change is more associated to a specific meteorological 211	

pattern? This has been studied by repeating the analysis of Figure 8 for only the north, or 212	

conversely south going winds. More specifically, given the orientation of the Red Sea, we have 213	

considered the two following sectors: D1 for winds blowing from 292.5°-22.5°, a 90° sector 214	

which mostly accounts for the Mediterranean derived events, directed from north to south; D2 215	

for the opposite conditions, i.e. from 112.5°-202.5°, roughly directed from south to north, with 216	
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genesis in the Arabian Sea winter monsoon. The obtained results are respectively shown in 217	

Figure 9 and Figure 10. The resulting trend for the D1 sector (Figure 9) in zone N practically 218	

reproduces the trends in Figure 8. The trends in sector D2 (Figure 10) are not significant (except 219	

for November). This leads to the conclusion that the decreased wind activity in the basin is 220	

fundamentally due to the less intense impulses from the Mediterranean Sea. The consequences 221	

are noticeable also in areas C and S, as seen from the other two panels of Figure 9. However, the 222	

situation is more complex in C and S (see Figure 10), with the weakening of wind speeds in 223	

sector D2 being related to the winter monsoon. 224	

5. Discussion 225	

The main finding of our study is that there is a general trend to decrease the intensity of the 226	

winds in the Red Sea. This is mainly manifested for the E1 system, which is connected to the 227	

protruding events from the Mediterranean Sea. Though we have not analyzed the single cases, in 228	

general there are two typical atmospheric conditions that can affect the Red Sea. The important 229	

one is driven by the storms that propagate from west to east in the Mediterranean basin. 230	

Reaching its eastern end, the south and southeast blowing winds flow over the Nile delta, before 231	

entering the Gulf of Suez and the Red Sea. The orography of the Sinai Peninsula affects these 232	

winds and facilitates a more energetic intrusion to the Red Sea. The other scenario that affects 233	

the Red Sea is the eastward movement of the low-pressure over a more northerly track, normally 234	

over the Aegean Sea, which leads to a strong northerly winds in the Mediterranean Sea, and 235	

subsequently over the Red Sea. In addition, the presence of these northerly intense winds in the 236	

summer months (Etesian winds) contributes to the continuity of the E1 system throughout the 237	

year in the Red Sea. It is widely accepted (see, among others, Conte and Lionello, 2013) that 238	
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storminess is decreasing in the Mediterranean Sea. This explains the progressive decrease of the 239	

E1 system we found in the Red Sea. 240	

The tendencies in the monsoon are more complex and are a wide subject that we did not try to 241	

explain in detail here. Being a well-defined seasonal event, the minor decrease we have found 242	

seems to concern more the wind speed than its frequency. This reduced intensity creates a greater 243	

difficulty to propagate monsoon winds to the northern sector of the Red Sea, and is more evident 244	

in the analysis of winds blowing from south to north. Langodan et al. (2014) have already shown 245	

how the more energetic colder air from north repels the possible warm wind from south, forcing 246	

it to slide above the advancing colder air. Note that the decreased intensity of the Mediterranean 247	

events should favor the northward propagation of monsoon winds. Apparently, this does not 248	

seem to occur because of the parallel, albeit limited, decrease of the monsoon related southerly 249	

winds. 250	

The E3 system is dominated by the strong Tokar Gap winds, which develop almost daily 251	

between June and September. During summer, wind regimes in the region are largely affected by 252	

the Indian Ocean monsoon in the south and the northerly impulses from North Africa and the 253	

eastern Mediterranean Sea. Davis et al. (2015) reported that the cycle of the Tokar jets and its 254	

variability are controlled by the summer wind regimes, lying at a crossroads of influences of the 255	

seasonal Indian Ocean monsoon cycle to the south and the seasonal patterns of the Sahara Desert 256	

and eastern Mediterranean Sea to the north. They are also influenced by the local Red Sea land–257	

sea breeze cycle. 258	

The fluctuation in intensity of the local desert heat low and the position of the Inter-Tropical 259	

Convergence Zone (ITCZ), which migrates over the Tokar Gap in the summer (Pedgley, 1974), 260	

greatly influence the winds at the gap, and thus the timing of the Tokar Gap winds initiation. We 261	
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have further noticed a mild decrease in the intensity of the Tokar Gap wind. Being driven by the 262	

large-scale atmospheric dynamics, we could speculate that the trend could be either associated 263	

with the reported decrease in the intensity of the E1 wind system, or with possible changes in the 264	

summer monsoon winds (Naidu et al., 2009; Joseph et al., 2005). However, this tendency is very 265	

mild, and besides not significant in the very intense case. Therefore no clear conclusion can be 266	

drawn in this respect. 267	

We have also not drawn any conclusion about the wind jets in the northern part of the Arabian 268	

Peninsula because of their limited relevance, with their signal frequently masked by the 269	

Mediterranean connected events. 270	

6.  Summary 271	

To conclude, the main findings of our work can be summarized as follows. 272	

 Four wind systems characterize the Red Sea, each with different characteristics and origin: 273	

1 – North to South system (E1), as a protrusion of the ones in the Eastern Mediterranean Sea. 274	

This system shows a diffused tendency to a decrease in its intensity, interpreted as a consequence 275	

of the by now accepted decreased storminess in the Mediterranean basin, 276	

2 – South to North system (E2) associated to the summer monsoon in the Arabian Sea forcing 277	

through the Bab-el-Mandeb strait. E2 also shows a, slight tendency to a decrease in their 278	

intensity, 279	

3 – The Tokar Gap system (E3), connected to the night cooling of the African plateau and the 280	

presence of the local Tokar valley. This system too is present from June to September, depending 281	

also on the position of the ITCZ. There is no definite significant trend in its intensity, 282	
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4 – Occasional winds (E4) from the narrow valleys on the upper Arabian side. These winds are 283	

not significant for the overall Red Sea regime. The related analysis do not allow specific 284	

conclusions, 285	

Our analysis also suggests relationships with the large scale climatic patterns and trends that we 286	

will further explore in our future work. 287	
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Figure captions 368	

Figure 1 –a) Larger study area displaying the Red Sea and adjacent regions. b) The Red Sea. The 369	

two dash lines split the basin in its northern, central, and southern sectors. The arrows 370	

represent the dominant wind in the various areas. Note the orography surrounding the 371	

basin, instrumental in determining the dominant winds. The red dot shows the buoy 372	

position. 373	

Figure 2 – Mean (panels a, c) and maximum (b, d) wind speeds in the Red Sea. Left panels for 374	

summer, right ones for winter. The color bars have different parameter ranges. 375	

Figure 3 – Statistical distribution of the wind speed in the three zones of the Red Sea defined in 376	

Figure 1. 377	

Figure 4 – For each of the three zones delimited in Figure 1, north to south from top to bottom: 378	

daily distribution in the year of the 95 and 5 percentiles (borders of the grey area) of the 379	

wind speed distribution. The corresponding mean values, smoothed by a running average, 380	

are also shown. 381	

Figure 5 - For each of the three zones delimited in Figure 1, north to south from top to bottom: 382	

95, 50, and 5 percentile of the monthly averaged wind speed. 383	

Figure 6 - For each of the three zones delimited in Figure 1, north to south from top to bottom: 384	

statistical distribution of the wind speed in the first (1985-1994) and last (2005-2014) 385	

decade of the reanalyzed 30 year period. A logarithmic scale is used. 386	

Figure 7 – Spatial distribution of the wind speed trends derived from best-fit line slopes on a) full 387	

time series, b) monthly maxima, c) monthly 90th percentile, and d) monthly 50th 388	

percentile. 389	
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Figure 8 - For each of the three zones delimited in Figure 1, north to south from top to bottom: 390	

for each month of the year, 99, 95, 75, 50 percentiles of the long term trend of the wind 391	

speed. A circle indicates that the result is significant at the 90% level. 392	

Figure 9 – As Figure 8, but for the winds blowing to south in a 90° sector centered on the main 393	

axis of the basin. 394	

Figure 10– As Figure 8, but for the winds blowing to north in a 90° sector centered on the main 395	

axis of the basin. 396	

Table captions 397	

Table 1 - The four main wind systems in the Red Sea. See also Figure 1 for their 398	

orientation and respective area of action  399	
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Table 1 –The four main wind systems in the Red Sea. See also Figure 1 for their orientation and 400	

respective area of action 401	

Wind system 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 Arabian peninsula 

 402	

  403	
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 404	

Figure 1 –a) Larger study area displaying the Red Sea and adjacent regions. b) The Red Sea. The 405	

two dash lines split the basin in its northern, central, and southern sectors. The arrows 406	

represent the dominant wind in the various areas. Note the orography surrounding the 407	

basin, instrumental in determining the dominant winds. The red dot shows the buoy 408	

position.  409	
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 410	

Figure 2 – Mean (panels a, c) and maximum (b, d) wind speeds in the Red Sea. Left panels for 411	

summer, right ones for winter. The color bars have different parameter ranges.  412	
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 413	

Figure 3 – Statistical distribution of the wind speed in the three zones of the Red Sea defined in 414	

Figure 1.  415	
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 416	

Figure 4 – For each of the three zones delimited in Figure 1, north to south from top to bottom: 417	

daily distribution in the year of the 95 and 5 percentiles (borders of the grey area) of the 418	

wind speed distribution. The corresponding mean values, smoothed by a running average, 419	

are also shown.  420	
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 421	

Figure 5 - For each of the three zones delimited in Figure 1, north to south from top to bottom: 422	

95, 50, and 5 percentile of the monthly averaged wind speed.  423	
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 424	

Figure 6 - For each of the three zones delimited in Figure 1, north to south from top to bottom: 425	

statistical distribution of the wind speed in the first (1985-1994) and last (2005-2014) 426	

decade of the reanalyzed 30 year period. A logarithmic scale is used.  427	
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 428	

Figure 7 – Spatial distribution of the wind speed trends derived from best-fit line slopes on a) full 429	

time series, b) monthly maxima, c) monthly 90th percentile, and d) monthly 50th 430	

percentile.  431	



	
	

28	

 432	

Figure 8 - For each of the three zones delimited in Figure 1, north to south from top to bottom: 433	

for each month of the year, 99, 95, 75, 50 percentiles of the long term trend of the wind 434	

speed. A circle indicates that the result is significant at the 90% level.  435	
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 436	

Figure 9 – As Figure 8, but for the winds blowing to south in a 90° sector centered on the main 437	

axis of the basin.  438	
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 439	

Figure 10– As Figure 8, but for the winds blowing to north in a 90° sector centered on the main 440	

axis of the basin. 441	

 442	


