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1.0 INTROUUCTION
The Government of Egypt (GOE) is undertaking tc adjust internal cneray
prices to levels more in line with free market values. In connection with
this action, the GOE, jointly with USAID/Cairo, is conducting a renewable
enerqgy fiela testing program in an effort to determine the feasibility of
cubseidizing conventional sources with renewable sources. Wind energy is one

or the renewable energy resources that is being tested in this proaram.

A viable wind enerqgy resource has leng been recognized in certain reqgione
ot taypt. Following World War 11, water pumping ~indmills wanufactured domes-
tically were used extensively along the Mediterranean coastline. More
recently, o network of small, battery-charging windmills has been instalied
at a number of comniunications towers.  These experiences indicate that wind
encrey could provide electrical power to villages not connected with the
clectric grid that runs along the Nile River. Wind erergy could also provide
fresh water threugh desalination and save fuel in communities where diesel

generators dare currently the primary source of electricity.

An important step in the current field testing program is quantifying
the vxtent of Laypt's wind resources using existing data. This report provides
the beginning of *hat quantitication. The information collected in this study
will be used te assist planners in focusing on specific areas where wind energy

use 1s prdacticable,

This wind resource assessment activity represents a continuation of two
carlier studies performed for Egypt. The first study, pertormed by Dr.
M. S. Bl Din Harb ot the Meteorolcgical Authority, Cairo, and reported in the
Fhase [ final report {Hughes 1975), identified two main regions where wind
enerqgy might he used in Egypt: the Red Sea and the Mediterranean coestal
areas. Dr. ET Din Harb's study was based nn an analysis of standard surface-

weather observations in Eqypt,

In the second study, eight stations were installed at various locations

along the Mediterranean and Red Sea coastlines (Hughes 1678). Data were
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FIGURE 1.

Map Showing All Observing Stations and Centers of Marine Areas
for Which Surface Wind Data Were Identified and Evaluated.



of locations in Figure 1, Egypt was divided inte four climatological regiors:
(1) Mediterranean, (2) Gulf of Suez and Red Sea, (3) MNile, and (4) Mestern
Desert, Station numbers assigred here corivespond to the region ir which a
station is lecated; for example, 100s are Mediterranean lccations, 200s are
Gulf of Suez or Red Sea locations, 300s are Nilc locations, and 400s are
western Desert locations. Numbers within a region increase in goina from

west o oeast and from nerth to south,

Although upper-air data availahle for this assessment were very limitea,
one special data set was usetul.  Pata from a one-year period of radar, windg
and pilor balleen observations over Africa and southwest Asia have been col-
Tected, wdited, and analyred (Aspliden et al. 1973) to produce monthly and

arnual wind tfields at standard levels, including 600 m above yround level,

Cther sources of data and pertinent site information were not readily avail-
able for preparirg this assessment but may beceme available later for an updated

assessient,  These sources will be considered further in Section €.



3. METHCDOLOGY

3.1 CHARACTERIZING THiL WIND ENERGY POTEMTIAL

J.

The wind resource at a site is often described by the mean wind speed.
However, a better way of estimating the wind resource is to use the wind
power density value, 1f it is available. This value is proportional to the
cube of the instantanccus or short-term (e.qg., hourly or three-hourly) mean
wind speed, [nopractice, it is computed from the wind speed frequency dis-
fribution of short-term meen wind speeds when wind data have been summarired

in this torm, The equation usea is

C
1- N\ 3
p“:{;)\ f.v. (l)
¢ Ld ] ]
i=1
where *
al
P = mean wind power depsity (W/m“) in a vertical plane perpendicular
to the wind direction
- . . 3
po= mean air density (kg/m”)
¢ = number ot wind speed classes
fi = frequency of occurrence of winds in the jth class
Vj = the redien winag speed fm/s) of the jth class.

The mean air density was estimated by correcting standard air density for

station elevation and was calculated by:

- -4,

p o= 1,225 - (1.194 x 16 ")Z (2)
where £ is the station elevation in meters.

For stations with wind data that included cnly monthly or annual mean
speeds, the wind pewer density, P, was estimated by assuming that the speed

frequency distribution followed a Rayleich distribution (Cliff 1977). Thus,

-
T

P = (.955, VY (3)

where V is the mean monthly or annual wind speed.
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irncrease with heicht, the wind rescurce assc-wment must be related to a
particular reterence height above ground lcvel. However, sufficient infor-
nalion about actual anememeter heights was not available during preparation
Lt this ascessment, Because the most commonly recommended height for surface
wind observations is 10 m, that height was assumed for all data used in the

viind power density calculations,

The wind power class scale defined in Table 1 is used to describe the
wind energy potential at a site or in an area. FEach class represents a range
0f Pean wind power density values or equivalent mean wind speeds at 10 m

atcse ground at a well-exposed site.

TABLL 1. Classce of Wind Power Censity at 10 m Above Creund

Wind Wind Power (a)

Power Censity Speed, '’

Class _(W/m=) m/s (mph)

---------------------- Qmmmmemm e e == =0
1

---------------------- 100-~-=mmecemmmmmaeaaaad 4 (9.8)

————————————————————— 150-mmcmmmec a5 1 (11.5)
3

--------------------- 200 mmmmmmmemmmmee =26 (12.5)
|

---------------------- e e e e, 0 (13.0)
5

--------------------- 300mmmmmmmmmm e e m =64 (14.3)
6

--------------------- 400---mmmmemmmeeeee= 270 (15.7)
7

-------------------- 1000--==-=-m-cceueauan-9.4 (21.1)

(a) Mean wind speed is based on Rayleigh speed distribution
ol equivalent miean wind power density., Wind speed is for
standard sea-level conditions. To meintain the same power
densityv, speed increases 35/1000 m of elevation.

The relationship between the mean wind power density and the mean wind
speed in Table 1 assumes a Rayleigh distribution of wind speeds and sea-level

air density.  The Rayleigh distribution is a special case of the Weibull



method with a shape factor equal to 2 {Hennessey 1977). The only inrormation
required to determine a Rayleigh distribution is mean wind speed. The decreas:
of air density occurring with increased al' utude means that a higher mean wind
specd 15 requived Lo achieve @ given wind power density at higher elevation..

As o result, the mean speed must be about 3% higher than that shown in Table |

for every 1,000 meters above sea level to obtain the same wind power density.

Areas where class 3 or greater power is estimated arve suttable for many
wind turbine appiications. Areas having class 2 power are marginal for wind

Lurtine applications, and class 1 areas are generally not suitable.

The wind power estimates 1n *his assessment apply to areas free ot local
obstructions to the wind and to terrain features that are well exposed to the
wind, such as open plains, plateaus, and hilltops. Within mountainous areas,

vind resource cotimates apply to exposed ridge crests and mountain summits.

3.2 UIAD DATA SCRECHING

In preparing this assessment, a large amount of wind data was considered.
ot alil of these data were used in the assessment. Screening procedures were

developed to select stations with the most useful data and to eliminate sta-

tions that would conteibute Tittle information on the distyribution of the wind

resource.,

[n general, wind data sumna~ized inte wind speed frequency classes were
preferrved to data including only monthly or annual mean wind speeds. However,
other important caonsiderations were site exposure, anemometer height, periods
ot record, ang the freguency of observation. When several sets of data covered
difrerent pericds or record for the same or adjacent locations, site exposure
wai usually empnasizaed.  Figure & shows ten stations in Egypt having more tnan
ane set of wind data.  In evaluating the wind energy potential throughout the
country, wind data from existing alrparts were compared with older data. For
many srations, 1t was fetermined that the older anemometer locations had better
exposurss than tnhe more recent locations. The data from the most exposed anemo-
meter site at eacn location was uses in this assessment. So, for instance,
io 20-year old data from Abu Qir were used in this assessment instead of

sore reeent data from Adexandria because the Abu Qir site was better exposed.
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The Cuseir data cathered prior to 1920 were used instead of later data from,

Cuseir ror trhe same reason,

Lo vertical adjustment of any of thesc data was possible because sutfici-
ent intormaticn cbout anemometer heights was not available when this asses ment
was being prepared.  In the mean power density calculations, all of the data

were acsumed to ocome from anemometers located 10 m above ground level.

3.0 USE CF_KETEGROLOGICAL AND TOPOGRAPHIC INDICATORS

In addition to surface wind data, c¢limatological data on wirds aloft
and maps of pressure patterns, aic flow, and topography (see Ficure 3) were
used ro assess the geographicel distribution of the wind resource and to esti-
mate *he wind rescurce in many data-sparse areas of Eaypt. Information of this
rature was cluo eatensively cpplied in assessing the wind resource distribution
Fhroucheut the United States (Pacific Northwest Laboratory 1960-1981). In the
United States aasessment, certain cenbinations of meteorclocical and topographi-
cal Teatures (Eilictt 19709) were used 1o qualitatively estimate the wird resourc.
inomany date-wperse areas.  Many of these features were found to exist in Egypt
anG were uced os o qualitative indicators ¢f the wind resource. These features

are desarited below alora with examples of areas in Egypt where they cccur,
Features associated with high wind rescurce are:

o prominent mountain caps, passes, and corridors in areas of frequent
strong pressure cradients, e. g., the southern Gulf of Suez

o high pluins ard plateaus in areas of strong winds aloft, e.9., the Gilf
Kebir Plateau

e expused ridees and mountain summits in areas of streng upper-air winds,
e.a., the “irai Mountains

o cxposed coastal oites in areas with strong winds aloft cr ctrong thermal,
pressure gradients, ¢, g., much of the Mediterranean and Ped Sea

coasts,

11
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Features assocated with low wind resource are:

sheltered river valleys, €.9., much of *ne Nile River valley
sheltered basins, e.g., the Qattara Depression and the various oases
throughout the Western Desert

arcas of hign surface roughness, e.g., built-up areas with numerous

buildings, trees, etc., such as much of the Nile Delta area.

13



4.0 RESULTS

After the most useful wind data were identified, they were inteqrated
vith information about the topography and the synoptic scale wind ard pres-
sure patterns to estimate the annual, seasonal, monthly, and diurnal wind
resource.  The results are presented in this section. Refer to Figures 1 and
for lecatiovns ot places mentioned in this section.

4.1 PENUAL SUMMAL FS

Figure 5 shows o map of the estimated distributicn of the annual average
vind energy rescurce in Foypt.  As stated in Section 3.1, areas where class 2
or greator resource is oestimated are suitable for many wind turbine applice-
tions. As Bicure 5 osheows, a large fraction of Egypt is estimated to have
class 5oor greater wind rescurce.  This fraction inciudes the Mediterraredn
ceestal reaien, the Red Sca and Gulfs of Suez and Aqaba, the highlards ot the
tavtern Pesert (i.e., the area east of the MNile Kiver) and of the southern
Shnet, and the touthern part of the Yestern Lesert (i.e., the area west of

the Nile Fiver). Annual wind resource in Egypt of class 4 or greater is fourd
alteng the beaiterranean ceast from Sellum to near Alexandrie, alena the Red

“ea CCaxt onorth of 47 nerth latitude, along the central and southern coasts

vt the Gulf or Suer, ¢long the coast of the Gulf of Agaba, and in the scuth-
western deserc area.  In oddition, meuntain sunmits and ridge crests in the
scuthern Siral and n the Lastern Cesert are estimated tc have class 4 or
¢reater rescurce.  finrual wind rescurce in Egypt of class & or areater is esti-
mated along the Red Sea coast north of 26° north latitude and into the Gulf

ot Suer scuth or Z9° north latitude, with ¢lass 6 or greater rescurce

vxpected clong the Ped Sea ccast north of Hurghada and into the Gulf of Suez

e Just rorth of Ras Ghareb on the west coast and E1 Tor con the east coast.

Local terrain features can cause the mean wind rescurce to vary consider-
ably over short distances, especially in coastal, hilly, and mountainous ter-
rain.  Figure 5 identifies wory dareds estimated to have high wind resource,
but 1t does vet depict the Tecal variability caused by local terrain featurec.
Therefore, there may be local areas where the wind resource mav be higher or

fover than indicated on the map.

15
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4.1.1 Mediterranean

Figure 5 shows that class 4 is the highk <t estimated wind resource in the

Fediterranean coastal region. Class 4 wind resource is estimated to extend
from just east of Sallum to near Alexandria (Abu Qir) and inland as far as

EC k. {Ay stated in Secticn 3.2, we have used data from Abu (ir, an EXpPoseu
coastal site northeast or Alexandria, to represent Alexandria rather than dar.
from the Alexandria atvport, which is in a more sheltered location). FEristirg
Geta anailcdle chat the area within 5 km of the coastline hetween Dabaa and
Alvandria bas slightly areater wind resource than the area to the weu:r of
Cubida, even theuuh both aredas are shown in Figure 5 as having class 4
resource.  bor caanple, data indicate a strong class 4 or possibly even

cleos ©ovand resource alono ceastal areas near Alexandria, where an annual

Winag power censity ot D30 4" s computed from the data; to the west of
[T

Dabda, ol Merce Matrub, the wind power density is computed to he 209 W/m

incicetirg o tower but stil] clase 4 resource.  Further west, Sallum has a
Conptited witd power density or 158G W/, indicating a class 2 wind resource.
Te the vast of Alexanc: g ana alena the Mediterranean coast to Port Said,
Ficure © chows thet the wind resource 1s estimated to be class 3. The com-
pulcd wind power dengaty gt Port Seid s 1a¢ k/mL. To the east of Port Saia,

vy

the annual wind rescurce 19 estimated te be class 2 or less.

Ficure £ unows that west of Joncitude DY east, class 4 wind resource is
estimated to exterd as far as 80 km intand, wheredas class 3 resource ic esti-
mated tor the coastline and ofrshore.  An estimated high summer wind resowrce
inland, coupled with o wnter wind resource that is estimated to be fairly uni-
form: in the entire coestial recion, indicate that the annual average wind
resource s creater inland than it is within & km of the ccastline and just
of fshore.  Foer cxample, the data from Cebaa, locei~ ! 15 km inlarc, indicate
that clave & to & wind pewer exists in the summer, while data from Ras El
Fekira, loceted at the end of o cape that projects into the Fediterranean,
indicate only class 1 power in the sunmer. There are no data available from
further dndana than 15 km from this part of the Mediterrancan coastline. Hovi-
ever, beceuse the pressure gradient inland increases in the sunmer, the wind
resource ray continue Ltooincrease inland and may possibly be class € or Greater

n the sunner at locations 30 to 50 bm inland,

18
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of Figure 6 is the anrual average wind resource map (the same map as in Fig-
ure 5, recuced in size). Using the figure, onc can readily associate the
ponthly or seasonal trends at a selected sta'ion with the relative magnitude
and the estimated distribution of the annual average wind resource over an

aread about the station.,

Foreover. this ervangeient of station agraphs allows one to conveniently
cempare the monthly or scasonal trends in wind resource at different
ocations throuchor s Fgypt.  For example, one can readily see the contrdasting
Tedsonay trends betiyeen the Mediterranean coast and the Gulf of Suer area ard
Betweer the northern and central Red Sea areas (looking at the graphs for
burghada and Caedalus). Mony other nepthly or seasonal trends can be
corpared ueing this fiqure, without Tosing rerspective cn the annual averace

waild resource distribution estimates,

The appendix incluces additional figures showing monthly plots of wind
steed and viing power density tfor selectec stations for which the aveilable

deta baa been sunmarized inte wind speed frequency classes.,

o0 Meditervanean

Winter

dinter do the season of maximum wind resource along the Mediterranean
ceast o from Sallun to Alexandria, with ¢lass 5 wind resource estimated for
eanosed arcas.  best of Alexandria, the wind resource decreases to class 2 at

Foert Said and to class | at F1 Arish.

spring

Fram Callum eastward to Alexendris, April and May show a general decrease
thowind rescurce from that of winter. Spring wind resources of class 2 or
tess occur trom Sallum to Pebaa. A spring wind resource or class 4 is poss-
ible from Dataa cast to Port Said. Class 2 or lower spring wind resource is
estimated from cast ot Port Said to E1 Arich. Inlana, Wadi £1 MNatroon reaches
Preomaxinmum vind resource of class 5, losting from March intc April, decreasing

to cless o in May,



Summer

The summer wind resource varies consid. ~ably across the Mediterranean
coastal region.  From Dabaa westward to Sailum, the wind resource several
Kilometers inland is significantly grecter than that at exposed ccasta!l
peints,  For evample, data from Dabea, located 15 km inland, indicate class «
to % wind resou ce for the summer, while data from Ras E1 Helma, located at
the ona of a cape that projects into the Mediterranean, indicate cnly class |
recctree in the stpmer.  Offshore, ship data also indicate only class 1 wind
cesource in the summer.  The hicher wind resource inland is apparently due "
Jreater pressure orceaients onshore than cettshore.  hind speeds may continue
Poodnerease with distances turther inland, to about 30 to € tm inland, but
ro o datd are brown to exist from oareas that rar inland. At near ccastul sta-
cions {(cuch as heosa Matreh and Sidi Barrani), the summer resource is ¢lace
e

to 7, which 19 greater than that at exposed coastal points (such as Ras £

reria but less than that at stations further inland (such as Dabaa).

From Dabaa edastwerd 1o Alexandria, the ccastline wind resource troocufmer
ncreeses to class 4 to 5, ¢s indicated by data from an exposed ccastal site
et Abu Cire The data dncicate that the wind rescurce decreases sharpiy Hrom
The coastline intand in the Nile Delta area. GOffchore, data from ships indi-
cate only class D wind rescurce.  Appaerently, maximum surface pressure creGi-

“nts cccur wivhin a few Kilometers o1 the ccastiine in the Alexandria area.

Cast o Alexandria ro Port Said, the coastline wind resource in sunmer
decreases to only class £ or 1. Inland frow the coast ard also eastward along
the coest to Bl Arish, the supmer wind rescurce is estinated to be only

clacs 1,

futumn

The autumn transition is more abrupt than the spring transition. From
the minimun wind resource in October, wonthly wind resource increases
gradually from October to December. Autumn wind resource ¢1 ¢lass 5 i. esti-
rated to occur aiuvng the Mediterranean from Sellum to Port Said. from Fort

Celd castwara, the wind resource is estimated to be cliass £ or lewer.
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4.2.0 Red qu_(inq\pdjpg“}hgﬁpyjfgvuf Suez anrd_Aqaba and the sugﬁbgyp_ﬁjgglj

e L

Winter
binter is the seasor of maxinum wind resource along the Red Sea ceast south
of Cuseir. In contrast, winter is the season of minimum wind resource 1ran

turehada northviard through the Gulf of Suez and in the Gulf of Acaba.

Linter wind resources of class 3 to class 5 occur from approximately the
north-central ccast of the Gulf of Suez (297 north latitude) southward along
the entire Red Sea ccast Lo the Sudan. Thus, ~lthough the wind rescurce 1
rot outstandingly hich anvwhere in this region in winter, all areas except
rne northern Gults of fuez and Aqaba have cufficient wind energy resource in

winter Tor mdany wind turhine applications.

Wind rescurces of Class 4 and 5 are vstimated alcng the Red Seo coast ibral
Purghada seuth to kas Penas. The ¢rea of highest wind resource (class £} in
winter 15 estimate Lo voCuy from scuth of hurghada to south of Cuseir (re about
~c porth latitude). Class 3 wind rescurce is estimated for the Red tea
ceast scuth ot Ras benas and north of Hurghada to Pas Ghareb. The northern
Cuit or Suez and the Gulf of Agaba arve estimated to have class o oor less wird
resource in owinter.

From Cuseir nerthward fo ‘he Gulf of Suez, the wind resource gradually
increases from December to March. For example, winds ot Cuserr average LR oSy
in December, 6.8 m/s in Zanuary and February and reach their maximum nonthly

sueed of 8.0 m/ in March.

spring

The most cignificant spring trend is the increase of wind resource in
the Gulfs of Suez and Fgaba and the decrease cf wind resource clong the Fed
Sea coast south of Quseir. Spring wind resources of class 3 and greafer
cocur over the entire ccestal areas of the Gulfs of Suez and Acaba, the high-
lands of scuthern Sinai, and the Red Sea coastal arcas north of Ras Renas.
Spricg wind rescurces as liigh as class 6 are estimated frem Cuseir nerthward

to Pags Chareb,



Suinmer

Summer 1¢ a season of contrasts in wind vesource in the Ked Sea region.
horth of Cuseir (including the entire ccastal areas of the Gulifs of Suez and
Agaba), summer s the sedson of maximum wind resource; south of Quseir to the

cucan, summer is ¢ seascen of minimun wind resource.

Cless 3 and greater wind rescurce 15 estimatec to occur in summer over
211 areas trom Cuseir northward.  Cutstanding wind resource, class 7, occurs
Trem Ras Ghareb and the central and southern coasts of the Culf of Suez scuth-
werd to Fuvcheda, A Suer en the extrewe north end of the Gult et Suez, wind
recource receches aoseasenal maximunr of ¢lass 4. Along the Gult of Aqgaba,
Sind e ource reaches o ceasoral masimum of c¢lass 5 to 6. The Cuseir area

Has class 3 to 4 wind rescurce, but south of Quseir the wind resource

Cecrvase, Leoclass Ooor desy,

Throucheut the entive Fed Sea region, including the Gulfs of Suez and
fueba, the wind resource increases as the summer progresses from July to
Septerber,  A11 Tocations show a summer minimum wind speed in culy dand a
cumrper o maxinum wind speed in Septender.  For example, at Hurghada, a station
with clave € to 7 osunmer resource, the nonthly ¢peeds very from a minirum of

€.9 n/s in culy to ¢ maxivun of oo b om/e in Septerber.  Further ccuth at

1

faedalus, @ station with onity clavs 1 oto 2 summer resource, the monthiyv

speeds vary from o wmininum of 3.0 w/s i ouly to §.0 m/s in Septenber.

Along the northern Red Sea (north of Guseir) and the Gulf coasts, the wina
rescurce reaches o yearly maximum in September.  In the area of highest wind
resource, aleng the Gulf ot Sucz coast rrem Ras Ghareb Lo Hurghecda, mean wird

speeds L September esceed & nys.

Autumn
Wind rescurce decreases abruptly through the autumn frem its September
max.ima on the northern Red Sea and the Gulf coasts. The wind rescurce
decreases mere slowly from September to November in the area south of Cuseir,
than it dees in the area north of Quseir. (Daedalus is the only staticn that

shicws @ slight Tncrease in wind speed from September to November.,) Autumn



wind resources of class 5 or less are estimated from Quseir to Ras Chareb. s

class 2 wind resource is estinmated for the remainder ot the Red Sea ard Gulrs

ot

¢t Suez and Agaba.

7.2.3 0Other Peqiuns

Elsewhere dn Lgypt, either there are insufficient wind data available to
estimate seasonal patterns of the wind resource or the pattern indicated by
the date s class 1 or class O power, unsuitable for most wind turbine appli-

A

cations. An excepfion to this generalization is Kharga, where data indicate

@ stmrer maximum of ciass 3 wind resource.

4.3 DIUEKAL PATTERNS

Few data were available for estimating the diurnal pattern of the wind
resource.  Data came from only tweive stations, The plots of these data for
cleven stations are in the appendix. Except for the data trom Ras Ghareb,
the evailable daty were sunmarized into a small number of wind frequercy
Classes, with the result that wind speed and wind pewer density estimates
tend to o he Pigher than they would he if the aate had been summarized intc

fure cidassess For Harchaca, which is not shown Tn the appendix, mean hourly
wine cpecds for each nonth were plotted in the report "Wind Enerqy in Fgypt"

[ Mobarak (oo,

colie basic diurnal patterns are indicated. Data from 1ive stations
alenyg the Mediterranedn ccest indicate that the highest wind speeds occur i
the early afternoon, about 1460 LST, during the spring arnd surmer. The
iighest wind speeas herve ranged from 6 to 7.% m/s, except at L1 Arich, where
the maxirum speed waes 6.5 m/s. The highest wind power densities ranged from
0-500 H/mg, or clavs G to class 7 wind power. The exception is E1 Arish,
where the maxinum wind density was only 100 W/mz. The highest wind power
dersities vecurred in the winter. The afternoon maximum in the wind resource
alene the tediterranean is associated with increased vertical mixing due '~
Ceytime solar heating and increased thermal/pressure aradients aleong the
coustal Grea. Afterncon winds are mostly onshere (sea breezes) during the

warmer months.,

26



Data from three staticns con the Red Sea coast--Ras CGhareb, Hurghada, and
Guseir--indicated that the hichest diurnal wind speacds occurred curing the
worning, fron 0600 tc 1106 LST. Highest nourly speeds, averaged cver the
yeer, were 8.0 m/s ¢t hurgheda and Ras Ghareb and 7.0 m/s at Cuseir. The
highest wind power censities were estimated to be 560 H/m2 (cless 7) et Ras

Ghareb end 250 W/m" (class 6) at Cuseir.

The cause of fthe eariy morning maxima is nct clearly uncerstcod.  However,
the authors belisve that these early werning maxima are nost likely due to
increased verticel mixing after sunrise,  This mixing brings down strong noc-
turral winde that persist into the merning. The height of thece styono noc-
turral witds 1s not brewn from available data, but it may be cnly a tew hurdeed
peters (Teos than 506 o) ¢bove around, end wind speeds may decrease consicer-
¢bly at hicichty above 10CGC n. It is krcwn that the increase of surface wird
speeds ofter cunrice 15 associated with a proncunced increase in the curtace
rressure,  The ircredse ney be as much as 1 tec < mb, as indiceted by ciurnail
pressure data trer Burchada,  As vertical miring incrceases thrcuch the rorrire,
the Tow-level winds weaken censiderably. By late norning and irte the aftervocn
¢s solar beeting increascs, the strona winds become wezker oS they are miaed
thrcugh o consicerabily deeper laver., Surface pressures decredse significant?
by Tate worning, ¢na vand speeds decrease through late nornirc erd avterrcon,
“he low-level necturnal winas tegin to increase again cduring the evening artor
sunset. Surrace wind speeds increase slichtly during the evening and nichr
heurs, a¢ these nocturnal low-level winds irtensify. Fowever, curface wind
speeds at night increase at a much slower rate than the wind speeds a few
hundred meters above cround.  Arter surrise and during the mcrnina hours,
surface wind speeds ncrease significantly as increased heating brings

stronger wind aicit dewn to the surface.

e believe this necturnal Tow-Tevel wind maximum cccurs not only over the
Gulf of Suez and Red Sea arveas but also over much of the Vestern ana Eastern
Cecerts.  The Dimited diurngl data frem Oweinatt, an exposed site in scuthwest-
ern Egypt, also indicate a morning wind speed maximum at the surface. Cata
Trem wore cheltered locations in the Western and Eastern Ceserts, such as loca-
Licns inovellevs and cases, indicate very low wind speeds durirg night and early

morning bours. The relative lowness of these areas and the strong nighttime



mahiliey skanorercicre into morning delay eny substartial mixirg of winds z'cfr

down to the surface urtil late morning and af cérnoon. Highest wind speecs irn

these areas do not occur until afternoon.

4.4 UNCERTAINTY IN THE ESTIMATCS

The eralv.ic of the wind resource at any particular site is based on the
subjective intearation of several fectors: quantitative wind data, qual-
itative indicators of wind speed or power, the characteristics of exposed
<ites in various terrains, and familiarity with the meteorology, climatoloay,
ana topography of the region. As a result, the degree of certainty with

which the wind pevier rescurce can be specified depends on

e the abundance and quality of wind data
e the complexity uf terrain
¢ the geographical variability of the resource.

For this assessment, sufficient information was available to make a
preliminary estimete of broad areas where high or low wind resource may
exist., Acd tional quantitative data, when cr if they beccme available, will
be needed to ochbieve o high level of certainty. There are some areas of
Egypt whoere i1 1 libeiy that ne quentitative data exist at this time and
where oniy quelitative indicators of the wind resource can be anelyzed.
Thus, the certeinty of the wind resource estimates in these areas will he

less than that where good quantitative data are abundant.
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5. CLIMATOLOGICAL BASLS FCP EGYPT'S WIND RESOLRCES

5.1 NEDITRRANEAN
The annual wind cpeed distribution on the Meditervanean ccast can be reacd-
ily explained. The winter wind maximum is due to hich wind speeds associated
wvith the greater freauency of extra-tropical cvcleones in winter. The month
O masirum winter winds (January at Sallun, February and March further east)
possibly differs because of the different storm tracks at this time of year.
The July sunwer maximum is due to the land-sea breeze circulation. The con-
trast between the otill relatively cool waters of the Mediterranean and the
Fot irterior is ygreatest in July, énd a strcno north to rerthwest sea bireeze
ivoinduced.  Hear the coastline, the summer maximum between Dabaa and Aleren-
cria appesrs to be oreater than thet between Cabaa ancg Sellum.  From Dabtea west
card to Seilum, the sunnmer wind resource is greater inland than at the ccastlin
d offshere, This s because the merimun surtace pressure cracients cver thig
ered are Joecated inlanc rather than at the ccastline., Further eas®, rearer
Alexararia, 1t appears that maxinum pressure gradients occur within a few Filo-
reters of the coastline, and so the inland wind resource is less. Later in

the vear, as the Mediterranean warns and the thermal low in the interior

veeehons, Lhe pressure aradient weakens ond the wind decreases to its (October

HAR IR RNV

C.0 PED SFA

The sharp transition ¢long the Red Sea ccastline is not as easy to
trplain as the behavior of the winds aleng the hediterranean. The prevailing
wind thrcuchout the year is northerly, with a semi-permarent high pressure

area lecated to the north of the regicn.

Winter 165 the seqson of highest windg resource south ot Guseir, but north
of Quseir it 1s the season of Tewest wirnd resource. In the winter, the hich
pressure area centers over rorthern Africe erd extends into central! Ecypt and
cver the rnorthern Red Sea and Gulf cf Suez. PFs a resuit, pressure gradients
are usually weak over the rerthern Fed Sea and Gulf of Suez., This explains
the winter mininum in the wird resource that exists over the rnorthern Ped Sea

and the Guits of Suez ard Aqaba. Pressure gradients increase to the scuth over



the central Red Sea oif the coast of southern Egypt. This is why the wind
resource is hiagher in winter along the Red Seu coast south of Cuseir tc Ras
Penas than it is alene the Red Sea coast north of Cuseir and the Guif of

Suez. As the high pressure center moves north in the spring, the pressure

gredient roves with it and sc the wind rescurce increases in the northern Fed

Sea (north of Guseir) and the Gulfs of Suez and Aqaba but decreases scuth ofr
tuseir,

Puring the <eamer, a trough of low pressure extends over southern bEgypt.
Therefore, pressure qradients are usually weak ovor southern Egypt, and the
vird resource s at a minimum along the Fed Sea coast south of Guseir. How-
v, the wind resource increases dramatically north of Qusetr from June

hreuch September. with a strong wind rescurce meximum in Septenber.

The main vactor causing this September maximuem is the buildup of hiagh pres-
cLre over the vastern Mediterranean in late summer. This increases the pressure
cradient Letween the tediterrancen ang the thermal low cver Arabia, ard thus
increases the wirds in the northern ked Sea and Gulf of Suez. The increase
is aucnented by a terrain-incduced channeling effect through the Culf of Suez.

Vhere the Culf of Suez wicdens into the Red Sea, the channeling effect decreases.,



6.0 SUMMARY AND RECGMMENDATIONS

This assessment shows that a large portion of Egypt is estimated to have

64

clase 2 or greater annudal wind resource, a resource suitable for most wind
turbine applications. Areas that are estimated tc have class 3 or greater
wind resource include the Mediterranean coastal region, the Red Sea and Culfs
of Suer and Agaba, the hignlands 0of the Fastern Desert, the highlands of the
scuthern Yinai, and the southern part of the Western Desert. The highest
eotimated anrual wind resource, class 6 or greater, is expected to occur
clong the RFed Sea coast, Tron north of Hurghada into the Gulf of Suez, to
peints Just rerth of Ras Chareb on the western shore and E1 Tor on the east-

cri.o shore.

Additionel data are neecded to refire the wind resource estimates,
because tary areas hed limted cr ro surface data. Any upcated assessment
sheuld incerporate knowledce of the anemometer heights for all of the sites
vsed In the assescpent.  The erdatea assessment would be further enhanced if

the follewing information was éveilable frem all stations:

1. cbstructions in the vicinity of the anemometer cuch as frees or buildings;

2. dates of any changes in anemometer reight and loucation;

chservation tines {(lccal standard tipe);

oocunsaries of monthly and arnuel wird speed frequency distrituticns for
periods when anemometer height and location were constart;

5. mean nonthly temperature and statien pressure far each staticn;

€. yearly mean wind speeds, and preferabiy wind speed frecuency aistritutions,
fur each year of record; and

7. sunmaries of wean wind speea by hcur of day fcr each station (annual and

nonthlyy,

Pattelle-terthwest is currently ccllecting wind information from six dif-
ferent locaticrns aiony the Mediterrarean coast, Gulf of Suez, and Red Sea (Fig-
ure 7y for the Egyptiar Electrical Authority. This information could ce
ircorporated in an updated assessment. Data from these staticrs will further
define the high wind resource found along the Mediterranean ccoast and along
the Ped Sca and the Gulf of Suez. It would te useful tc have additicnel data
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from the Red Sea coast south of Hurghada, from the eastern cra western shores
of the Gulf of Suez, from the Mediterranean coast from Dabaa to Alexarcdria,
from the Libvan Plateau (inland of thez Mediterrarean coast west of Dabaa),
trom scuthwestern Egypt including the Gilf kebir Plateau and the Cweinatt
area, from the southern sinai, from the Gulf of Agaba ccast, from uplend
areas couth of the Nile Celta (i.e., the class 3 and 4 areas near 30° north

latituce in Figure 5), and from highland areas along the Nile River rear

Luxor,
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APPENDIX

DATA SUMMARIES FOR SELECTED STATIONS
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