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PREFACE

This study was prepare(] by the United States Air Force Enviionentonal Applications Branch, Readiness Surpport
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or l'ollows the parent work.

The pro , ect would( no)t have been pO S.A i hi e wilthote (let d~i Cat ed sup iort ol the imany people muid agencies we Ira "
listed below in the sincere hope we've [lot omlitted atnyone.

First, otir dcepefx- ;''tuitude iln(l appicciatiori to Mr Walte~r S. l11rrrgmai Nn l Mil Wne11 Fl, Mc('llfoil), \M1 Ronald W.
C.oyle, Mr William Rd Icr, M~r D~avid P. Pigors. Mrs Kay Marshall, NI rs llibt M. M I lordl, and Mrs Sw nsi Keller
ol (tie Air Weather Service Technical L.ibrary.

Thanks also to Mr Henry (Mlac Fountain, Mr Vann (1ihhs, NM1 DI~nley (1 eel Foster, and other inerrhcr, of
Operating Location A (OL-A), USAV (Environmental Technical Applications ('entr. Asheville. NC. lor pros olilg
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TO Nlij William F. Sjo g Mal harles W. Tuttle Ill, Nir Kernneth R. Walters Sr, S Sgt ( ;or(Ion K. I Iephuinr and0
'ISgI Richard C'. Blonam of LJSAFF.TA(''s Readiness Support Section ( 13CR I ouir thianks lor thecir hard \%ork,
assistoiir(\, guidlance, and encouragement.

Thanks to Mr Robeit Fett of the Ujnitedl Slates Naval [Env'ironenicnal Prediction Reseaich rac ilitN and Lt C ('10r
R utsh (Naval Li.aison to Air Force G lobal Weather Central -AR; W(. f or their assistance in1 IVO~' (hug supp)C1Wlementa
data for this project.

Thanks to Mr Maurice C'rew of' the Uniitcd Kingdom Meteorological ( ltice f or prox' iding, copies 0 o tli smi, iioi
a~ailable elsewhere.

Thanks. to L.t Col Frank Colohokar, Lt (Col John Erickson, Maj Daniel Ridge. MaJ Roger Edson, and ('apt Patrick
('ondray, hior their cooperation in establishing anid providing "peer review" oF dral't manuiscripts.

Finally, all the authors owe sincere gratitude to the Tvchnical Editing Section or' the AWS Technical L i brary
(U1SAFETAC/LDE)--Mr George M. Horn and Sgt Corinne M. Gage. Without their p~atienlce and( cooperatioii this
project could not have been completed.
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Chapter 1

INTRODUCTION

AREA OF INTEREST. This study--the f irst of five Yemen-Adcn, including Socotrai Island (AD)) and small
volumes that cover the entire "SWANEA" (Southwest portions of Sudan (SU) and Saudi Arabia (SD). For this
Asia-Northeast Africa) rcgion shown in Figure sutudy, the Horn of' Africa hats been dividedl into the [our
I -I --(describes the geography, climatology, and z.ones of 'climatic commonality" (the Indiani (ccatn
meteorology of thc Hom. of Africa, an area that is Plain, the Ethiopian Highlands, thc Adcn Coastal F~rin~ge,
politically divided among seven countries: Somalia (SI), and thc Yemen Highlands); as shown in Figure 1-2, next
Ethiopia (ET.). Djibouti (D.I), Yenicn-Sana (YD), and page.
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The Airo-Arabian Rift System (or Great Rift System) Mountains run from 7,0(X) to 8,000 feel (2,134-2,743shown in Figure 1-3 dominates topography in the Horn meters). Numecrous volcanic peaks rise above 12,0(X)of Africa. This massive feature runs north to south feet (3,658 mctcrs) on the African mnainlanid and aboveacross 53 degrees of latitude from 200 S to 330 N. 10,000) feet (3,0.50 meters) oil thc,.Arabiani Peninsula.Numerous north-to-south mountain ranges average 650 Mount Dashan, in the Eritrean Mountains, is the highestNM in Icngih and 4WK NM in width. The largest is the at 15,158 fect (4,620) meters) MSL. Several hundredEritrean Mountain system in northwestern Ethiopia (see fresh watcr lakes, fed by numerous springs and seasonalthc Ethiopian Highlands, Figure 4-Ia). The Eritrean runoff, are found in the miountainous interior.
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'r11, re,,sil' the IHorn's surfac.e area (abotit half) is suc Ih as the suriace r hlonoon Tlrougl o, y'lnic.I ac'tivity.
semiaril alluvial plain, all lying below 3,290) .ed ( 1 000 and nolns"oo.al wind Ilow, ('oinlplex m1olniiain/vallev
illeters), Me.corology, topography, and h.latitlde ci'tulahiollns r also ipllporlalll wealller lealltlies,
contribute signiflicant.ly to aridity, ()rograph ic uplill and
Ilarge- scale circulatlion patterns pro vide scant annial The Aden (Coastal IFringle ('haptler i) is a narriow Nitrill
rainfall (2- 1( inclhes/52-254 1111) over thek:c plains north that lies along. the (tiull ol Aden and Red Sea coaslihnes
of' (0 N. Between 656 and 3,280() fcet (2(X) and I I( X t) bVt. .10) and I3"• N and0 betwc01 42 and 53" IF, It
metcrs), the plains are eroded plateaus and rolling hills includes Socotra Island. Since (tie entire subregion is
cut up by intermittent streom beds. Lowlands below 656 dominated by nionsotinal and coastad weather
feet/2(X) meters border the Gulf of Aden and Indian phenomena, Chapter 5 describes the influences ofi the
Ocean. The land surface here is dominated by lava beds, Southwest/Northeast Monsoon flow patterns and
sail deserts, and sand dunes, land/sea breeze effects.

STUDY CONTENT. Chapter 2 provides a detailed The Yemen Highlands (Chapter 6), the northernmnost
discussion of the major climatic controls that affect the subregion in the sludy area, lie along the southeastern
Horn of Africa, These controls range from the edge of the Red Sea basin between 13 and 210 N and
macroscale ("semipermanent climatic controls"), through between 40 and 460 E. This mountainous subregion is
the synoptic ("synoptic disturbances"), to the mesoscale. bordered by vast subtropical deserls--the Sahara and the
The individual treaunents of each climatic subregion in Rub al Khali--to the east, north, and west. f[levations in
subsequent chapters (to not include repeated descriptions the Yemen Highlands average 6,(WX) ket ( 1,820 nlt,,trs).
of these phenomena, but provide specifics unique to the From Novetmnbr to May, the northern Yemen Ilighlands
individual subregion by fo-'tsing on mean distributions are occasionally al ccted by Mediterranean wealth.r. A,

and local anomalies of sky cover, winds, precipiu.tion, it result, Chapter 6 stresses the Northcast and--to a lesser
temperature, and visibility. MeteorologisLs using this exrent--Southwest Monsoon flow patterns while
study should read and consider the general discussion in emphasizing cyclonic activity and mesoscale weather
Chapter 2 before trying to understand or apply tilhe eatures.
individual climatic zone discussions in Chapters 3-6.
This is particularly important because the study was CIANIATOLO(I(AL REGIMES. Although the Horn
designed with two purposes in mind: first, as a master of Africa is donminated by monsoon cire ulalion, wealher
reference to the entire Horn of Africa, and second, as a in each of the "climatically similar" subregions is
modular reference to the several subregions of the Horn distinctly diflerent because of its location and orientation
of Africa. Chapters 3-6 discuss "situation and relief" anti to prevailing airflow. The lenglh of each monsoon
"general weather" for each the four subregions, by season varies fronm subregion to subregion because the
sewaon. study area covers such a wide latitude belt. Typically,

the Horn olf Africa sees a I- to 2-month transition period
The Indian Ocean Plain (Chapter 3) lies between 20 S between the Southwest and Northeast Monsoons because
and I 10 N and 41 to 510 F. The weather and climate the monsoonal flow must travel distances as great as
here are controlled by the circulations of the Southwest 25-30 degrees. As a result, times and durations of
and Northeast Monsoons. The land-sea breeze effect and seasons anti transition periods vary fromn year to year and
southe:rn hemisphere cold fronts (south of 40 N) are also place to place. This study uses local names whenever
important mcsoscale and synoptic weather features. The appropriate to highlight variations in the monsoon
Southwest Monsoon is characterized by phenomena such seasons, transition periods, and lypical conditions in a
as the surface Monsoon Trough and the Somali Jet. particular subregion.
During the Northeast Monsoon, southern hemispheric
surges and local effects dominate weather patterns. Topography has an important influence on climate here;

orographic uplift may accentuate the seasons aind
The Ethiopian Highlands (Chapter 4) span a large area. transitions. Since surface flow across the extensive
This extensive mountain system lies between 3 and 180 mountain ridges, depending on orientation, may be moist
N, and between 34 and 500 E. Average elevation is in one location but (try in another at the same time, the
5,(XX) feet (1,524 meters). Since the entire subregion is presence of the Southwest Monsoon (toes not necessarily
affectedl by low-, mid-, and upper-level flow from the mean wet weather everywhere in the Horn of Africa.
North African continent and the Indian Ocean thoughout The reverse is also true--the Northeast Monsoon is not
the year, Chapter 4 discusses a variety of phenomena "dry" everywhere.
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C.ONVENTIIONS. Tile spellings of' place namecs and DATA SOURCES. Most of' the information used in
geographical (catures tire those usedl by the Unitedl States preparing this study came f'rom two sources, both within
ODeknse Mlapping and Aerospace (.'enter (DMAAC). thie Uniriid States Air Force EnlvironmI1enltal Technif~cal
Distances tire in nautical mniles (NM), except fkr Applications (Center (USAFE'TAC). Studies, books,
visibilities, which tirc in statute miles. (Ceilings and atlases, andl so onl, were supplied, w itht rare cxceptions,
cloudI bases aire in l~eet/mcetcrs above. ground level by the Air Weather service Tfechnical Liiorary, or
(AG;L)* but clouil tops aire above mican sea level (MSL.). AWSTL, which is the only dedlicated atmtllospher ic
Elevations aire in fIet with at meter or kilometer (kill) sciences library in the Department of' Defecnse and thme
eqluivalent immediately f'ollowing, Tem peratutres are in largest such library in the Unitedl States, ClIimatologiclea
Fahrenheit (F) with a Celsius (C) conversion f'ollowing. data came dlirect 1'ront the Air Weather Service Climatic
Wind speeds are in knots. Precipitation amniounts are in Database or through Operating L~ocation A,
inches, with at millimeter nun) conversion fol1lowing. UISAFETAC--the branch of' USAFETAC responsible for
Most synoptic chart times are given in GJreenwich Mean maintaining and mnanaging this (latabase.
Time (GMT or Z), with at local stan(lardl time (LST)
conversion. When synoptic charts arc not providled, only REL.ATED REFERENC ES. This study. while more
1,ST is usedl. than ordlinarily comprehensive, is not the only source of'

meteorological andl cI imaiological inilommation Ifmr tile
*NTE Ihe AGL cloud l'ases given in thmis 'iwlv are, mrilitary meteorologist conccrned with the Horn of'
gene(ralized over large areas. Readers mnust consider Af~rica. The United Suites Navy has pubiished several
terrain in applying t/hese generalhzed values. For excellecnt handbooks on this area and the adljacent coastal
e'xamp~le, t/he AGL cloud bases given the Chapter 4 watcrs. LISA FETAC'/DS-87/034. Station C'linmatic
discussions (!f t/u' Ethiopian Highlands are mgenerally* S ummaries--Aftrica, providles summlarizedl meteorological
repr&.scnataitv (!f valley reporling, stationis, but not of observational (lta for several major airports in the studly
locations in surrounding rnountains5, where ceilings and area. Stafff weather officers andl forecasters are tlrgcdl to
cloud hasesi would be lower, and where, inf/ict, many contact the Air Weather Service Trechnical Library for as
locations would be obscured, much data on the study area as is currently available.
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Chapter 2

MAJOR METEOROLOGICAL FEATURES OF THE HORN OF AFRICA

The "major meteorological features" of the Horn of Africa are listed below as they appear ard are described in thi:s
chapter. These features affect the weather and climate of the Horn of Africa the year-round. The same features niay
be discussed in more detail in subsequent chapters as they relate to individlual subregions ol the study area.

Semipermanent Climatic Controls .......................................................................... 1- 2
S a Surface Tcm peratures ...................................................................................................................... 2-2
The Azores High .................................................................................................................................... 2.3
The Influence of Large-Scalc M eteorological Features on G radient Flow .............................................. 2.6

The M onsoon Clim ate .................................................................... .................................................. 2-I0

Th e Southwest M onsoon ................................................................................................................. 2-I0

The Tibetan 2(X)-m b Anticyclone .................................................................................................... 2-1 I
The Tropical Easterly Jet (TEJ) ....................................................................................................... 2- 13
The M ascarene (South Indian Ocean) High ........................................................................................... 2-13

The Som ali Jet ..................................................................................................................................... 2-16

The Pakistani Heat Low ....................................................................................................................... 2-22
The M onsoon Trough ............................................................................................................................ 2-23
Th e Northeast M onsoon ......................................................................................................................... 2-30
The Asiatic High .................................................................................................................................... 2-30
The Saharan High .................................................................................................................................. 2-34
The Saudi Arabian High ........................................................................................................................ 2-36
The Red Sea Convergence Zone ............................................................................................................ 2..38
M id-and Upper-Level Flow Patterns ..................................................................................................... 2-4()

The Subtropical Ridge ........................................................................................................................... 2-50
Synoptic Disturbances ................................................................................................................................ 2-52

Jet Stream s ............................................................................................................................................. 2-52
Cyclonic Activity ................................................................................................................................... 2-55
Stonn Tracks ......................................................................................................................................... 2-60
Southern Hem isphere Polar Surges .................................................................................................... 2-60
Tropical Disturbances ............................................................................................................................ 2-63

Th erm al Lows ........................................................................................................................................ 2-66
M esoscale and Local Features .................................................................................................................... 2-70

M ountain-Valley W inds ......................................................................................................................... 2-70
M ountain W aves .................................................................................................................................... 2-72
Duststorm s ............................................................................................................................................. 2-73
Land/Sea Breeze .................................................................................................................................... 2-75
W et Bulb G lobe Tem perature (W BGT) Heat Stress Index ................................................................... 2-78
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SEMIPERMANENT CLIMATIC CONTROLS

SEA SURFACE TEMPERATURES (SSTs). Figures e:xtends more than 30 NM inland or above 3,0(X) Neet
2-la-d provide mean SST's for Horn of Africa coastlines (915 meters). The diurnal temperaturc range is only
on the wcstern Indian Ocean, the Gulf of Aden, and the l0-20OF (6-I 10C) along the coast, but inland (outside the
Red Sea. Warm surface waters keep immediate coasts marine boundary layer's influence), the range is 20-35OF
mild all year, but the rmarine boundary layer rarely ( li-190 C).

30 7 276 606 7 803 40 60 704

7876082

82

Figure 2-1a. Mean January Sea Surface Tempera- Figure 2-1c. Mean July Sea Surface Temperatures
tures (OF). The largest gradients are in the Red Sea, (OF). In the Red Sea and Gull of Aden, mean July SSTs
whore SSTs vary between 71 and 78OF (22-26°C'). A average 78-88OF (26-31C'). In ihe northeastern (hill ofl
north to south increase is caused by cooler mid-latitude Aden (ncar Ras Fartak) and in Somalia coastal waters,
January air masses. South of 250 N, Red Sea and Gulf SSTs are lower because of strong upwelling caused by
of Aden SSTs are 74-78°F (23-260C). Along the the Somali Jet.
Somalia coast, water temperatures range from 77 to 81OF
(25 to 27 0C).
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Figure 2-lb. Mean April Sea Surface Temperatures Figure 2-Id. Mean October Sea Surface Tempera-
(OF). April SSTs are about the same ('78-81 0F/26-27 0C) tures (OF). October SSTs range from 80 to 81 OF (270C)
in the southern Red Sea, the Gulf of Aden, and the along the Somalia coast and in the extreme northern Red
western Indian Ocean. Although Red Sea SSTs are Sea, and from 896 to 87 0F (300(C) in the central and
cooler (70-78°F/21-260C) North of 230 N, they don't southern Red Sea. As already mentioned, the cooler
influence the Horn of Africa's coastal environment, northern Red Sea waters don't affect the Horn v, Africa.
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THE AZO)RES HIGH. The position of this northwesterly outflow from the High rarely penetrates
semipermanent high varies from 290 N, 290 W in south of' 150 N. Typically, the Yemnen Highlands, tihe
January (Figure 2-2a) to about 370 N, 370 W in July northern Ethiopian Highlands, and the Aden Coastal
(Figure 2-2c). Mean sea level pressure varies from 1021 Fringe are the only subregions alfected by northwestcrly
mlb in January to 1025 mb in July. The high's influence flow between November and April. Mean northwesterly
on the Horn ol' Africa is strongcst between November surface flow into the central and southern Red Sea
and April, but weakest between May and October, whcn averages 3-5 kts between December and early April.

Figure 2-2a. Mean January Position of the Asores High.

Between December and February, the Azores High produces colcl weather outbreaks andl severe dutststorms
extends eastward (as shown in Figure 2-2a) over the over the Sahara Desert, the Red Sea, and the eastern
western Sahara. It joins a secondary high pressure cell Mediterranean Basin.
(,the Saharan High) to form a weak high-pressure ridge
over the Sahara Desert. Slight deviations in the High's Between Mar'ch mnd May, the Azores High, with
mean strength and position may temporarily tilt the ridge central pressure now 10121 nob, moves slowly
axis from west-east to northwest-southeast. A very west-northwest to near 300 N, 370 W (see Figure 2-2b1.
strong Azores High may tilt the ridge's eastern edge Its spring migration to the west and away from the
northward over the coastal waters or western Europe African continent weakens the mean high-Ipressure ridge
while the Saharan High remains fixed over the northern over North Africa. Cyclonic activity (see 'Synopt.ic
Sahara. If the Azores High maintains its surface position Disturbances') dips southward over the western
along the west coast or Europe for 3 or miore consecutive Mediterranean Sea and Atlas Mountains, reaching the
days. a "blocking" pattern may be establishcd to allow northern fringes of the Horn ofl Africa most frequently in

S~the 5(X)-mb Polar Jet (which see) to slide southward into Marc'h. Normally, cold fronts produce severe sandstorms
, the north central Sahara. This Polar Jet position along the western edges of the Ethiopian Highlands.
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Figure 2-2b. M1ean April Position o1' tile Azores High.

Bletween Jurne and September, the Azores Hligh's Although the hot anml (ry deet[.s•l' air modifies the I~ront
central pressure strengthens to 1025 nib. Its meanm rapidly. strong mid-an(I upper-level trou|ghs can c'ause
summer position is near 370 N, 370 W. Figure 2-2c significant weather in extremenoci•rthern s~ct'ions ol1 the
shows the High at its northernmost position, wherc it Horn of Africa.
effect'ively blocks any significant cyclonic activity irom
e:ntering the Sahara [Desert andi Red Sea. When the ridge Between ()ctlohcr and No)vember, the A/ores H-igh
is weak and there is strong low pressure ofl" Iceland, moves south to a new iiean I•)5ition1 a 35° N, 300o W.
however, cyclonic activity c:an penetrate southward. Tihe Figure 2-2(1 shows the A,.ores High• and the mean high
prevailing WNW-NW mid-level winds are weak. As a pressure cell developing in the Sahara.
restilt, surface cold fronts move slowly across the Sahara.
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T'IJE INFI INCF OF LAk(GF.S(ALI MFTIFOR- (and the resultaint wcathier) that will al'I('ct thle Humn ol,
(1LO)(ICAL, FEATURES ON GRADIENTr FLOW. Af[rica.
GCradient- level flow over the Horn of' Africa is controlle(
by thc Azores High (s,-c page 2-3). the South Atlaintic Figures 2-1n-d show mecan gradlient flow over the Horn
High (not shown). the Southwest Monsoons (page .2-1 0), o1 Africa in January, April, July, and October. January
and the Northeast Monsoon (page 2- 30. The strengths flow (Figmi -1-3a) west of' the (ircat Rift Systemi is
and locationls ol these four features dketerm i nne the controlled by Azores high outftlow, but flow east of thc
low *fcvel flow and resulting positioning of the Mons~x~n Rill System is controlled by the Northeast Mionsoon. By
Trmugh. The annual north-south Monsoon Trough April (Figure 2-3h), the monsoon Trough is shifting
oscillation, in turn, dletermines the types of' air masses northwardf through souithern Ethiopia and Somalia.

30'-~\ a 50.

640 \ 40 .

0 13 V

Figure ~ .7 0- enJnayGain lw ahd ie r stcsa -ntitras
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Flow north of the Trough is still dominated by Azores High outflow. but now recurved north of the cquator-

High outflow w.,st of the Rift, white Northeast Monsoon dominate west of (thc Rilt. By October (Figure 2-3d),

flow continucs cast of the Rift Systemn. South of the Azores High outflow covers the region north o0 the

Monsoon Trough, outflow from the Mascarene High southwurtt-moviflg Monsoon 'Trough, shown here

(page 2-1 3) influences the entire region. By July (Figure running from east-to-west near 100 N. Moditied

2-30), Southwest Monsoon air prevails in tilt areas cast of Southwest Monsoon air--greatly warmved and dried west

the Rift. Equatorial wcstcrtics--origintttly South Atlantic of the rift--now flows over till thc region south of tO0 N.

430, On

Figue 23b.Mea Apil kadint ow ashd tncsarcusotchsat -knt iterals
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Figure 2-3c. Mean July Gradient Flow. Dashed lines are isotachs at 5-knot intervals.
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T'IIE MONSOON CLIMATE, The term "monsoon" .W'ind direction, and speeds must remain

(from the Arabic mawsim, "seasons") is generally applied steady, and

to those areas oi' the world where there is a seasonal
reversal ol' prevailing winds, but the generally accepted -No more than one cyclone/antia'yclone v:o)qdht

definition of a "monsoon" climate includes satisfaction may occur during lanuary orhldy in any 2-year

o1 these four criteria (after Ramage, 1971): period within any 5-degree grid squore,

,Prevailing seasonal wind direction changes by Figure 2-4 shows the extent of the "monsoon climate"

at least 120 degrees between summer and according to Ramage's criteria throughout the world and

winter, across the African continent.

.Summer and winter mean wind speeds hoth
equal or exceed I0 knots (5 meters/see),

.. /_eI~~L..- ._., I l I I , I J I , I , * I , I , I * I * I , I , I , t I 1_..__.

Figure 2.4. Extent of the Monsoon Climate (shaded area) Across the World.

THE SOUTHWEST MONSOON is at fu!l strength Figure 2-5 is a three-dimensional view o( Southern

between June and September. Rainfall near the Equator Asia and the Indian Ocean from 400 to I(X)0 E and 1 mm

(the southern Indian Ocean Plain and southwestern 100 S to 400 N; it shows the most important Ifatutres of'

Ethiopian Highlands) begins in April and ends in the Southwest Monsoon as it alfects the Horn of Africa.

October. Complex interactions among a number of The western portion or the Ethiopian Highlands from 330

synoptic-sLale features (luring northern hemisphere to 400 E and from 50 to 180 N is alfectcd by tropical

summer produce a marked interannual variability in easterlies above the I0,(XX)-foot (3,050-mcter) or

rainlall throughout the Horn of Africa. In Chapters 3 to 7(4O-millihar level, but low-level circulation is allogclhcr

6, the Southwest Monsoon season is clearly defined for different. The surface Monsoon Trough discussion in

each subregion. Note tha( Soulhwest Monsoon onset, this section d'vscribes the differences between Indian

duration, and weather may vary in each of the four Ocean and African low-level circulations.

subregions from onr year to the next.
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Upper troposphere (00- 16 km)

5 FO Miadle troposphere (5-11 bm)
S0 Lower troposphere (below 5 km)

4 05 E 6 i 0d

Figure 2-5, Southwest Monsoon Circulation Over Southern Asia and the Indian Ocean (from Hamilton,
1987). The Tropical Easterly Jet (TE.J) is shown in Figure 2-7. The Southern Equatorial Trough (SEr) is also
shown in Figure 2-20a-c.

THE TIBETAN 200-MB ANTICYCLONE. This The energy that normally goes into surface heating is
semipermanent upper-air cell acts not only as an now used to melt the snowfall and evaporate the runoff.
upper-level heat source, but as an outflow mechanism for Surface temperatures are affected immediately, but
sustaining surface Monsoon Trough convection between cooling aloft is gradual because it usually takes I to 2
May and October. Latent heat of condensation from months for surface effects to reach upper levels, Satellite
widespread convection over Burma begins anticyclone research shows that the Tibetan Plateau is snow-free 80%
formation in late April and early May. Strong surface of the time during the early Southwest Monsoon months.
heating on the Tibetan Plateau shifts this massive The upper-level anticyclone weakens by October because
upper-level high to Tibet in mid- to late May. The mean the surface "trigger" is eliminated and upper-level
July 2(M)-mb flow pattern over south central Asia (Figure westerlies move southward over the Plateau.
2-6a) shows the large-scale anticyclonic circulation
anchored over the Tibetan Plateau by strong early and Note that the anticyclone first appears in May to the
mid-suimner surface heating. southeast of the Tibetan Plateau as intense convection

warms the upper troposphere. The anticyclone fornis
By August, moderate snow cover produced by over northern Burma (see Figure 2-6b) but moves

strong Southwest Monsoon convection begins to lower northwest with intense surface heating over the Tibetan
surface temperatures on the elevated Tibetan Plateau. Plateau, the surface of which lies at abont 5(0) mro.
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Figure 2-6a. Mean July 200.mb Flow Over the North Indian Ocean and Arabian Sea. The 1-1" marks the
mean position ol' the Tibe'tan 2(X)-mb Anticyclone. Dashed lines are isoiachs (kts),
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THE TROPICAL E.ASTERLY JET (TrJ). 'This sustaining heavy Southwest Monsoon Co1vec010on. 11t

summer leuture In the ulpper-level easterlies develops as mean position Is at about I1I0 N, but it oscillates betweetn
outflow fromn the southern edlges of Tibetan 200-mb 70 30' N und 180 N. Hlighest windlspCC(15 (9(0 knots) are
circulation. The TEJ provides an outflow mechanism for found between I(X) and 2W( mb.

W _ _ _ _ _ _ W_ _ _ _ _W__ _ _ _ _ _ _ _ _ _W_ _V

Figue 27. eanJul 200mb ona Flw. he (arkarrw i th T~lThestiplc ara rercsntscase4 l
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hih-resue ci roids rsseqatrilho B Jly(igre2-b) t trnghesto103xh n

(trug h Sml jt ro piltrug cobr hit orhet oamenpsiinner20#,7~ .I
Figures~~~~~~~~~~~~~~~~~~~ .......d shw ma.lresae.u.c.pesr.ugs.Fgu..8) ma etrlpesrepasa
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suflwDached flowine the tropics.s an reosuSltwind datas andwetel figh migrts futahcreswrso20.(0E et

sth-reamline an llys are vde rrsequie toxt actthSomali flet pres ly(Fiure weaktstentens to 10223 ban

fatrom over bra-sae Indow pcaten.drn h otws 08m n h ihmgae oteswr o30S
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Figure 2-8a. Mean Jurly Surface Position of the Mascarene High.)
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Figure 2.8c. Mean Augutbe Surface Position of the Mascarene High.
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Thec Maxcarenc High's senilamiiual oscillalion coiieeiitruted between 390 and 43' E--se rigiire 21-9.
provides low-level support for Southwest Moinsoim East Alrican terrain compresses the flow int what we
circuilation; between April and October, it produces know as the Somali Jet--the most important Southwesl
nearly all low-level flow ink) the Horn of Africa, except Monsoon weather feature in the Indian Ocean Plain and
for extreme western Ethiopia. Cross-equatorial flow is Ethiopian Highlands subregions.

CCOU SS -C L IN

Vi.

Figure 2-9. Entry Point for Cross- Equatorial Outflow from the Mascarene High into the Indian Ocean Plain
and Eastern Ethiopian Highlands. Insct detail shows actual 5,(WX-foot wind speed (kts) and direction on 27 June
1964. The Sornali Jet core is shown as the curved arrow.

THE SOMALI JET. From April to late Oc-tober, the 50 S and the Equator. The Jet has thc usual low-level jet
Somali Jet enters the Northern Hemisphere between diurnal speed variation. Research shows that mean core
4,(XX) and 7,000) feet (1,220-2,134 meters) MSL near the speeds are between 25 and1 40 knots. Large-scale
Kenya-Somnalia border at 39~430 E. Mascarene High "forcing" causes mecan monthly jet core wind speceds to
outflow is compressed into a high-speed jet core along oscillate northward from April to July (see Figure 2- 10),
the eastern edge or Africa's Grcat Rift System between then back south between August and October.
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Figure 2-10. Successive Positions of the 20-Knot Isotach at 3,000 Feet (915 meters) A(L Between April and
July (from Findlater, 1971). August-Septiemnbr positions arc not shown.

Day to day flow often shows more than one 39-410 E. Typically, thc jet loCse moisture over land1(
maximum wind speed core. As a result, mean monthly north of the equator, but mneso- anfd synoptic-scaleI
850-mb flow patterns do not always depict the actual moisture conditions may produce cloud cover along the
daily Somali Jet core position. Figure 2-11 shows a entire jet axis.
single jet core cross-section between 1 and 20 S and
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Figure 2-12. Movement of the Somali Jet Core, 13.14 August 1966 ffrom Findlater, 1969). Note the niaxinwin
wind specdnfuctuation with height (nunshercd circles at point of wind arrow in thousands of I~cct MSL) between
05(X)Z on 13 Aug 1966 and I IOOZ on the 14th,
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Note that while the synoptic conditions shown below trough passages; the intensity ol' (he Somili Jet surge
in Figure 2-14 favor Somali Jet flow "surges," thcy do lags passage of southern hemisphere troughs thi'ough the
not necessarily cause all fluctuations in Somali Jet wind Mozambique Channel by a day to a (Illy and a half.
speed. Research confirms that surges in cross-equatorial Surges may produce sudden increases in cloudiness an.d
flow are related to southern hemisphere low-pressure precipitation.

Figure 2-14. A Southern Hemisphere Frontal Passage Typical or Those That May Produce Air Flow Surges
in the Somali Jet. This southern polar view shows a southern hemisphere frontal passage through the Mozambique
Channel-- a passage that creates favorable conditions for cross-equatorial surges in Somali Jet flow.
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Figure,, 2-.l5zo-b show 3-hour wind speed profilecs of' (.hhia (39 Iectll2 metcers), The, diurnal oscillation cycle
soun~dling comnposites taken be-tween 23 June end I July is apparent. The relative locations of Burao anid Obbia
1977 for Bunkto (elevation 3,421 fcci/l ,(W3 mctcrs) Lind Lire shown in Figure 3- I.

TIME (HOURS GMT)

.......

0

0 10 to WIND SPEED (mn.-)

Figure 2-15a. Composite 3-Hour Wind Speed (mis) Profiles for Burao, SL. The strongcs- wind speeds alof'tare
foundI overnight, peaking at 4(0 knots by dlawn near 2,5(X) feet. (7501 meters) ACGL,

TIME (HOURS GMT)
20 3 9 12 15 is 21

0 r
0o o 2 WIND SPEED (u'

Figure 2-15b. Composite 3 Hour Wind Speed (mis) Profile for Obbia, SL. A nocturnal Jet is also present at
Obbia. Maximum speed (50 knots at 2,5(X) feet/750 nmeters) AGL occurs at midnight.

THE PAKISTANI HEAT LOW. This low-level position (the 20-knot isotach) to oscillate northwardf and
feature (normally cloud-free) is present over southward over the Horn of Africa between May andl
northwestern India and southern Pakistan between May October--see Figure 2-1(0. As shown in Figure 2-16a, the
Lind early October. It usually b~reaks dlown in October as low anchors the eastern edge of' the larger scale trough
insolation decreases and the Asiatic High becomes extending from India to the Sahara Desert dfutring
established over south central Asia. Intensification of the northern hemisphere summer. C'entral pressure, ranges
Pakistani Heat Low forces the mean Somali Jet core from 992 to 996 mb by late June.
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Figure 2.16. The Pakistani Heat Low in Association with a Large-Scale 1Thermal Low Pressure Trough
(shaded) Over SWANIEA Region During Northern Hemisphere Summer.

THIS MONSOON TROUGH1. Movement of' the the Highlands, cross-cquatorial outflow fromi the
surface Monsoon Trough over the Horn of Africa is Mascarene High is thc only factor in surface Monsoon
extremely complex because of topography. The Trough movement andi position. The Turkana Channel
Ethiopian Highlands, for example, fornm a natural barrier (in northwestern Kenya/southeastern Sudan--see Figure
to airflow from the surface to 850 mill ibars, they split the 1-3) and the Red Sca/Gull' of Aden corridor are the only
surface Monsoon Trough into two distinctly separate areas where both Trough axes (interior Africa and Indian
axes. West of the Ethiopian Highlands, the. convergent Ocean) can temporarily link tip along the Horn or Af~rica.
wind fields that produce surface Monsoon Trough Figure 2-17 shows the surface Monsoon Trough's mean
oscillations originate in the equatorial South position and movement over the region fronm April
Atlantic/equatorial Africa and the Sahara Desert. East of through November.
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Figure 2-17. Mean Surface Monsoon Trough Positions: April through November. Corey shading represents

elevations above 3,(XK) feet (915 meters); dark shading, elevations above 6,560 feet (2,000 meters). Dotted lines
over the Red Sea/Gulf of Aden corridor represent fragmented or discontinuous surface Monsoon Trough positions.

The surface Monsoon Trough lies across the African Ethiopia. Another source of equatorial moisture is the

interior and along the axis of converging wind fields Turkana Channel. Weak (7- to I [-knot) southeastcrlies

produced by the Azores and South Atlantic Highs. This generated by the Somali Jet recurve through the Channel

"Interior Africa" Monsoon Trough is made up of a series northward along the southern and western Ethiopian

of thermal lows oriented WSW to ENE across central Highlands. On rare occasions, a deep migralory

and west central Africa. Flow into these lows separates mid-latitude low-pressure cell induces strong southerly

subtropical northeasterlies from cross-equatorial flow ahead of a modified cold front between February

southwesterlies. Typically, the "Interior Africa" and May. Such frontal-type events may prodlucc
Monsoon Trough's northward migration (from April to Tarkana Channel winds up to 60 knots, with the highest

June) is gradual, but the equatorward oscillation speeds in the morning hours.
(September to November) is abrupt.

The surface Monsoon Trough axis over the African

Short-term northward surges occur continually interior produces abrupt surface discontinuities in

between late March and late April, lasting for 12-36 specific and relative humidity. The Intertropical
hours. They occur when a burst of cross-equatorial Discontinuity (ITD) forms the boundary between moist

moisture from equatorial Africa enters southwestern southwesterlies and dry northcasterlies aloft. The ITD
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slopes southward (as shown in Figure 2-18) to (AX) mh fe•t (915 meters), but moist low~level flow olten
about 2M0 NM south of the surfcec Monsoon Trough penetrates the deep river valleys or western Ethiopia- .sec
axis; the zone of maximum convergence, cloudiness, Figure 2-19, The maxinmum moisture influx into western
and precipitation is found here, as well. Rugged terrain Ethiopia is In July and August, resulting in massive
in cast Africa disrupts Ihe well-defincd ITD abxoe 3,0(X) orographic uplift and decp vertical mixing.

mb

100-

200-

300- Srae• t,•----". •

C

Monsoon Trough

700- Cu

800 -
4

Sc Sc-Cu

N 156 NM 300 NM 450 NM -S

Figure 2-18. Vertical Cross Section of the "African Interior" Monsoon Trough and the Intertropical
Discontinuity (ITD) (from Omotosho, 1984).

Over the African interior, cloudiness and rainfall and Gulf of Aden. When this happens, expect maximum
rarely surge north of 16' N until the surface Monsoon cloud cover and precipitation in the western Ethiopian
Trough merges with the "Indian Ocean" surface Highlands. Figure 2-19 shows favorable low-level
Monsoon Trough in July and August over the Red Sea moisture pathways into the western Highlands.
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Figure 2-19. Mean Surface Monsoon Trough Position and Natural Pathways (Arrows) for Low-Level Inflow.
The inflow pictured produces heavy convection in the western Ethiopian Highlands during July and August. The
0arkened areas are above 2,000 meters (6,56) feet). The inset shows mean 850-nob streamline flow.

The surface Monsoon Trough position over the In summer, there are two trough axis lines in the
western Indian Ocean is controlled entirely by the Somali western Indian Ocean- these are referred to by some
Jet. Dry Sahara Desert air does not penetrate eastward meteorologists as the "Northern Equatorial Trough"
across the Ethiopian Highlands; as a result, the "Indian (NET) and the "Southern Equatorial Trough" (SET).
Ocean" segment of the surface Monsoon Trough over the
Horn of Africa and adjacent Indian Ocean is without an The NET (the Indian Ocean surface Monsoon
lTD. Furthermore, the Mascarene High is solely Trough) oscillates across 30' of latitude over the Indian
responsible for initiating and sustaining the Somali Jet Ocean (luring the Southwest Monsoon (ce Figures
during the Southwest Monsoon. 2-2(a-c). The Somali Jet (southerly low-level how)

controls the position of the NET axis. By late June, the
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"Indian Qecan" surface Monsoon Trough is positioned ihe SET where. cyclonic vortk'aty atid conIvergenIce is
over thc northern Arabian Sca, However, the mnean SET present. A double Cloud hand has been observed on
axis oscillates only I 10 of' latitude between 7' S and 40 satellite imagery (luring some southwest Iloflsomls
N. Weak large-scale equatorial flow o~ccurs over the between June and August. SET clou~dineCss may
equatorial Indilan Ocean between 500 and 750 E. p~ropagate westward over Somalia when the SETI cloud(
Nornmlly, at band of weak low-level equatorial westerlics cover organizes into a signifiicanit synoptic weather
associated wiih broad cross-equatorial flow over the systcrn. Figures 2-20a-c sho0w NhT and SETl psitions
equatorial Indian Ocean (not with thc Somnali Jet) dluring June, July, andf August. Note that time surface
oscillates along and north of' the equator between June Monsoon Trough positions shown in Figure 2- 17 dot not
and August. These equatorial wesierlies lie between the differ significantly from Findlaper's I,O(X)-I'(o(t
NET and SET. Cloud bands frequently develop along (915-meter) NET positions in Figures 2-20a-c.

200 52

.......... 10

Figue 220a Men Jne ositonsof he ,00-fot Mosoo irugh(NE) ad th Sothen Euatria
Trough~~. (S.T.(.om..nd.te,.171)
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Figure 2-20b. Mean july Positions of the 3,000-root Monsoon Trough (NET) and the Southern Equatorial

Trough (SET) (from Findlater, 1971).
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Figure 2-20c. Mean August Positions of the 3,000-foot Monsoon Trough (NET) and the Southern Equatorial
Trough (SET) (from Findiater, 1971).
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THE NORTIHEAST MONSOON. Between December TiHe ASIATIC HIGH(i. This strong but very shallow
and March, Northeast Monsoon circulation dominates system dominates much of the Asian continent from late
the Horn ol Africa. Generally, the Northeast Monsoon September to late April. Radiation cox)ling is the primary
(winter) is the "dry" season, and the Southwest Monsoon mechanism for its formation and iteisiliicatioll,
(summer) the "wet" season, But complex terrain features Migratory Arctic air masses moving southward into
can result in "wet" Northeast Monsoon condittions aiong central Asia temporarily reinforce and intensify this high.
the Red Sea/Gulf of Aden corridor. In Chapters 3-6, Mean central pressure (1035 mb) is over Western
Northeast Monsoon flow (December-March) is referred Mongolia. Pressure is stronger in January and February,
to as the dominant weather feature. Readers should but vertical extent rarely exceeds 850 t1b.
review the "General Weather" sections with care, since
Northeast Monsoon flow also aflects both transition Figure 2-21a shows the Asiatic High's mean
periods (October-November and April-May). October position. Mean central pressure (1023 rnb) is

near 480 N, 90 0 E. Note that the Pakistani Heat Low
Any discussions of the Northeast Monsoon must (1010 mb) and thermal trough are also shown; the

include the Asiatic High, the Saharan High, and the broad-scale thermal trough (shaded) is much weaker
Saudi Arabian High. Surface outflow from these because global radiation levels are decreasing rapidly
high-pressure cells combine with topography along the from north to south. In turn, radiation cooling
Red Sea/Gulf of Aden corridor to produce orographic strengthens the Asiatic High over south central Asia.
uplift and the Red Sea Convergence Zone (RSCZ). The The transition from Southwest to Northeast monsoon
Saharan High (by itself) may also contribute to atypical flow soon follows.
"Northeast Monsoon" weather in northwestern Ethiopia.

40 ... ....

H F

Figure 2-21a. Mean October Surface Position of the Asiatic High. The Pakistani heat low andi broad-scale
thermal trough (shaded) are also shown.
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The mean November surface pressure pattern rcsult, low-level northeasterly flow penetrates into the
(Figure 2-21h) shows the mean Asiatic High neicr 480 N, Horn of Af'rica. Northeast Monsoon flow is sustained

800 E. Cent~ral pressure. has strengthened to 1031 mh. until late March, when thc Asiatic High weukens and

The broad thermnal trough that anchors thc surlatcc intense surface heating again produccs the broad-scale

Monsoon Trough, however, is no longer present. As a thermal trough and Pakistani Heat Low.

Figure 2-21lb. Mean November Surface Position of the Asiatic High. Note the surl'ace trough in the mecan

surl'acc pressure field at 500 E (dashed line). The trough axis separates Northeast Monsoon flow from weak mean
westerly flow 1'roiii the Azores and Saharan Highs.
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Figure 2-21Ic shows the Asiatic High at its mean Asiatic High may exceed 1050 tub for 1-3 (lay periods;

peak strength (1035 inb) near* 490 N, 970 E.. Maximumn thc highest recorded surface pressure is 1083 intb.

low-level northeatsterly I'ow is in January and February Extremecly strong highs may intensify northeasterly flow

becatuse south-central Asia is extremnely cold. The despite the "blocking' effects of the Himalayas.
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The mean March surface position of the Asiatic equator. By the end of' March, northeasterly flowHigh is 530 N, 820 E, mean central pressure is now 1029 penetrates southward to only 10-11' N. The weakmb. Since fth cell migrates northward and weakens with Asiatic High surface pressure pattern and reducednorthern hemisphere warming in the mid-latiiudes, northeasterly flow ove'r the Htorn of' Africa is quickly
northeasterly flow over the Horn of Africa is redluccel. replaced by lower surface prec;sure (the shaded region in
Initially, thc Northeast Monsoon retreats along the Figure 2-2 1c0 in the suhtropics.

Fiur 20Zd M. 0 Mac 2ufc0Psto fte sai ih
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In April, incerasing solar radiation weakens thc Arabiat, and northeaster Sudan. Norihcasterlics
Asiatic High's mean central pressure to 1022 mnh. The disappear altogether.
broad-scale thermal trough reappears over India, Saudi

iur Ze.MAnlplurc oiin rteAitcHg.Th ra-cl hna tro g is1ha0d

Fpgaren 2-1e.xtenprlSufaePoiion of the Asie ig)povdswakthichaa High. Textrond-scag ternastwaroug ts haedA.r

surface flow to the Yemen Highlands and northwestern High. Undisturbed synoptic weather patterns in the
Ethiopian Highlands between December and carly April. Sahara often produce an extensive high pressure ridge
Actually a mean position or transitory high cells, its over northern Libya and west-central Egypt, but the
mean January position (260 N, 2.00 E) is shown in Figure Saharan High is actually a transitory cold core high-
2-22a; central pressure is 1021 mb. The mecan April pressure cell. Its transitory nature is most evident
position (250 N, 220 E) is shown in Figure 2-22b, mean bctween late January and early April when deep polar
April central pressure is 1018 mb. Because mioisture troughs enier north Africa. The Saharan High generally
advection and cyclonic activity rarely affect the north inoves eastward ahead of' the dlisturbance or disappears
and central Sahara south of 200 N, Saharan High outflow from synoptic charts entirely. It usually reforms at the
is dry and cool. The (Iry desert air, along with radiation surface within 1 2-24 hour,; after a frontal passage.
cooling. intensifies the High and makes it a mean surl*Cace
feature from December to early March.
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In ihe rare case of a -strong transitory high pressure. TIHE SAUIIl ARABIIAN HIGHI, cenicred over
cell that stippoiris a deep mid-latitude trough passage riorthwcstcrn Saudi Arabia, Is an eastward extensioni of
across the central Rcel Sea basin, northw.csterlics thc Azores-Saharzan High pressure ridge fin undisturbed
penetrate southward (to go N) ovcr North Africa. Thc synoptic covd(itions. It Is well-defined over tile Saudi
westcra Ethiopian Highlands' rugged north-south lerrmin Arabian peninsula onl synoptic charts dutring ec tcndi'd
fromn 160 10 4' N normally prevents Saharani High fair we4Ithr~r periodls. Its suirface andI mid-level
(utflow front penctrating cast of 37 degrees. anticyclonic circulation is common throughout the

December- Man.1i Northeast Monsoon. Westerly outflow
Frequent undisturbed weather patterns along thc fromn the cell's northern edges steers Mediterranean

central andl southcrn Red Sea basin and the southeastern low-pressure systems and their trailing cold fronts into
Sahara Desert allow the persistent Saharan High to the northern Red Sea and north central Sautdi Arabia.
generate weak west-northwestcrly surface flow around East-northeasterly flow prevails along the cell's southern
thle Ethiopian Highlands. North of' 160 N, terrain flanks, helping to regulate Northeast Monsoo~n flow into
averages only 2,(XX) feet (610) meters) MSL-; as at result, the Gull'ol Aden and the eastern Yemen H ighlands. The
northwesterlies extend southward to 160 N over the Red cell's November position strengthens northeasterly flow
Sea's open waiters. The weak but persistent northerly into the western (hillol'Aden, through the Straits oh Bab
wind cominlnent and the associated shallow air mass al Mandab, andI into the southern Red Sea. The High's
over open water represent the Saharan High outflow November and January popsitions aire shown Iin Figure
bouindary's southeastern limit. 2-23a & b. It reaches it% southernmost [position in

March, as shown Iin Figure 2-23c.
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Figure 2-23b. Mean January Gradient Flow and Position or the Saudi Arabian High.
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Figure 2-23c. Mean March Gradient Flow and Position (if the Saudi Arabian High.
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THEF RED) SEA CO(NVE~RGENC'E ZONF. Terrain the Straits of Babh al Mandlii, where it converges with
along the Gull of Aden channels Sraudi Anibian High weak northerly flow from thc Saharan High to produtce
outliow anal Northeast Monsoon flow northwestward the Red Scat Convergene Zone (RSCZ), shown lit Figure
into the Roe, Sea, Thie flow becomes southerly north of 2-24.

Figure 224. SIharacHionogh d rba n aaa ih ufc lwroue h e e

As shon aboe, TheRed Sa Convrgenc ZoneSaudi Arabian Hi ghgshl e p ekcnegn

ovrln.Figure 2-24. Inehctows the OctoArberapri wind speeda HincSreases nlorthrodue the SReit ofBaa

sequenced ofthSWE ) featre W peak suracer cuounverg nce firn Malyandb h SZsma monthly psilaisii te tiong ais pshtown.

appears as a trough line between 180 and 200 N in early by the thick (lashed lines.
October. Between October and April, the Saharan and
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Figure 2J25. RSCZ Positions: October-April.

2-39

2 24



The trough oscilhltes little during undisturbed over Saudi Arabia. Depinnding on ius strength, an
weather periods because of weak winds, The RSCZ,, upper-lcvel shortwave following the Ironial passage mtay

however, oscillates under three conditions: push the RSCZ southward again,

(I) When a southward displaccment--on the order (3) When there is an increasc in Northeast Monsoon

of 1-3 days--occws as shortwave troughs pass over the flow through the Straits of Bab al Mandub, possible
Red Sea. These shortwaves, with strong northwesterly during extended fair weather periods. Southerly

flow, move the RSCZ to between 130 and 150 N. flow--deflCcted through the Straits--may inercase with a
strengthening Saudi Arabian or Asiatic High.

(2) When warm air advection from interior Africa
produces northward movements in the RSCZ. Typically, RSCZ oscillations olten converge with lond/sea

deep upper-level troughs penetrate low latitudes in breeze circulations along Red Sea Coasts. The additional

January and February. Warm equatorial air and convergence may trigger orographic showCrs (nd

southerly flow--ahead of the cold front--surges thundershowers on the nearby slopes of the northwestern

northeastward into the central Red Sea. Low-level flow Ethiopian andI Yemen Highlands.
lifts orographically along the north Yemen Highlands
subregion. Convergence between the warm front and MID- AND UPPER-LF.VFL FLOW PATTERNS.

RSCZ also occurs. The RSCZ may shift to 20-220 N Figures 2-26 through 2-29 show January, April, July, and
with strong southerly flow, but it recovers to its normal O(ctobcr streamline flow at 8%50 7(X), 500, 3(X), and 2(K)
position quickly after the upper-level disturbance drifts millibars over the entire SWANEA study area.
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Figure 2-26a. Mean January Upper-Air Flow Patterns, 850 mb.
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Figure 2-26b. Mean January Upper-Air Flow Patterni, 500 mb.
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Figure 2.26d. Mean January Lipper-Air Flow Patterns, 300) ml).
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Figure 2-27a. Mean April Upper-Air Flow Patterns, 850 mib.
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Figure 2-27b. Mean April Upper-Air Flow Patterns, 700 nib.
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Figure 2-28d. Mean July Upper-Air Flow Patterns, 306 ml).
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Figure 2-28e. Mean .Juty Lipper-Air Flow Patterns. 200 mb.
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Figure 2-29a. Mean October Llpper-Air Flow~ Patterns, 750 mb.
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Figure 2-29c. Mean October tUpper-Air Flow Patterns, 500) mb.
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Figure 2.29e. Mlean October Upper-Air Flow Patterns, 20N ml).

'IHF SUBTROPICAL RIDGE. This upper-level The Subtropical Ridge oscillates 1'rui 60 N in

1'eature, represented graphically by the 2(X)mb January (Figwrc 2-30a) to 24-2710 N in July (Figure

*anticyclonic ridge axis line, is the division between 2-301b). These oscillation,: result in alternating periods ol'

upper-level westerly and easterly flow. During westerly and easterly upper-level flow. Westerly flow

transitions (October-Novmnber and April-May). the (Decembher through late February) supports occasional

Ridge allows both westerly and easterly upper-level flow Mediterranean cyclonic activity across the northern Horn

over thie Horn of' Africa. It-, July position findIs it of' Africa. Although January's and July's are, the only

anchored by the Tibetan 2(X)-nib anticyclone north of the Subtropical Ridge positions provided~ here, readlers may

study area. infer April andl October positions from Figures 2-217e and
2-29e.
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Figure 2-30a. Mean January Position of the Subtropical Ridge. The jagged line denotes the incan ridge axis
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SYNOPTIC DISTURBANCES

,irr STREAMS. The dominant jet streams that alfect Saudi Arabian peninsula. The April-June PJ is lCotud
the Horn of Africa are. the Polar Jet (PJ) and the between 30,(XK) and 34,(X0)0 ct (9,146-10,365 niCtcrs),
Subtroplcal Jet (STJ). The fonner's position and maximum wind qpcev(. nrc between 60 and 140 knots.
movement control cold air advcction and mid-level
direction for developing Mediterranean cyclones, while Although the STJ shows less variability in its daily
thie STJ provides steerinr,, shear, and outflow in the position, its seasonal variability is greater than that of the
upper layers. PJ, Mean STJ positions over the subtropics range Iromi

25-300 N (Figure 2-31u) to 40-45' N (Figure. 2-.31b).
Mean daily PJ position deviates north-to-south from Maximum wind speeds betwecen December and April run

the miean by 10-3(X) NM, Maximum wind speCds from from 80 to 2(W) knots at a mean height of 39,0(W) fe•t
December to March vary from 60-160 knots. The P) is (I 1,890 metcrs) MSL Speeds between May and
usually found near 30,(X) feet (9,146 meters). November arc frotm 30 to 60 knots at "9,0X)-43,(XX) feet
Southward deviations (to 30-450 N) are most frequent (11,890- 13,110 nmeters) MSL. The STJ is weakest (30
between December and March, but on rare occasions in knots) in July and August, but it may exceed .50 knots
April, May, or June, the PJ enters the eastern Sahara and north o( 300 N.

Ia
60 2 10 10

Figure 2-31a. Mean January Positions of the Polar and Subtropical .let Streams.
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Figure 2-31b. Mean July Positions or the Polar and Subtropical Jet Streams.

The greatest effects of either jet stream are seen low-pressure center intensification during PJ/STi
between December and April, when cyclonic activity in interaction is often under the southeast quadrant of the
the Mediterranean Sea basin is most common. Surface upper-level trough. The low often deepens in the area
low-pressure cells develop when a strong Polar Jet digs between the two jet streams. Jet stream interaction most
southward of 300 N and forms a deep upper-level trough. frequently occurs with Atlas surface low-pressure
Northerly flow often develops on the east side of a formations because they are generated between 25 and
blocking high-pressure ridge over the eastern Atlantic. 300 N--nearest the mean position of the STJ. Figures
The PJ anti upper-level trough may intensify surface 2-32a, b, & c illustrate generalized PJ/STJ interaction
lows over the Mediterranean Sea and in the lee of the and low-pressure intensification areas.
northwest Africa's Atlas Mountains. Northerly flow
insures that the trough and the surface cyclone move Neither jet has much effect on the Horn of Africa in
southeastward into the central (sometimes eastern) the summer, but on rare occasions, a strong Polar Jet may
Sahara Desert, but other factors are necessary for strong push a mid-level trough southward into the STJ as 1la1c as
surface cold fronts to penetrate to the central and early June. For significant weather to reach the Horn of
southern Red Sea. Surface cold fronts usually affect the Africa, the deep eastward-moving trough must move
Horn of Africa north of 150 N when the STJ moves over the Red Sea. Otherwise, only a temporary increase
northward to join the PJ and intensify lows over the in mid-level cloud cover extends into extremne northern
Sahara Desert still further. The preferred area of surface sections of th2 Yemen Highlands subregion.
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Figure 2-32a. Typical Jet Positions During Formation or (enoa Low. Surface low
formation/intensification area is markcd by the "X."

-0 201

Figure 2-32b. Typical Jet Positions During Formation of Atlas Low. Surfiack low
formation/intensification area is denoted by the 'X."
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Figure 2-32c. Typical .Jet Positions During Formation or Cyprus Low. Surfacc low

i'ormation/intensi fcat ion area is (denoted by "'X.

CYCLONIC ACTIVITY. Three primary cyclogcnesis northern Horn of' Africa between December and April.
regions in the Mediterranean Sea basin affect Lhe Thcir locations and movement are shown in Figure 2-33.

0

Figure 2-33. Mediterranean Cyclogenesis Regions. (1) Thc Genoa Low in the (;(ll* of'
Genoa and Adriatic Sea, (2) The Atlas Low in the northwest Af'rica interior, and (3) The
Cyprus Low in the eastern Mediterranean Sea. Arrows show general direction of mnovement
away from cyclogenesis areas.
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Low-pressure systems and surface cold fronts affect Typically, one or two fronts and their uppcr-levcl

weather in the Horn of Africa between December and troughrs pass through the region between December and

April. Synoptic considerations dictate system movement April. Intense upper-level polar troughs, moving to the

in the northern fringes. Associated weather varies southeast, often support isolated thundershower activity

significantly with each frontal passage. along the northwestern Ethiopian Highlands and Yemen

Highlands subregions.
Although Atlas and Cyprus Lows may move cold

fronts into the region, very deep low-pressure systems On rare occasions, a cohl front wPay reach the Cullrof

with upper-level support are necessu.iy for heavy showers Aden, us shown in Figure 2-34.
or thunderstorms.

-4

1 00
i -i4 e "-l. .

Ae Tpo

saoteC

thgue 2-4 Mediterranean-adnrhArc.GenoratLow seldom north-cety n ralinteriord Fof t Al terianotegto the Atlaso

Adfect The Hoprns of Aica thoweer bcause thvloed taling Moudfrntaetnins nero 3ou0hen,2 Eurp. ATlasoi Lrows eel

chold roth ist modfited sighenficpantl beore freathing the darmshen armidor upprer-ensmvelentrough Cyoriete

nothe Afrieranecast and entralSh Aria. Genoa Lows coldo nES)ov-enra Spinte isr positionedr oera soutra! te Alow

Ironts usually reach the northern Horn of Africa as weak moving southeastward across Europe. In March and

surface wind shifts with little or no cloud development. April, the mean Azores High position mo~ves north-
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westward. The result is a subtle shift in the mean divergence aloft is often coupled with a soulhward surge
mid-level flow pattern from zonal to meridional, of the Polar Jet, adding cold air anl instabilily I0 the
Meridlonal (northerly) flow favors a southward system. A significant southward displacemeent in both
movement of transient European disturbances along the jets must occur for a strong Atlas Low to continue
Polar Jet, which often digs along the backside of the tracking eastward toward the Red Sea basin. Without
5(X)-mb trough to produce uplift along the Atlas Polar Jet support, the strong Subtropical Jet produces
Mountains. Mid-level cold air and moisture crosses the upper-level shearing over the central Sahara and prevents
Atlas range as a cold-core "cut-off" low or shortwave. further easterly movement of the surface trough.
These storms seldom develop or penetrate very far into
the Eastern Sahara Desert and northwestern Ethiopia Intense Atlas Lows seldom track eastward across the
without strong northerly flow and cold mid-level support. entire Sahara Desert because many synoptic variables
But if this flow persists for more than 3 days and intense must combine perfectly to sustain continuity over the (try
polar air surges south of 300 N, the Polar Jet and the desert. When such combinations occur, however, Atlas
mean Atlas Low storm track temporarily shift southward Lows and their trailing cold front% produce surface winds
into the north central Sahara. As a result, storms move greater than 25 knots and widespread dust/sandstorms
due cast across the northern Sahara into the central Red across the northwestern Horn of Africa. When an
Sea. Steep pressure gradients along the frontal boundary intense Atlas Low reaches the Nile River Valley intact, a
increase the warm and dry southeasterly Sahara surface secondary or "cut-off" surface low-pressure cell often
flow ahead of the developing surface Atlas Low. develops along the primary Atlas Low cold front.
Without sustained northerly flow, Atlas Low movement
is northeastward over the south-central Mediterranean In Figure 2-35a, the 16 April 1964 (12(X)Z/1500
along the polar-subtropical jet axes (WSW zonal flow). LST) synoptic chart shows an Atlas Low (I(X)I mb) over
Very deep upper-level troughs produce severe polar west central Saudi Arabia. To the southeast, the
outbreaks over the Sahara Desert in either case, but plateaus of western Ethiopia and extreme east central
northerly flow insures that the surface polar air mass Sudan have produced a transitory thermal trough feature,
pushes the Atlas Low cold front deep into the Sahara or Sudanese Low (which see) that appears on mcan
Desert. The surface trough is often followed by strong pressure charts as an inverted low-pressure trough,
surface high pressure that accelerates the frontal Although the map (typical for this time of year) shows
boundary southeastward across the central Red Sea. An the inverted trough (solid lines extending to the south
Atlas Low cold front cannot move southeastward into the and west of the Sudanese Low) looking much like a
central and southern Red Sea Basin without sustained mid-latitude front, it is only a resemblance.
northerly flow. A well-defined cold front that remains
intact and moves into southeastern Egypt (22-250 N) Figure 2-35b shows the synoptic pattern 24 hours
may also develop a secondary surface low-pressure cell later, on 17 April at 1200Z/15(X) LST. The Atlas Low
along the surface cold front. storm track has turned northeastward and a secondary

low has forned along the cold front. The Sudanesc Low
The Subtropical and Polar Jets may intensify remains stationary. The high-pressure cell centered in

disturbances at mid-and upper levels. A mean wind the south central Mediterranean builds into the Red Sea
speed maxima (80 knots in the Subtropical Jet) occurs and pushes the cold front southeastward.
over west Africa in March and April. Strong outflow and
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The Cyprus Low. This migratory low may spawn
intense thunderstorm activity over the eastern Sahara
Desert, central Red Sea, and northern Horn of Africa
between December and March. The two factors
comtributing to Cyprus Low cyclogenesis arc:

-Low-level (below (150 nib) inflow of north-N
westerlies from the Aegean Sea over warm
eastern Mediterranean waters (63-65°F/180C).

-Instability aloft caused by cold slow-moving
migratory (mid-and upper-level) polar troughs.

From December through March, one or two active
surface cold fronts accompanying a Cyprus Low move 6 2
into the north Horn of Africa. These fronts may produce
extensive thunderstorm outbreaks in the northern Yemen
Highlands and Ethiopian Highlands subregions. Figure 2-36a. Primary (solid arrow) and Secondary

(dashed arrow) Mid-Latitude Storm Tracks,
A thunderstorm outbreak with significant rainfall December, January, and February.

requires cold air between 7(K) and 5(X) rob, usually
15-18 0F/8-10 0C colder than the environment. Figure 2-36b shows %he storm tracks that affect the
Occasionally, very cold polar troughs penetrate northern Horn of Africa in March and April. Lccside troughing
Egypt with moist low-level support generated from along the Atlas Mountains initiates Atlas Low cyclo-
Mediterranean and Aegean Sea moisture. Warm Saharan genesis inland over northwest Africa. The Atlas Low
surface air--with Red Sea moisture advected ahead of the track produces all mid-latitude frontal-type weather in
surface cold front--may set off severe thunderstorms, the Horn of Africa in March and April. Secondary storm
Significant positive vorticity advection (PVA) can allow tracks over the subtropical Sahara rellect surface cyclo-
a cold mid-or upper-level trough to deepen and set off genesis along active Atlas Low cold fronts, which remain
thunderstorm activity in the northern Horn of Africa. strong while migrating eastward into the Red Sea basin.

Cyprus Lows most frequently track eastward or
southeastward into northern Saudi Arabia. These tracks
maximize southwesterly surface flow and moisture
advection into the Cyprus Low ahead of the cold front.
A deep trough with strong southwesterly surface flow
produces greater orographic uplift and offers a better
chance for thunderstorm activity to spread southward
along the Red Sea to 16' N.

STORM TRACKS. Figure 2-36a shows typical
December-February storm tiucks as they affect the Horn
of Africa. Primary tracks (thick lines) pass through the
Gulf of' Genoa and eastern Mediterranean Basin. 0 040g

Secondary tracks (dashed lineso over the northern
Arabian Peninsula reflect surface cyclogenesis along Figure 2-36b. Primary (solid arrow) and Secondary
active Cyprus Low cold fronts. (dashed arrovi) Mid-Latitude Storm Tracks. March

and April.
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Mid-latitude storm tracks between May and October
are so rare that an attempt to produce a mean or "typical" 30 40 50 60

track would be impractical. Upper-level troughs only 20

migrate into the northern Horn of Africa once every 4-7
years during this period. The mean November storm
tracks shown in Figure 2-36c reflect the southward ,-" ,
movement of the Polar Jet. The primary November track 10 • '.u.- , -

(not shown here) results front Genoa Low formation and "
runs east-northeastward across southern Europe. Most "
November cyclonic activity in the northern Horn of . . ,
Africa involves secondary cyclogenesis only along active 0 " , "'
Genoa Low cold fronts moving through the central and
eastern Mediterranean Sea. ,

"404

Mozambrribge

Channel

Figure 2-37a. 11 1July 1978 Satellite-Derived Wind
Vectors Over the Equatorial Western Indian Ocean
(from Cadet and Desbois, 1981). Strong flow at 20-35

A l0 knots is evident between 40-450 E and 10 S-40 N. This
is the "normal" Southwest Monsoon cross-cquatorial

Figure 2-36c. Mid-Latitude Storm Tracks, flow pattern for the period.
November.

souTHERN HEMISPHERE POLAR SURGES. 07/12/78 L01' *.

12GMT' 301Southern Hemisphere cyclonic. activity between May and S.o
October produces fluctuations in Somali Jet flow. This L
directly affects the Somali Jet's intensity because frontal
passages tem porarily displace the M ascarene High's ------
position and alter its cross-equatorial outflow. -- "5

A low-level wind shift along the cold front increases
low-level flow through the Mozambique Channel..
Generally, the frontal boundary does not cross the ... . .
equator, but flow "surges" affect the Northern H-o.."
Hemisphere andi eastern Horn of Africa 1-3 days after the ....
front leaves the Mozambique Channel.

This "cause and effect" relationship is shown in
Figures 2-37a-k, in which satellite-derived wind vectors Figure 2-37b. 12 July 1978 Synoptic Chart

(kts) over the western equatorial Indian Ocean ouring a (1200)Z/1500 LST) for the Soutiheast African Coast
"surge" episode are compared with surface charts. This and the Large Island of Madagascar (from Cadet and

6-day sequence shows how southern hemisphere Deshois, 1981). The Mascarene High (1031 mnb) is
cyclonic activity and polar surges affect Somali Jet firmly established at 370 S, 560 F.
intensity and location over the eastern Horn of Africa.
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Figure 2-37c. 13 *July 1978 Synoptic Chart
(12(NPZ/1500 LST) for the Southeast African Coast Figure 2-37e. 14 July 1978 Satellite-Derived Wind
and Madagascar (from Cadet and Desbois, 1981). Vectors Over the IVquatorial Western Indian Ocean
The !ow-prcssure systemn moves northeastward toward (from Cadet and Desbois, 1981). Circulation north and
(hc Mozambique Channel, causing the Mascarene High west of Madagascar is dIisorganizeC(], while flow over tile
to shift eastward. The Mascarene High weakens to 1025 Indian Oce'tn near 2' S, 500 E is 20-30) knots. Thle
mb; its center is at 320 S, 580 E. Mascarene 1High's eastward shift aliters thle "normnal"

entry point for cross-equatorial flow into thle Horn of
Africa.

071/831L 07/15/78 30E
12 GMT son.. 12GMT

309 ' 306

I last

Figue 237d. 14 uly1978Synpti Chat Fgure2-3f. S Juy 178 ynopic ha0

Fo.igur qe C2anne. Theuy 97 M SyrnopHich weaken Frigure 23celi the lowlr rigt78 Syorntrc Thealt

further to 1023 rnb. High pressure behind the front (and the high to iis srnzdiwestj concentrate cros~s-
reinforces surface flow into the Channel, equatorial flow into thle Mo/.anibiquc Channel.
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Figure 2.37p. 15 July 1978 Satellite-Derived Wind Figure 2-37i. 16 July 1978 Satellite-I)erived Wind
Veclors (O.t, ýht Equatorial Western Indian Ocean Vectors Over the Equatorial Western indian Ocean
(from ('Cadet and l)eshois. 1981). Note the concentra- Irrom ('adet and I)eshois, 1981). Looking back to the
tion of 20-kno t wind vctlorq fromi 27-150 S. A cross- Ilow surge through the Mo,.ambique Channcl on the 151h
c-qualorial Ih1on surge into the eastern Horn ol AIrica is (Figure 2-37g), it's apparent that the surge has crossed
apparent, hiut it onginales in the Moiamhique Channel the equalor. lighler winds in Ihe Channel on the 161h
I rontal passage . and not % ilh Mascarene High outliow. rellect a soulheast ward m e•emen in the low-pressure

Notice the weak. dikorgani/cd flow eastl o i Madagascar. trough.

07/16/78 30* [ L 07/17/78 L

12 GMT 1 M

1 00.

.. . .'. : 4, ,".

'",,''",:I ,], , ,"•'' i• ','•........... old-",;. . ,. .. o _:"..... ,"

... o. :. ,,,, ,".. ...... : .. ..

Figure 2-37h. 16 July 1978 Synoptic (hart Figure 2-37/j. 17 luly 1978 Synoptk ('hart
(12(XIZ/1800 LS'rI rAw the Southeast African (Coast 1l211X/1504) IS'I fir lhe Southeast Arriu'tn Coast
and Madagascar ffrom Cadet and Desbixis. 1981). and Maldagast-ar tfrom Cadet and Deshois, 1981). A
The 114-mh low at 160 S, 490 E, moves sothehastward weak (1022 mh) Nawcarcnc high reestablish(-% its
,over the high pressure ridge to its right. pos)ilion southeast of Madagascar.
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30 40 5 0Squall Lines. Synoptic-scale squall lines occur only
20 ..-.....- along the Monsoon Trough over southern Ethiopiaan

J the Somalia Coast; they usually migrate westward at
20-30) knots. Mcsoscak1 SqIuall lines may occur anywhere

- in thc region, but (he Red Seci/iult o(' Aden corridor are
10 JpreferredI regions for development. Squall line clusters

(hat develop off' tlhc Somawlia Coast may also propagate
westward and move inland. These arc short-lived north

J 2'of' 6* N, however, because (fry air and subsidence alolt
~ ./' IovCr the Indian Oicean Plain dissipate heavy convection

j~ rapidlly. Thrce conditions arc necessary for squall line
~~ de velopment:

~~ N ~ Convctive' in,¶faIilitv aslong Mhe Mionsooyn
Trough/ tand Intierlr.,Iipual 1)icontinuitY (ill)).

-20 -Thec Monsoon~f TroDuIi gh 1 sve ) /to fthenrt/h (1.-

'j kN) ovecr Africa and /ktqwctn 10-150 N oiver t/he

Chzannel R* Indian Ocean during *'wptpnr.

-~~ *ConV('rge'ntCV CUe~rrinR, :/DroUAh a deep Iaier
/the ouid-tropo.¶pher('

Figure 2-37k. 117.july 1979 Satellite-Derived Wind
Vectors Over the E~quatorial Western Indian Ocean
(fromn Cadet and Desbois, 1981). The wind field Typically, the leadling edge of a squall hueiiso ik

reflects the reappearancc of southeasterlies to the north the lorni ol* a sharp~ly-del ired L-on c\ arc aligned noiiill Io
and eatst of Madagascar ;outjh. Trhis line cmtain l cumulu Of CUMiuclOnifilhi, Inl

various st~ages ol growth, a,; ;hown in F.igure 2 ;
Clouds build along toutllo%% boundaries t.reatedl h old

TROPICAL DISTUIRBANCE'S. Massive Monsoon L00v% 'C(.e% lileS ati %afouN le'cl~s, and upI%)iW-lc~k1
Trough convection organizes i .nto inltense tropical portions of the outllF . houiidarics4 lu& ginio a 11411111M.
dlisturbances over the southern Arabian Sea and wvestern precipitating anvil.
Indian Occan. On rare orcasions. thesc disturbances
pro'1a1gale wcstward into the eastern Gulf ol Aden and
Somalia.

100 KAI

4 4'~- STABLz
LAYER

pj. S~LN ANVIL HM0N

Figure 2-39. Schematic ( rfls-Section'rhrough Squall Line S ' slembrn (rm Ganiachr and Ifnu/c. 1982).
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Air temperature gradients arc not impo)rwnt for dirt and dust into the attnmosphere and (Idrp visibilities to
squall line development in the tfr)pics and subtropics. less than half a mile. Brief, intense rainlfall is common,
Instead, air mass convergence and local vorlicity maxima but extremely variable, in coverage.
dcrived by mid-trolxispheric winds trigger these violent
weather systems, which are fueled by Monsoon Trough Wowndralts average 21-30 knots over flat lerrain,
moisture, Squall lines are strictly summertime and 40 knots in the deep valleys of the Fllhiispian
phenomcna south of 16' N, There are winter squall lines Highlands. Strong winds of the outflow boundlaries
ussociatcd with intense mid-latilude frontal passages, but range Ironm 5-150 NNM north to south.
these are not tropical systems.

Tropical Cyclones. on very rare occasions, tropical
Tropical squall lines are different in at least two cyclones move into the eastern Gulf of Aden during

imlporant respeots: First, the anvil cloud extends behind, seasonal transitions. These cyclones propagate westward
(not in front of) the squall line. Second, new convective along the Monsoon Trough at 10-25 knots. Heavy rain
squall lines develop to the wes. of the downdraft zone and high ,inds occur over the open Indiarn (iOc'an, but
(outllow boundary). isolate(d showers and gusty winds (30-40 knots)

emnbedded in the cyclone's spiral cloud bands may llect
The thunderstorm cluster produced by tropical and Soclotra and the etremne northeastern sections ol• th

subtropical squall lines creates intense dOwnburst and region. Figures 2-3•a-c show tropical depression anid
outflow boundary winds beneath individual convectivec ' 'clon,: tracks over the western Indiao (k.can/Arahiasn
cells. ('old downdralLs (rapid em~x'rvaturn dcecreases) Sea.
produce strong gust fro•ts that can lilt large amounts of

TRACKS OF CYCLONIC STORMS

MONTH MAY
PERID0 1i1-g1960

DepresiOe - Sue,, i v.,. SSeem

Figure 2-.,ia. May Tropical Depression and ('yclne Track%. 11191.1W0 Ifrom Indian Met Dept. 1p64).
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TRACKS OF CYCLONIC STORMS ___

MONTH OCTOBER

20ERO PERIOD -3116 1960

Ders siorm S estorm e retp

0-I
5 1k 65 7,0 **-- 

4

Figure 2-39b-. No'ember Tropical Depression and Cyclmne Trucks, 1891-1960 (rrom Indian Miet Dept, 1964).
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"THIERMAL LOWS. Large-scale thermal (heat) low formation areas allecting the Horn of Africa are shown in
rFigure 2.40, Four wcll-dclined thermal low circulations directly or indirectly affect Horn of A'ri:-,, surlatcc flow
during diflerent parts of the year: they are the Stiharan Heat Low, the Sdanm,.se Heat Low, and the Saudi Arabian
hCat low. All are (liscussed in this section,

4•

Figure 2-40. Large-Scale Thermal Trough Position (shaded area, .July.

The Saharan Heat Low. Between late March and March and April, this low sends hot, (lust-ladcen air
mi(l-OLtober, the Saharan Low develops over the Sahara masses into the northern Horn o' Al'rica. By July, it has

desert near 250 N, 30 E. Dry low-level casterlics a mean surface pressure of' l(X)4 mh and anchors the
(varying between 040 and 170 at 9-15 knots) dominate western cdge of the massive thermal trough that is

the west and central Sahara Desert. The low anchors the present (luring the Southwest Monsoon. Figure 2-41
surface Monsoon Trough over the African interior and shows a wcll-dcvcloped Saharan Heat Low (luring July.
draws equatorial moisture into western Ethiopia. In
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Figure 2-42b. Mean April Surface Position (of the Sudanese Low.

200

Figure 2-42c. Mean July Surface Position or the Sudanese Low.

20 10 12

Figure 2-42d. Mean October Surface Position of the Sudaarese Low.
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The Saudi Arabian Heat Low extends to 65(0 mh from Khali Desert, Since theC fealtre does not appear on ineaii
April to late Oc-tobcr. Its mean July position and strength surface charts f'6r July, gradient-level streagiiline flow
Is regulated by intense surface heating over the Rub al over the Horn of' Africa is providedl in Figure 2-43.

Araban Lw. Dshedline areIsotchs kls)

lyer iur aloft. Weak low-laiet-evel conergnc aSohatdwihwuing the n oigtsbioenc is preen S atulldics

the Sandi Arabian Heat Low circulation is capped by a Except for very weak convergence near 75(0 ml),
region of subsidence between 85(0 and 7WX mb; divergent flow dominates froin the surface to 55(0 nib.
convergence dominates above 700 nib. This Descending flow produces northeasterly surface flow at
phenomenon (unlike warm surface lows with high 5-15 knot% along the northern and eastern Yemen
pressure aloft) is unique to the Saudi Arabian Low Highlands.
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MESOSCALE AND LOCAL FEATURES

MOUNTAIN-VALLEY WINDS are common in the and the localized, microscale "slope" (upslopc/
Yemnen Highlands and Ethiopian Highlands subregions. downslope) wind. The key diffcrcnces lie in their
Orographic uplift may accentuate mountain-valley temporal and spatial scales.
convergence above 6,(XX)-7,0(X0-feet (1,830.2,134
meters), producing short-lived convective cells with Mesoscale Mountain-Valley Winds average 0. 12
isolated rainshowers. Isolated mesoscale convection knots. Daytime valley winds (Figure 2-44a) arc
caused by orographic uplift and mountain-valley strongest, averaging 10-15 knots between 2(X) and 4(X)
convergence is common in the Yemen Highlands and meters (660 and 1,310 feet) AOL. Nighttime mountain
Ethiopian Highlands' coastal ranges, where sea breeze winds (Figure 2-44b) average only 3-7 knots at the same
moisture is available. In the western Ethiopian level. Deep valleys develop more nocturnal cloud cover
Highlands west of 390 E, 'he surface Monsoon Trough than shallow valleys because nocturnal air flow
over the African interior combines low-level moisture convergence is stronger. Mesoscale mountain-valley
with complex diurnal mountain-valley circulations to circulation has a maximum vertical nxtent ol 6,50(0 feet
result in massive orographic uplift and heavy convection (2,(XX) meters) AOL, depending on valley depth and
every day between June and August. width, the strength of prevailing winds in the

mid-troposphere, and the breadth of microscale slope
Two types of terrain-induced winds affect the Horn winds.

of Africa; these are the mesoscale mountain-valley wind

40

Figure 2-44a. Typical Daytime Valley Circulation (After Flohn, 1969).
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Figure 2-44b. Typical Nighttime Mountain Circulation (After Flohn, 1969).

Microscale Slope Winds develop along the surface microscale upsiopc wind, which is not ftilly-(ICveIopCe
boundary laycr (0-500 feet/0- 152 meters) of' mountains until the entire valley surface is heated enough to stop the
andl large hills. Mcan daytime upslope wind speeds are mesoscale downslopc mountain wind~.
6-8 knots; mean nighttime upslope speeds are 4-6 knots.
Thcse speeds arc found at elevations no higher than 130)
feet (40 meters) ACL. Downslope mountain winds are
strongest between November and March, while upslope
vafley winds are strongest between April and October.
Upslopc winds are trneton slopes with southerly
expo~sures. Figures 2-45a-h (from Geiger, 1961) show
the life cycle of a typical mountain-valley wind
circulation. The light arrows represent microscalh
circulation; the dark arrows, mesoscale circulation.

Figure 2-45b. LATE MORNING. Widespreaid surlace
__________________________________heating centinues to generate microscale upslope flow,

and cut-s off any downslopc support to the mesoscale
Mountain circulaton downslopc mountain circulation
stops.

Figure 2-4.5a. SUNRISE. Sunshine almost
immediately starts upslope wind development, but the
downslope mountain wind persists because mesoscale
flow overr ide-s microscale flow. Generally, the transition
between Figures 2-45a and b is 0700- 1000X LST, but local Figure 2-45c. MIDDAY. Sunshine covers the entire
terrain determines how soon sunlight can start tho- valley floor, and upslope flo'w leecds valley circulation.
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Figure 2-45d. LATE AFTERNOON. East-facing Figure 2-45h. PRE-DAWN. Winds are calm just
slopes begin to cool; upslope flow weakens. before surface heating begins at the microscale; the

mesoscale downsheoc mountain circulation retains its
m~ome~ntum. M icroso le (k)wnslopC windIs Cfnd just after

___________________________________sunrise; upsiope winds 1-gin again at first light.

Mountain inversions develop when cold air builds
up along wide valley floors where nocturnal downslopel
wind convergence is weak. The cold air descends from

the slopes above the valley at 8-12 knots, but loscs
momentum when it spreads out over the vJllcy floor. A
macroscale example of this situation occurs in the central

Figure 2-45e. SUNSET. Although microscale and southern Great Rift Valley, where steep terrain
downslope wind components dominate the surface brackets a level, gently-sloping valley 10-15 NM wide.
boundary layer, mesoscale upslope valley flow retains By the time nocturnal downslope flow down both slopes
weak momentum, can converge, wind speeds average only 2-4 knots. The

cold air replaces warm, moist valley air at the surface and
produces a thin smoke and fog layer near the base of the
inversion. First light here initiates upslope wind
components by warming the cold air trapped on the
valley floor. By late morning, more than 70 percent of
the valley surface is exposed to sunlight. Warming of
the entire boundary layer commences near the 5(0)-foot
(152-meter) level AGL.

MOUNTAIN WAVES. Mountain wave turbulence is
Figure 2-45f. LATE EVENING. Downslopc winds usually moderate to severe. Rotor clouds produce the
dominate, strongest turbulence due to sudden directional shears, but

they arc rarely seen over the Horn of Africa. Between
December and March, the Taurus and Himalaya
Mountains in Turkey and northern India block
large-%.alc southward movement of cold air Irom Asia
into the Arabian Sea and western Indian Ocean, but
occasional mid-and upper-level troughs in the weslcrlies'
may prtoluce potentially dangerous mountain waves over
the Ethiopian and Yemen Highlands. Deep troughs
reaching these subregions may form leeside gravity
waves. Criteria for mnountamin wave formation includes

Figure 2-451t. MIDNIGHT. Downslope winds feed the sustained speeds between 15-25 knots with flow within
mountain circulation. 30 degrees of perpendicular to the ridge. Waves (levelop

when air at 'owcr levels is forced up over the windward
side of a ridge, as shown in Figure 2-46.
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IWINDWARD RI ELEEWARD

Figure 2-46. Initial Flow Pattern Over Topographic Barrier; Wind Speed Less Than 15 Knots (from Barry,
1981).

Wavelength amplitude is dependent on wind speed displacement is 10 times the ridge height. Downstream,
and lapse rate above the ridge. Light winds follow the the wave propagates for an average distance of 50 times
contour of the ridge with little displacement above and the ridge height. Figure 2-47 illustrates the lecsidc
rapid dampening beyond. Stronger winds displace air gravity wave formation.
above the stable inversion layer; average upward

-AI

FRID1G~tE
WlNPH/D•I LEEWARD

Figure 2-47. Vertical Cross-Sectwn of Mountain Lee Wave (Gravity Wave) Formation (from Barry, 1981).

DUSTSTORMS. Given the right conditions, dusistomis with an Atlas or Cyprus Low) or with synoptic-scalc
dominate terrain below 4,(XX) feet (1,220 meters) MSL. squall lines, N•lcsoscalc squall lines may reduce visibility
They occur primarily in the Great Rift Valley, along the to less than 1/2 mile for a few minules to an hour along
Red Sea/Gulf of Aden coastline, and in interior sections sandy coastlines.
ol Somalia and eastern Ethiopia. Duststornis ca'ry
suspended particles over large distances, often reducing Dust devils are, in ellect. miniature I•onados sket Oft
visibility to less than 3-0 feet (10 meters). Season of by intense summer heating. Diameters range Irouml
occurrence, wind direction, and amount of particulate 10-3(X) feet 0.-91 meters). Dust devils may last 1-5
matter vary by locality. Large-scale duststorms often minutes. They occur most frequently along the santly
persist for I or 2 days before a frontal passage (such as coastal ,ones of Somalia, Yemen (Aden) and Djibouti.

2-73



Surface temperature inversions tend to dampen Local Surface Conditions--Soil type and condition
nurbulent mixing in the lowest layers and reduce the control the amount of particulate matter that can Ie'

effects of sand/dust storms from day to (lay. These kaised into the atmosphere. Dry sand or silt, for
inversions are the diurnal control observed with most cý,amplc, is easily lifted by a 10-to 15-knot wind.
duststorm activity. Typically, inversions break down From December to February, thin haze is a persistent
several hours after sunrise, allowing turbulent mixing in feature north of 60 N and cast of 430 E because of
thc lower layers; however, large-scale synoptic sustained 15-knot northeasterly flow along the Aden
disturbances may override the nocturnal duststorm Coastal Fringes and Indian Ocean Plain. Although
minima, larger particles quickly settle to the surface after a

duststorm, finer sediments remain suspended in the
The origin and nature of duststorms depend on atmospheie for days. Fine (lust, sand, salt, or silt

general synoptic conditions, local surface conditions, and may travel hundreds of miles fromn its source.
diurnal/seasonal considerations, as shown below: Distant, large-scale sources of material provide most

stonn debris over western Ethiopia/Yemen (San'a)
Synoptic Conditions-- and the Red Sea.

Active cold fronts. Between November and April, Seasonal Considerations--
duststorms may develop with frontal passages in the
western and northern fringes of the Horn of' Africa. November to March. Thin dust or haze are the most
Gusts of 15-20 knots are enough to lift (lust and frequently observed obstructions to vision. Several
sand, but a pressure gradient of 6 to 8 mb/l(X) NM weeks of fEir and dry weather allows surface heating
produces widespread airborne dust/sand over a 10() and sea breeze to put an accumulation of finc silt
sq NM area. Stronger fronts may carry Sahara into the air. Duststorms associated with frontal
Desert (lust/sand across the Red Sea into the western boundaries are uncommon but severe; visibility can
Yemen Highlands subregion. (See Chapter be 1-3 miles over large areas. Every other year
4--Southwest Monsoon Visibilities). between November and March, 20-knot winds

lasting for 3-9 hours occur in northwest Ethiopia.
Convective activity. Convection produces local cumulus Similar conditions occur with abnormally strong

downdrafLts up io 30 knots, while squall lines (15- to 25-knol) Northeast Monsoon flow in the
organize over a larger area, producing cloud bands eastern and southern Gulf of Aden.
up to 100 NM long and 10-20 NM wide, with
easterly winds. Wind speeds in !ndian Ocean squall April to October. Late-April frontal boundaries, thernal
lines are much greater; these systems suspend convection, and mesoscale squall lines produce most
particulates in the atmosphere for longer periods of duststorms and low visibilities. The Somali Jet
time and reduce visibilities to 4-7 miles over a larger Stream is another sourec.
area. Organized convection may transpoil dust/sand
I(X)-2(X? NM inland from the Somali coastline. Diurnal Considerations--

The Somali Jet. Between late April and early October, Daytime. Hot and dry surface conditions in June, July.
the Somali Jet may produce strong southerly flow and August across northern Somalia, Djibouti, and
(15-25 knots) over the western Indian Ocean Plain the northern Great Rift Valley of Ethiopia produce
(Somalia and eastern Ethiopia). When it does, considerable dust and haze. Persistent dryness raises
visibility is 2-6 miles during the day in this isolated, dust to l0,(XX) Icet (3,050 meters) MSL.
sparsely-populated area. The air and the surface are
abnormally dry, and a thin haze with 4-to 7-mile Nighttime. Cooler surface temperatures result in
visibilities may persist for up to a week. stability; turbulent mixing is minimized, along with

the threat of duststorms.
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LAND/SEA BREEZE. Differential surface heating "Frontal" land/sea breezes are the product of the
along coasts generates this diurnal phenomenon. The "front" between the land an(i s•a air masses. The
marine boundary layer rarely extends above 2,0(X) feet transition for wind reversal is delayed by I-4 hours
(610 meters) AOL or 15 NM inland without synoptic because gradient flow prcvents the sea breeze boundary
assistance, Two types of land/sea breezes arc found in layer or "front" from moving ashore. Figures 2-490-f
the Heor of Africa: "common," and "frontal." show a typical "frontal" land/sea breeze sequence. Solid

blocks denote the land surface, while dashed lines
"Commnon" land/sea breezes affect Gulf of Aden represent water. Vertical lines show the sea breezc

and Somali coastlines. The southern Aden Coastal boundary layer and arrows represent wind circulation.
Fringe is an exception because of the Somali Jet that
produces persistent southerly winds that overrides the
"common" sea breeze. All coastal areas arc affected by
the land/sea breeze during the Northeast Monsoon, but • - ., IIItTI II j

wind directions along the immediate coastline can vary .
from northeasterly by 45 degrees or more. Figure 2-48
illustrates the "common" land/sea breeze circulation
under calm synoptic conditions, with uniform coastline
configurations, and no topographic influences. Onshore Figure 2-49a. Gradient Flow With Offshore Wind
(A) and offshore (B) flow intensifies in proportion to Component Slopes Gently Over Dense, Cooler
daily heat exchange between land and water. Common Marine Boundary Layer. Shearing action along the
land/sea breezes always reverse at dawn and dusk. "front," or land/sea air mass interface, compacts the

layer. Gradient flow strength determines the magnitude
of compacting.

A Day

H I
HIGH LOW -- ,S... . .. i •-- -•- ' ,--.-, -"

Sea, Breeze Figure 2-49b. Increased ('ompacting Tightens
Pressure Gradient Along Land/Sea Interfuce. i1 the

gradient is weak, land surfaces heat rapidly. As a result,
B Night the surface pressure gradient and winds resemble those in

Figure 2-49a.

_, - . _ - - .

Figure 2.48. The "Common" Daytime Sea Breeze (A) Figure 2-49c. Maximum (C.mpacting otf lhe Marine
and Nighttime Land Breeze (B). Thick arrows Boundary Layer. At this instant. the surlacc %kindk
represent pressure gradient and direction of flow. inside the marine boundary layer ;how onshorc dire' lion.

The marine layer surface flow may take several Ihor, to
reach the coast. Momentum accelerates wind sweed %% ith
time.
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Topography1) peIrpendlctiltir to shoreline,% mohil i',s thle
land/seat bree,. in sev' ral I ways. 0i ogra;'hic upli ft
induces sea breeze -strati farih/c tim ti) l ormn %lotidl ness anld
deflects hurla e wvindls. The inesoscale nucaitain

ý0 0 -2'rZZ-4eex _x-a- r-ee- .- Vcirculation accelerates the land hrce,.e (ivcr open water.
Elevated coastal topography produces steel) nov urnal
temperature gradients. Strong ol'Ikhowr ,Ladient How

Figure 2.49d, Frontal Sea Breeze Accelerates produces frontal land/sea breezes like those illustrated
Towards Shore. Initial "fronwi" sea breezes may above; the Ethiopian and Yemen Highlands aire
sustain 20-knot winds for 15-45 minutcs. examples. Scicotra Island is another example. but on a

.smaller scale,

Coastal confi'gura t ion aliso has an ef'1ecv of n i nd/sea
hreeze--the most obviouis with the onfshore sea hre'e,.e
Coastlines parallel to seat hreemes imlpedfc the progress of

- -- - -- ____onshor"ý flow to proltitce localized uj)wellitflg and
low-IevoJ divergence.

Figure 2-49e. Sea Breeze "Front" Reaches The Coastlines p~erpentdiculair to offshore flow p~rotmo(te
Coest. Note the incerased depth of onshore flow in tho, maximum seam breeze penetration and low-level
marine tx~undlary layer. Compare with Figure 2-49)c. vonvvrgence. However, hot and dIry land surfaces

modify moist (onshore flow within 20 NM of' the coast.
Without orographic lift, camutiis rarely develop.% beyond
immediute coastlines.

~~LI[H~liJIL W~lIl~llllWSynoptic -scale e flee ts (in land/sea breezes aire best
- ~ ~ - -_e xcmpliiied neatr Cap~e O.uardalui, as shown in Figures

2-50,i-c. This unique location combines topography arld
complex coastal configuration with low-level synioptic

Figure 2-49t. Land/Sea Breeze Mechanism in Full flow--the Somali let.
Swing. Offshore flow aloft, onshore flow at surface,

Ros Asir

Tob

-~ It m

Figure 2-50a. Local Topography at Cape (;uardarui (Ras Asir) (from Findlater, 1971).
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Figure 2-50k. Mean .july Surrace Streamline FloAi Worn Findlater, 1971).
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'4V.B.I IF ;)1~''NtE~'J~~(4~(" A comnpleteý dcsi itiim Of (IT' 'N96T~ 110M stres'i
hIEAl' STRESS IND)EX. The WBGch.T ,at strv:'i indcx indox anl thev appatatis uisod to derive it ist givenl ill
provides values that can be used to ciiuawcu Ole I~ecliects Appendix A of T11 NIP! 507, Preventlion~, Iftiamnu t
of heat stress on individuels, 11'3O'!' is c'.:c1pute-d b1V lid Conlro1 a! flowt Injury, July 1990, pullkhe1d tIy 01iC
using the formnula: Army, Navy wid Aii Force. I'he physical activity

guilelines sho%% n hit Figure 2-.S I are bused on those tosed
WVBCIT =0.7 W Ft + 0.2 DO + 0. 1 D13, by the thrze servicet. Note that the. wiar ol Nxly nrmnor

or NBC gear ,idcls 0;17 to the wB(;T, anti activities
where: W13= wet bulb temperature shoujld iv %ijistoed accordingly.

BrJ Vernon black globe temperature
D13 diy builb temperature

WATER WORK/REST
WBGT -F) REQUIREMENT INTERVAL ACTIVITY R~ESTRICTIONS

90-p2 quarts/hour 20/40 Suspenu all strenutous exercise.

89-901 1 .5-2 quzirts/hour 3(/30 No heaivy exercise for troops with less than 121 wcek\, hot wcathei training.

1-1.5 quarts/hour 45/15 No ieavy exercise for unacclimated troops,
no classes in sun, continue moderate traiving
3rd week.

82-85 .5-1 quart/hour 50110 Use discretion in planning heavy exercise for
unacclimated personnel.

75-82 .5 quart/hour 50/10 Caution: Extrermely intense eAertion may cause

Figure 2-51. WBUT flei't Stress Index Activity Guidelines.

Figures 2-521a-d, onl the following pages, giv:z average mapped in this atlas: the average2 mvx~mum dry-bulb
maximum WBG;Ts for January, April, Jfuly, and Octobcr. temperature, the iiverage maximrum w.et-bulh
They were tracetm fromn the [all-cýolor WBGT charts given temperature., tho average mayhrinum. black globe
in Glbhal C2limatology for the Wet Bulb Globe temnperature and the average maximimi WEBcT. These
Tempercvure (14B8M) (feat Strcss Index, publishm! by parameters were chosen becau.ic they reflect the rtvcoi-a-
the U.S. Army Rc:;carch Institute of' Environmental of the greatest heat stress th it woudM be encounlteredl by a
Medicine, Natick MA 01760-5(X07. Quoting from that combat soldIier during the day. and are2 most
document: "This climatological atlas was compiled representativi: of the 13M% to 160%) local iiine frame. A
using a variety of sources because the WBGT index is loclil, diurna,. temperature curve should be taken into
unique wnd no single data base or publication contained consideration when attemptfing io gauge heat stress for
this type. of informiation. Units used in this atlas are other tinc~s oF the: day, ot for a 24 hour period."
degrees fahirenheit. Four parameters, (sic I have been
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AVERAGE MAXIMUM
WET-BULB GLOBE

TEMPERATURE INDEX (OF)

JANUARY

Figure 2-52a. Average Maximum WBGT'--.January. The Ethiopian H-ighlands Sec Janluary WBG;Ts bet~ween 7O•
F (21 °C) and 75°F (24°C) because of lower dry-bulb temperatures ahove 5,0(X)) feel ( 1,524 meters) MS[.. Along thi'
Somalia coastline, WBGTs reach 85"•F (290•C) as ocean moisture iaises wet-huul) temperatures.
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Africa are caused by northwa•rd movements in the ,surface Monsoon Trough and Somali Jet core.
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705

65' 70

90 85

AVERAGE MAXIMUM
WET-BULB GLOBE

TEMPERATURE INDEX (0 F)

JULY

Figure 2-52c. Average Maximum wBGT-r..,uly, In July, thcre are large WBGT variations across the Horn ol
A.,-ica. The higher WBGTs (above 80°F/270 C) arc found in those areas with scant rainfall, scaring heat, diod high
humidiities. Elevations above 7,000 feet (2,134 meters) MSL are humid, but heavy rainfall, extensive cloud 'over,
and low temperatures cause average maximum WBGTs to remain below 80 0F (27 0 C). Average maximum WB(;Ts
over thc entire Yemen Highlands and Aden CoaslaI Fringc arc consistently abo'e)' 90°F (32 0 (") in July.

2-81



70 65...',,. -• 60 "

70, 755 C,

100

850
T5

TO5

~ AVERAGE MAXIMUM
WET-BULB GLOBE

TEMPERATURE INDEX (o F)

1 OCTOBER

Figure 2-S2d. Averalge Maximum WvR(;T.--Octilber. There is littlic' change. in averagc mnaximum WBGT froin
July. The only difference is a smaller area or 90°F (32°C) in the Gull o1 Aden.
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Chapter 3

INDIAN OCEAN PLAIN

The "Indian Oc•an Plain" encompasses most of Soremlia (SI) pn a lirts of easterrl Ethiopiai (FT'). Aft•r
describing this area's situation and relief, this .:hapter discusses "iypical weather conditions" by scason. Local
names for the seasons here ("Hagai," "Der," Gi,' and "Gu"), are as shown.

Situatior, and Relief ......................................................................................................................................... 2 3-2

The Southwest M onsoon ("Hagai")--July-Septem ber ......................................................................... .7
G e n e ra i W ea ther ........................................................................................................................................... 3 -7
S k y C o v er ........................ ........................... ...................... ............................................... .................... .. 3 -7
V is ib ility ................................................................................ ...................................................................... 3 -8
W in d s .................................................................................................................. ......................................... 3 -9
P re c ip ita tio n ............................................ ................................................................................................... 3 .II
T e m p e ra tu re .... ........................................................................................................................................... 3 -.13

vouthwest to Northeast Monsoon Transition ("Der")--October-November ..................... 4... .;4

General W eather ......................................................................................................................................... 3-14
S k y C o v er ... ................................................................................................................................................ 3 -15
V is ib ility ..................................................................................................................................................... 3 - 1 7
W in d s ................................. ............................................................................. ........................................... .•. I8
P re c ip ita tio n ................ ............................................................... ................................................................ 3 -1I )

Temperature ............................................................................................................................................ 3. -20

Northeast M onsoon ("G ilal")--Decemnber-M arch ................................................................................... 3- 21
General W eather ......................................................................................................................................... .3-21I

S k y C o v e r ................................................................................................................................................... 3 -2 1
V is ib ility ............................................................................................................................... ....... ............... .3 -2 2
W in d s .............................................................................................. ........................... ................................ 1 -2 3

P re c ip ita tio n .......... ............................................................................................................ ........................ 3 -2 4
Te'mperature .............................................................................................................................................. 3-24

Northeast to Southwest M onsoon Transition ("( u")--April-.June .......................................................... 3-26
General W eather ......................................................................................................................................... 3-26
S k y C o v e r ............................... ................................................................................................................... 3 -2 6
Visibility ................................................................................................................................................. 3 -28
W in d s ......................... ................................................................................................................................ 3 -2 9
P rec ip ita tio n ......... ....................................................................................................................................... 3 -30

T e m pe ra ture ............................................. .................................................................................................. 3 -3 2
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Figure 3-1. The Indian Orean Plain. The Indian (hean Plain incluides most ol'Somalia and part ol souitheastern
Ethiopia. It slopes gently upward from the Indian Ocean to the foothills of the Eastern Elhiopian Highlands. Its
eastern b)undary is the Indian Ocean from just south of Cape Guardafui to the Kenya border. The southern bordcr is
the Kenya-Somalia political boundary. The western and northern ioundaries arc SSW to NE from the
Keiya-Ethiopia-Somali a border at 40° E along the 3,280-foot (1,000-meter) contour to about I 10 N, 500 E before
exending due eais along I 10 N to the Indian Oc':an 30 NM south of Cape Guariafui. The northwest corner of the
region includes the Juba and Shebele River Valleys of Ethiopia. Inset tables provide climatological summaries for
Chisimaio and Mogadishu; periods of record were varied.
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INDIAN OCEAN PLAIN SITUATION AND RELIEF

ZONES OF REIEF. The Indian Ocean Plain is described below, ire the "coastal duties and lowlands"
separated into tlhree distinct zones of relief, each of (Figure 3-2a), the "dissected hills" (Figure 3-2h), and the
which will he discussed in (urn. These zones, shown and "elevated western plateau" (Figure 3-2c).

50 100 290 10
N441ca 4b 2 5

1T0O Z N" .. Valley•

dge lndiaele Otdeo2

KENYA € 's

2 ! Moga.dishu

50 lee 290 390
haut!'cal Miles

Figure 3-2a. The Coastal Dunes and Lowlands. This low coastal zone lies below 656 feet/2(X) neeters along the
Indian Ocean Plain's eastern fringes. Portions extend inland ior 160 NM. The coastline from 30 NM south ol Caipe
Guardafui to the Kenya border spans 1,2(X) NM. This coastal lowland zone is orienlted NNE to SSW over 13
degrees of latitude from I 10 N to 20 S.

The northernmost sections (8-110 N) of this zone are The central section of the lowlands, known as the
extremely narrow; flat coastal dunes and lowland plains Mudugh Plain, extends inland 160) NM from the coast.
range from 2 to 10 NM in width. The Indian Ocean on This area (4-80 N) contains extensive dune formations
the east and the steep bluffs of the Ogo Plateau on the oriented NNE to SSW along, the lndiat, Ocean shoreline.
west arc the boundaries. The Giahel Valley, just north of The dunes' heights teach (6)0 lect ( 195 micters): they are
the Nogaal Valley, runs west to easl toward the coast and 1-3 NM in width and may stretch continuutusly for 20-3(0
extends 20 NM inland to the plateau. The Nogaal Valley NM. The interior Mudugh Plain contains ancient sand
(Nogaal is Somalian for "fertile land") runs WNW to dunes, low hills, and a poor intcrmilttent drainag,-
ESE to the coast for 120 NM. It is well-watered, but network. Shallow streamn beds average several miles in
contains no permanent streams. length and only 33 feet (10 meters) in width.
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INDIAN OCEAN PLAIN SITUATION AND RELIEF

The southern sections of the lowlands (from 40 N to southern lowlands average 70 NM in width and 70() NM
the Kenya border) arc traversed by two large rivers, the in length. The Abgal, 40 NM north of Mogadishu,
Shebele and the Juba. Their river valleys extend 250 NM Somalia contains extensive coastal sand (dunes that
inland and contain natural levees. Between these river merge into the Mudugzh Plain.
valleys lies the Benadir, -in extensive marshland. The

46 E 4 4 1 514 AGulf,;, of Aden ,

ETHIOPIA " ....

8

0MALIA ID A

"im, bba OCEAN
Gestro
Valley

2

KENYA i

-0I0 50 100 200 300

Nautical Miles

Figure 3-2b. The Dissected Hills. This zone comprises 15-20 percent of the Indian Ocean Plains. The hills lie
exclusively withir the 656-to 1,620-foot (2(X)-5(X) meter) range and mark the transition zone between the western
plateau and eastern lowlands. This zone is extremely narrow and rugged in the north, gradually widening near the
Ethiopia-Somalia-Kenya border.. Here, the gently rolling hills are eroded by seasonal rains that create wide gullies
and narrow (33 fcet/1) meters) canyons. Several long valley systems run northwest to southeast through the
dissected hills. The Juba and Shebelc river valleys parallel each cthcr and extend 2W0 NM into Ethiopia.
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INDIAN OCEAN PLAIN SITUATION AND RELIEF
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INDIAN OCEAN PLAIN SITUATION AND RELIEF

VE(; I'A'IA)N. 'llhe plat.aus (it the Indian (o)v'm River valleys contain icatt.red open w••dlnd along ( the
Plain are r,,,marilv covered Iby oplen hush. with .icauered river ed4ges. T'h' coasial lowln(lan north olfo N co.(tainl
&t kluous trees. Savannah grasslandl arm concentr4ald honrt grasses with isolateld trees and brush. Southwtard
,stith of 6" N. where nle.qu ratrainfall supp<orts, them. towards lthe Kenya biordler, the hindl is grass-covered, with
M1, dissected hills contain small shrub•s and grass mangroves concentrtated south of the Equattor.

clumps. Imnermittent stmarm beds and khc .1uha-Shetle.l
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j INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hagal") July-September

G(ENERAL WEATHER. The low-level Somali Jet Mid-afternoon cloud cover is controlled hy surfilce
(%ce Chapter 2) has the greatest single influence on heating. Occasionally, morning stratus develops into
Southwest Monsoon weather. The jet's daily position stratocumulus with 2-6/8ths sky cover along tile Soimali
detebrmines prevailing surface winds, cloud cover, and Jet. Cloud cover (lecreases rapidly along the jet axis
rainfall across thc region. Instability showers near the jet north of Guleajo, Somalia, whtre very dry air aloft
axis are common south of 60 N, hut moisture in thc inhibits development. Midday sea breez.e cumutlus and
fast-moving flow is squeezed out before the jet leaves the pat-hy stratocumulus develop along the immediate
Indian Ocean Plain near 1 10 N. Except for local land/sea coastline north of Mogadishu, to thle south, tfic coastline
breezes, southwesterly surface flow dominates, is often clear. Shallow cumulus iiaods are riligned north

to south farther inland wherec the Sonia!; j.-t enters the
SKY COVER. Moist southerly low-level flow southern Indian O~cean Plain. These cloud hands result
eonvergenec near the Somali Jet (determines mean from sea breeze moisture convergence with Somali Jet
s...asonal an~d diurnal cloud cover distribution. 'Thi thi-i, flow oyc'r land. Cumulus mixed with stratuis and
jet position rcgttlaes cruss-equatorial moisture across thc stratocumulus covers 4 to 6/9ths before I kX)O.. i (9) LS'*I'
entire region. Diurnal cloud cover distribution is By late afternoon, coverage averages I to 3/8ths.
determined by the jet's core speeds. A distinct nocturnal
wind speed maximum produes. patchy stratus and Figure 3-3 shows large variations in north-south
stratocumulus south of' 60 N. These clouds often parallel cloudiness, Mear cloudiness is better than 55'4 in the
the SSW-NNE Sonali Jet axis and seldom extendl to south, but less than 4.51/ in the north, Midday cloud
more thain 20-30 NMV on either side of the maximum cover (I l(X)- I 5WK LST) dominates in the north. hut there
wind speedl core. Nocturnal cloud distribution decreases is extensive cloud cover monund thle e~m). in thle
north of 60 N because of decreasing low-level moisture. south. -up to 71%, at Chisimai)- -due it) persistent

low-level instability in the Somali Jet.

AI ~ ~ G ofZ Ad* &S

44

Figur 3-% MeanSuhetMnon Cloudiness Freqe rces 5ninOenrli.Ioiesac n

interval. Data ws derivd by calulating the rOnPIman o ainlItliec umr ~Sm
cludnes erenagsfo secfi ste btee Jlyan Sptmbr
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INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hagal") July-Septernmher

Predominant Southwest Monsoon cloud types trc interior from the west or cast. Both are the restull of
stratus and strutocumulus. Bases average I,(X0.30,(X() thunderstorm "blow-off" from heavy convc:tion over the
feet (305-915 meters) AOL: Lops are 3,(XX)-5,(XX) fect Indian Ocean and the eastern Ethiopian Highlands,
(915-1,220 meters) MSL. Diurnal convection produces respectively.
isolated cumulus with 3,(XX)-fo<)t (915-meter) bases and
5,(XX)t.Io 6,(XX)-f•ot (1,524-to I,.830-meter) tops near the Percent frequency distrihutions of ceilings below
Somali Jet. Towering cumulus rarely develops over 3,(XX) feet (915 meters) in Figure 3-4 show a (listinct
land. Dry air aloft and subsidence may inhibit vertical daytime low ceiling maximum north of Belet Uen, and a,
ctumulus growth. Lox -level shear along thcjet may also slight diurnal increase at Chisimaio. At Mogadishu, low
prevent substantial cumulus development. Most high ceiling frequencies are greater at night.
clloudiness approaches the coast from the east, and the
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Figure 3-4. Southwest Monsoon Frequencies of Ceilings Below 3,000 Feet (915
meters), Indian Ocean Plain.

VISIBILITY. High frequencies of low visibility (Figure lxcalized sea fog, mist, or haze account Ibr most
3-5) are associated with duststorms or heavy rainshowcrs visibilities below 3 miles. Strong tupwelling prodhuces a
over the interior. On the coast from Mogadishu to Ras seasonal temperature contrast bctwe'n the sea
Halun, shallow nocturnal marine inversions and thick (74-80°F/24-260C) and the land (78-83°F/26-270C).

3-8



INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hegel") July-September

Dense early morning sea fog forms off the coast as a frequently lower visibility to less than 2 4/2 miles north
result of the nocturnal land breeze, then moves inland of 60 N due to the much (trier suriaci condition!; there.
with the sea breeze. These fogs can be thick along the
entire coastal region, extending, in rare cases, as far More than half the low visibilities at Bel(ct I.en arc
inland as 200 NM. dust/sand related but imioderite to heavy rain/rainshowers

are also common south of 60 N. Fog and occ.asional
Blowing dust/sand is common with surface winds haze arc reported in only 5% ol all observations beyond

greater than 15 knots. The highest occurrence of 30 NM inlandl. Low visibility in rain or rainshowcrs is
dust-related low visibilities is in July and August when uncommon north of 60 N.
the Somali Jet is strongest. Localized duststonns

"I"1 . __ Gulf of Aden

,'. 1 71 51

KETHIOPIA

6111 03169115121
bj 6 j 3 1 Ol 0

//

Belot tioo

03109515121

•---,,45 .J, 1150
• /

0 SOMALIA

r
Indian Ocean

KENYA togedishu

Ismj LocalIlima 03109115121[1/ VIS >3 NM
03109115121 %I>N
01 0 . Missing dale

Figure 3-5. Southwest Monsoon Frequencies of Visibilities Below 3 Miles, Indian Ocean Plain.

WINDS. Mean surface wind speed and direction rellect southwesterly at Gardo (9" 3 1' N, 490 05' E). There is a
the Somali Jet's dominance. Figure 3-6 shows mean noticcab!c speed inaximunim in August. The strong, dry,
surface wind speeds and prevailing directions shown in and hot southwcsterlies at (Galcaio (60 51' N, 470 16' E)
at least 85% of all surface observations for the entire and Gardo also support moisture depletion at low levels
Southwest Monsoon season. Prevailing winds veer from and result in higher duststorm Irequencies.
southerly at Chisimaio (00 22' S, 420 26' F) to west and
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INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("H•a1") July-Soplembor

JUL, AUU G "IEP

SSE-ISSW (l:,sirnaio, .90 10.5C. 9.60

WSW-S Isa ERoidoo 10.00 1o.70 1:.10

W SW -S L'I.'oio 24.70 2G .21--0

W-SW Gr•rod 20. 8,0 22. 10 -1 .

Figure 3.6. Mean July-September Wihd Speed (kts) and Prevailing Direction,

Indian Ocean Plain.

Jet core wind speeds average 25-35 knots, but Mnay The inadclumtc uprcr-air data network in this region

exceed )70 knots for 12- to 36-hour periods, Core heights is supplemented by the mean wind direction profilC ot

are extremely variable because the flow is sensitive to Mandera, Knnya (30 54' N, 410 53' E), on the

terrain and thermal em:rgy exrchanges. Jet core. Kenya-Sonialia-Ethiopia border. Mea' annual winds

oscillations of I,000-2,0X) feet (305-610 meters) over here (shown in Figure 3-7) providc an 'Ccurate

2(X) NM are :ommon. Typk'ally, the broad southerly representation of conditions below 50) millibars over the

current is found between 3,CA)0-7,(0 feet (915-2,134 entire Indian Ocean Plain. Note the south w,

meters) with one or more wind speed maxima. southwesterly flow ut all levels in July. Mean Southwest

Monsoon wind speeds are shown for each level.
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Figure 3-7. Mean Annual 'YiIJ Direction for Mandera, Kenya.i 3-10



INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hagal") July-Soptember

PRIE(CIPITATION. The Soma; Jet establishes a and sufficient tropical moisture near ihc equttor are the
low-level south to north moistuie gradient across the main reasons for a wet Southwest Mon.•oon scason south
region throughout the Southwest Monsoon. The jet core of '5 N (Figure 3-8).

AlWE 466E 401 'go's

,' Gulf of Aden

U- S cuban .4

Figre-- . Ma otws oso Motl/Maiu 4Hu

"-- 10 . 10 . 4 64N

JUL AUG SEPf¢•' al 1.2

P t,•• Indian Ocean

Kenya,.• JULh AU EP4 26N

totals inches)

l 4.•....Month

hsmi MenPrd I I I
I .,•olMax 24-Hr Precip I I I I

•\ •-Missing data

Figure 3-8. Mean Southwest Monsoon Monthly/Maximum 24-Hour
Precipitation, Indian Ocean Plain. lsohyets represent me-an seasona! rainfall
totals (inches),

Southwest Monsoon precipitation usually occurs convection lines often form 10-20 NM cast of the Great
beneath the zone of maximum winds, as shown in Figure Rift System--mountain ranges immediately south of the
3-9. However, equatorial moisture and rainfall decrease Equator in Kcnya--but dissipate belore reaching 60 N,
significantly north of the jet core. Sea breezes help South of Mogadishu, moist sea breezes cause inland
support standing convection lines (oriented convection during daylight hours, with individual cells
southwest-to-northeast along the jet axis) south of 50 N. moving NNE at 15-30 knots. These convective cells are
Storm movement is northeasterly, with moderate to often sheared by the Somali Jet.
heavy rainfall concentrated in narrow bands. These
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INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Heael") July-September
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Mogadishu. See Chapter 2 for more on the SET.
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INDIAN OCEAN PLAIN
SOUTHWEST MONSOON ("Hagalr) July-September

North of 5-60 N, the Southwest Monsoon becomes a continentality--the degree to which a climate has
"dry" season because of upwelling along the Somalian continental qualities--regulate temperatures. Coastal
coastline and a reduced sea breeze effect. The "dry" locations in the cool sea breeze boundary layer average
Somali Jet produces little cloud cover of significance. 82-88°F (28-310 C), while continental (inland) sites
Deep convection and thunderstorm activity are rare as average 90-102°F (32-390 C). Highs reach 1080 F (42 0C)
convergence aloft and large-scale subsidence cap the inland and north of 60 N, while the lowest record high
shallow cumulus. Maximum 24-hour rainfalls are along the coast is only 87 0 F (31 0 C), at Chisinaio.

associated with thunderstorms. Thunderstorm Inland daytime temperatures vary with latitude from day
development occurs with either isolated squall lines or to day because the Somali Jet distributes a narrow
weakly organized tropical disturbances propagating (50-150 NM wide) SSW-NE cloud band. South ol' 60 N,
westward along the Southern Equatorial Trough (SET) mean daily highs are at their lowest of the year during the
shown in Figure 3-9. Southern hemisphere polar surges Southwest Monsoon.
(see Chapter 2) that intensify Somali Jet flow into the
Indian Ocean Plain may also trigger isolated Average lows range from 70°F (21 °C) at Bardcra to
thunderstorm activity. 77 0 F (253C) at Scusciuban. A low of 590 F (150C) at

Mogadishu has occurred in July, but lows near
TEMPERATURE. The high (55-71%) Southwest 72 0 F/220 C at Chisimaio in September are more common
Monsoon mean cloud cover frequency, along with south of 60 N.
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Figure .3-10. Mean Southwest Monsoon Daily Maximum/Minimum Temperatures ("F), Indian O'ean Plain.
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der") October-November

4F~RAI WEATHER. The transition from the wiffhout sustained southerly flow to suipport Its previous
lldth West to the Northeast Monsoon (locally, "Mer," or Southwest Monsoon seasonal i'.)sitiofl. Northeasterly"short rains") is marked by the cessation of flow along the Monsoon Trough's north axis begins to

cross-equatorial flow Into the region. In October, advance into the northern Indian Ocean Plain when the
southerly low-level flow weakens north of 40 N. As Trough oscillates cquatorwardl. A brief wet season ("the
shown in Figure 3.l1, mean maximum winds in the short rains') occurs as the Trough moves quickly through
Somali Jet core shirt to south of the equator. Weather the region. By November, only the extreme southern
associated with the jet occurs near the equator. The Indian O3cean Plain has not been tikected by Northeast
surf'ace Monsoon Trough moves rapidly southward Monsoon flow.

202
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der") October-November

SKY COVFR. Mean cloudiness on the Indian Ovean northeastward where the Somnali Jet lacks stifficient
Plain (Figure 3-12) is dependent on the ,Somali Jet and moisture for stratus and dense straknuumutus
the Monsoon Trough. Highest mean cloudiness (greater development. North of 50 N, mean cloudiness in less
than 60 percent) during the transition is oriented than 50 percent; sk,, cover is mostly shallow midday
SSW-NNE from the Kenyan border to 50 N, 42.460 E. cumulus gecriraled through intense diurnal suflacc
Cloud cover is typically stratus, stratocumuluq, and healing.
isolated cumulus. Mean cloud cover decreases

)r if r.' tea

IS

i7

45

Indian Ocean

IKENYA

60

Figure 3-12. Mean SW/NE Monsoon Transition Cloudiress Frequencies,
Indian Ocean Plain. Isolines are in 5% inivals. Data was derived by calculating
the grand mean from National Intelligence Summary (NIS) mean cloudiness data
for specific sites during October and November.

North of 50 N, shallow cumulus cover averages South of' 5' N, early morning stratus and

at all other times over the interior. Thin cirrus from of Mogadishu, sea breeze moisture often initeracts with
thunderstorm "blowoff" in the Ethiopian Highlands is Somali Jet low-level southerly flow. In contrast, coastal
often seen over the Ogaden Plateau. Although deep locations north of Mogadishu arc rarely affected by the
convection. forms along the Monsoon Trough, it is jet core after early October. Skies are 0/8ths to overcast
concentrated1 100-200) NM offshore and rarely reaches between 0600-100( LST, but only 3/8-5/8ths between
the northern Indian Ocean Plain coastline. Coastal sea I I(X)-15(X) LST because of' the deep turbulent mixing
breeze stratus and stratocumulus (3-5/8ths coverage) below 5,(XX) feet (1,534 meters). North of' Mogadishu,
occurs from 06(X) to 09(X) LST. These clouds seldom however, cloud cover is 3-5/8ths from (1600 to R(X)%
penetrate more than 20 NM inland. All clouds normally LST, decreasing to less than 2/8ths sky cover betweer
dissipate by IUXX) LST. I11(X and 15WX LST. Surface turbulence rapidly
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der") October-November

dissipates stratus/stratomunulus except immediately ('ccurrence of broken-to-overcast ceilings at or
,djacent to 'he Somali Jet core or along a well-defined below 3,(XX) feet (915 meters) across the Indian ()cean

aiid unstable sui'ace Monsoon Trough axis. Stratus Plain averages 39%. Ceilings at or below I,W0 feet (305
bases are near 1,5QX) feel (457 meters), while bases of ihc mcters) account for only 13% or all Indian Ocean Plain
thin scattered stratocumulus average 3,5(X)-5,(XX) feet ceilings. Figure 3-13 gives diumal low ceiling frequCtecy
(0,067-1,524 meters). By It1 X LST, isolated cumulus dilferences for selected stations. The highest I'rcqucncy
with bases near 4,000-5,(XX) feet (1,220-1,534 meters) of low ceilings is found between Chisimaio and Galcaio,
and tops to 8,(X)O feet (2,439 meters) develop inland near an area that shows the mean transition position ol the
the Somali Jet. Somali Jet.

4p pE 4 46*i 4S1
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ETHIOPIAEA

%CI GGLO O 2

Loca m/003109115121

Ft1m r, i O P La n
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S~Indian Ocean

K E N Y A og°l dishu 41 2 *14
03109115121
31136119114

1% CIG >3.000 111

* v Missing data

Fig~ure 3-13. SW.NE Monsoon Transition Frequencies or' Ceilings IBelow 3,O000
Feet (915 meters), Indian Ocean Plain.
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der") October-November

VISIBILITY. Precipitation is the main obstruction to Radiation invr' -%and local terrain make groutnd fIog at

vision during the transition; at least 72% of all visibilities Belet Uen co.,w.ion be,%'ccn 21(XI0O3(X) LST, while

below 3 miles are in rain and/or rainshowers. Because of mist/hazc frequencies at Mogadishu reduce visibility to

the wetlter soil, blowing dusl/sand causes only 13% of all less than 3 miles about 10-14% of the time between

reported low visibilities. Fog is most frequent at Belet 21(X)-03(X) LST. Figure 3-14 gives low visibility

Uen, while misl/haze is more frequent at Mogadishu. occurrence frequency at selected stations.
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Figure 3.14. SW-NE Mons(o)n Frequencies of Visibilities Below 3 Miles, Indian

Ocean Plain.
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der") October-November

WINDS. Mean surlace wind speed and direction (Figure slight increase Cromt October to November as Northcast

3-15) illustrates several important transition flow Monsoon flow begins to afl'fect these two northern Indian

characteristics. During the transition, mean wind speeds Ocean Plain stations. Note that prevailing dircCtions at

are decreased at all locations, reflecting the weakening of Gardo are E and NE, while Galcaio flow is SW and SE in

thc Somali Jet. At Chisimaio and Iscia Baidoa, south to October, E and NE in November. The surface wind shift

cast flow decicases slightly through the transition, but shows the surfacc Monsoon Trough axis moving

speeds at Galcaio and Gardo--3-4 times less than those of southward from Galcaio/Gardo (7-90 N) in October to

the Southwest Monsoon shown in Figure 3-6--show a Galcaio/Iscia Baidoa (3-70 N) by late November.

C: T 1+ Kj)V

S-E Chisimi io B.60 7,00

3-.8
S7.70

Figzure 3-15. Mean October-Novemnber Wind Speed (kts) and Prevailing

Directi~im, Indian Ocean Plain.
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der") October-November

PRE('IPIrATION. The "Dcr" (or "short rain-") the Monsoon Trough and the mean Somali Jet wind
season consists of instability showers concentrated in maximum migrate through the area together.
low-level wind convergence zones. Localized showers
often develop near the Monsoon Trough, with Instability moves rapidly equatorward by
northeasterly winds at 5-8 knots. There are also showers mid-Novemcbr as the Somali Jet weakens considerably.
at the northern tip of the Somali Jet, where winds are November rainfall distributions follow the southward
southerly at 15-20 knots, migration of both features. As shown in Figure 3-16,

only Chisimaio is affected by instability and rainfall in
North of 60 N, October rainfall is 4-20 times greater November because of' its proximity to the surlace

than in September (late in the Southwest Monsoon), as Monsoon Trough axis.

40E 42WE 44E 46*E 48'Z 50*E

U.6

. -Gulf of AdenN

n Sousceluban
S 1.6.

4 .8 
Month.4

6;MVtTBL Max4-1-rocp I I
T*- Misin7 dt

2 .4z ~ t 6*4

3-1

•._•/"... ,OCT'NO

Mandero',0 . 1 . 1""OCT NOV 2 14 omalia 4

3.011.5 / Indian Ocean

Kenya •OC 2.4 19gdishu2N

• 4OCT NOV

2.4 2 U7T•ff_ [ Month I

IN k • NT AVAILABLE Mean Preoip I I 1I
hi\ / mai.o IMax 24-Hr Precipl I

Figure 3-16. Mean SW/NE Monsoon Transition Monthly/Maximum 24-Hour
Precipitation, Indian Ocean Plain. Nsohyei,; show mean seasonal rainfall total.s
(inches).
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INDIAN OCEAN PLAIN
SOUTHWEST TO NORTHEAST MONSOON TRANSITION ("Der") October-November

'rINIPFRAT'rR., Mean daiiy highs range Iront X85F up to 760 F (240C() a (.'hisimaio, An exlremely rafe
(290C() at Chisimaio to 97"F 0.60C) at BardIra. Daily mid-latitude cold front resulted in Scusciuban's absolute
highr arc 5-9°F (3..50() cooxilr on hc tcoast than in the low ol 570 F 1140C). The absolute low of 73*F (2300) at
inlcrior. Absolute highs ',ave reached 107 0F (420C) at (;hisittai(o shows the Indian O(ean's ability to moderate
Barkra. but only ,j rF (320(T) at Chisimaio. Mean daily c'.stal locations, Figure 3-17 gives mnean daily highs
November lows averagv 66OF (1 l9TC) at Scusciuhan, and and lows for sclecled stations on the Indian Ocean Plain.
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Filure 3-17/. NI..n SW/NF Monsoon Transition Dailly lMamum/MintmumTempertures ("F), IOcen Ocean Plain.
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INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("01111") December-March

(FNFRAL WEATHER. Northeast Monsoon flow coastline, results in limited moisture transport 1rmm
results in the southward migration of (try conditions ocean to land, and there is less overall cloud
across the Indian Ocean Plain. The northeasterly flow development. Generally, skies arc clear tv; partly cloudy,
comverges into the surface Monsoon Trough--the only with nio more than 3.Xths coverage. II daylime surlace
weathcr-producer of significance--and strengthens heating is accentuated by light northeast hrcc/cs, fair
through February. Initially, moderate (7-i1 knots) weather cumulus develops by 140W LST and thickens to
northeasterly surface flow sweeps over the northern 4/8ths coverage; bases are at 2,5(X)-3,(XX) leet (762-915
Indian Ocean Plain in December, but doesn't reach the meters), and tops to 8,(XX) feet (2,439 meters). Cirrus
Equator with similar force until February, As a result, above 15,(XX) feet (4,573 meters) is also of the "lair
surface Monsoon Trough instability is located near and weather" variety. All clouds dissipate by sunset.
south of the Equator. Rainfall is irregularly distributed
along the Monsoon Trough, which is oriented west to Mean cloudiness at the selected stations shown in
east; instability rarely remains stationary for more than Figure 3-18 reflects the Northeast Monsoon's southward
12 hours. Brief, soiuthward-moving showers are typical migration. Highest mean cloudiness--greater than 55
Northeast Monsoon features. Location,, affected by percent--is concentrated south of 20 N. December and
Monsoon Trough instability receive light showers for March cloud cover is greatest because ol' weak
only 1-3 weeks during each Northeast Monsoon season. cross.cquatorial flow, a strong sea brecze, and the

presence of abundant equatorial moisture. In January
SKY COVER. Northeasterlies dominate the entire and February, Northeast Monsoon circulation extends to
region except for weak low-level easterly flow south of the Equator.
the Equator. Northeasterly flow, nearly parallel to the

. Gulf of Ad n 50

;0 55

I 0t

Figure 3-IS. Mean Northeast Mnonsoon Clo~udiness Frequencies,
Indian Ocean Plain. isolines are in 5% intervals. Data was derived

by calculating the grand mean fromn National Intelligence Sui~nunuy
(NIS) mean cloudiness data for specif'ic sites between December an(I
March.

3-21

-~ ~~~ 45 40 .. - -



INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("0lear') December-March

Frequency of ceilings below 3,00 feet (915 meters) may be crbeddced (luring dlisturbed watihcr periods.
averages 20%, but ceilings at or below 1,(XX) feet (305 Figure 3-19 gives frequency of ceilings below 3,(X00 feet
meters) average only 3%. Low ceilings at Chisimaio at selected Indian Ocean Plain stations.
result from stratus/stratocumulus decks; cumulonimbus

. - Gulf of Aden.
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Figure 3-19. Northeas•t Monsoon Frequencies or Ceilings Below 3,1101l Fee! (915
meeters), Indian Ocean Plain.

visIBII.IY. The land/sea breeze circulation produces dust/saad accounLi forw visibilities below 3 miles in 79•%

shallow sea fog, mist, and haze, but low visibility of cases, except at Belet Uen, where a local mnoisture
frequencies in log are only 0-5%. Coastal fog frequency source (the Shebele River) produces fog and extremely
decreases fromn south to north. Dante, on the northern high (55-85%) frcqucncies of visibility bcWow 3 miles
coast, rarely sees fog during the Northeast Monsoon. In from 21(X) LST through dawn. Located near an
Deccmber, visibilities below 3 miles occur with early extensive lowland marsh, and with hills on thrco sides of
morning ground/sea fog between Chisimaio and the station Belet Uen is in an ideal location for stable,
Mogadishu. calm evenings and log formation. Figure 3-20 shows the

relatively low Irequcncy of low visibility acry)ss most of
Dry weather and soil conditions inWand allow blowing the Indian Ocean Plain.

dusi/sand to be the major obstruction to vision. Blowing
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INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("Gllal") Decomber-March
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Figure 3-20. Northeast Monsoon Frequencies or Visibilities Below 3 Miles, Indian Ocean Pilmia.

WINDS. Mean s;urfacc wind s[tmds and prevailing the Northeast Monsoon at higher latitudes. Wind sle(l•s
(directions (shown in Figure 3-21) show the distinctive atove 5,(XX) feet (I,.524 meters) MSL aret ea;,sterly at
Northeast Monsoon citculation. Light northeasterlics at 1l015 knots.
Garo. in March indicate a gradual largc-scale decrcas• in

1,EC JAN FEB 6 ,,IA,

E-NE 9hisi-,,; .50 1 1,40 1 : 1 9 9, 1C

ESE-NE , . d:,- . 2 8-.60 8, 40 8.•6-0
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Figure 3-21. Mean Northeast Monsoon Wind Speed (kts) and Prevailing Direction, Indian Ocean Pltin.
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INDIAN OCEAN PLA14I
NORTHEAST MONSOON ("nilel") December-March

PRFIECPTATION. Northeast Monsoon ("Gilal') 3-22 indicates a slight precipitation inaximnui (oriented
precipitation Is light to non-existent. Rainfall aver~gcs southwest to) northeast) over Barkdera. r[his area lies
less than 0.7 inches (17.5 mmi) a month. Only Bardera, under a weak wind maximumn, the remnants ol'
in the south, receives some raitifall every month. Figure cross-equatorial flow in Deccmoer and March.

Gul ofT~ Mdean .4cp J

Max ~ ~ Q c 24b nrcp
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INDIAN OCEAN PLAIN
NORTHEAST MONSOON ("Gillr") December-March

TENrMPIRATI IRF. The Northcast Monsoon is a very highs range from 89°F (320C) in January at ('hisiomauf lo
wann season, especially in March when northeasterly 113°F (450(C) in March at Bardera. With little .loud
flow decreases in strcngth. Mean daily highs range from cover or precipitation in the northern Indian Ocean Plain,
850 to 104' F (29-40' C). Because of the intense low temperatures can reach 53-55 0 F (I I-12C), except
sunshine there, only southern inland locations (south of on the coast, where 70)F (210C) or less is extremely
40 N) reach l(X)°F (38°C) on a daily basis. Coastal air rare. Mean daily lows range Irom 640F (18,C) at
temperatures remain below 90OF (320C) because of the Scusciuban to 790F (26TC) at Chisimaio. Absolute lows
extremely moist boundary layer air and sea breezes that from 530 F (IITC) in February at Scusciuban to 73°F
moderte climate and produce small diurnal temperature (230C) at Chisimaio in March. Figure 3-23 summarizes
ranges. The marine layer is very shallow (less than I,(XX) Northeast Monsoon temperatures across the Indian
feet/305 meters) and extends 5-10 NM inland. Absolute Ocean Plain.
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Figure 3-23. Mean Nowtheast Monsfmn Daily Maximum/Minimum Temperatures F),
Indian Ocean Plain.
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INDtAN OCEAN PLAIN
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") April-June

GENERAL, WEATHFR. Prolonged rains, extensive SKY ('OVER. The mean seasonal cloudincss increase
cloud cover, anti southerly flow associated with the shown in Figure 3-24 is a direct result oflthe Somali Jet's
return of the Somali Jet dominate the transition from strong low-level southerly component. Moist
Northeast to the Southwest Monsoon, referred to locally cross-equatorial flow returns in April to push the
as "Gu," or the "long rains." Significant weather occurs Monsoon Trough axis northward. Low-level instability
near the Somali Jet core as it flows SSW to NNE across and cloud cover parallels the jet core axis. Weak
the region by mid-May, northeasterly flow and Northeast Monsoon cloud patterns

are evident I(X) NM north of the Monsoon Trough, hut
Precipitation initially develops in the south where Southwest Monsoon flow dominates south of the Trough

low-level Monsoon Trough convergence and Somali Jet axis. Mean cloud cover ranges from over 75% in the
flow is strongest. Moderate shower activity migrates Southwest to less than 50% in the northeast. Mean
slowly northward, with a resurgence of strong southerly Monsoon Trough instability, rainfall, and Somali Jet
flow into higher latitudes, In many locations, the flow remain south of 6' N until early May. Higher
transition is the wettest season of the entire year. percentages in the south reflect heavy April rainfall, thick

cloud cover, and strong low-level Somali Jet how.

I0'II

U.N•

Frequencies, Indian Ocean Plain. Isolines arc in 5% intervals. The
data is derived by calculating the grand mean from Nationallntelligence
Summary (NIS) mean cloudiness data for specific sites during April.

May, and June.

)
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INDIAN OCEAN PLAIN
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") Aprll-June

At the selected stations shown in Figure 3-25, low where high humidity and calm winds prevail at night.
ceiling frequencies range from 21 1o 62%. Immediately Cloud bases near the Somali Jct average 2,500-3,W()) lect
north of the mean surface Monsoon Trough position, (762-915 meters) AOL. Stratocumulus is the dominant
ceilings are below 3,(XX) feet (915 meters) AGL cloud type. Tops only reach 8,(XX) feet (2,439 meters)
primarily during daylight hours as light northeasterly MSL. Short-lived cumulus squall lines usually move
winds let diumal convective heating and fair weather onshore with the sea breeze between 08(X)-I V(X) LST.
cumulus development mix with Somali Jet flow. South Squall line cloud bases average 2,(XX) feet (610 meters)
of the Trough axis, the diurnal cycle is present except at AOL, and cloud tops may reach 15,(XX) feet (4,573
Mogadishu. The higher frequency of nocturnal low meters) MSL over water. Strong low-level shear near the
ceiling observations are associated with the Somali Jet. Somali Jet dissipates squall lines and heavy cumulus
Ceilings below 1,500 feet (457 meters) AOL are not development.

*e uncommon at Belet Uen, Chisimaio, and Mogadishu,
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Figure 3-25. NE.SW Monsoon Transition or Ceilings Below 3,04W
S~Feet (915 meters), Indian Ocean Plain.

3-27

1F



INDIAN OCEAN PLAIN
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION "Glu") April-June

VISIBILITY. Although low visibility freqniencies haze account for miost low visibilitiiC ini the tnorihern

(Figure 3-26) increase slightly during the transition, they' Indian 1Ccean Plain interior under stable cofdit ionls.

remain low everywhere except Belet Uen, where the Convective activity necar the Monsoon Trough/Sotinali Jet

topography and moisture produce thick ground fog that increases surface wind speeds. If rainfall is sparse,

usually dissipates by 09WX LST. Heavy rainshowers, locailized duststorms occur; however, visibility rarely

dust, and fog are the principal visibility restrictions, drops below 3 miles for more than an hour. Heavy rains

Early morning sea fog is responsible for most visibilities rarely drop visibility below 3 imiles for miorc than 30)

below 3 miles along the coast, but shower activity and minutes.
squall lineF can raise dust along coastal dunes. Dust and
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INDIAN OCEAN PLAIN
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") Aprll-June

WINDS. Surlace wind convergence into the Monsoon shown here is the steady increase in sotutherly flow. Inl
Trough produces the "Long Rains" or "Gu". Figure ?-27 April, only Gardo has light ESE-NE winds, while
gives mean surface wind speeds and prevailing directions southcasterlies dominate the rest ol the region. By May,
during the transition. An important transition feature strong southerly winds affect the entire region.

APR MAi JUN

S'E/S-SSW Ch isrno 6.90 9.80 10. 50

S-E/S-W SW I s E i . 6. 1%:.

SE-E/S-WSW -D6,4` 10.01.0

ESE-NE/W-SW 4 6 ,6 17.11

Figure 3-27. Mean NE-SW Monsoon Transition Wind Speed (kts) and Prevailing
Direction, Indian Ocean Plain.

Somali Jet speeds average 25-40 knots at 4,(XX)-6,(XX) along the entire surface Monsoon Trough, wherc weak
feet (1,220-1,829 meters) MSL, but speeds in excess of northeasterlies and persistent southerlies coaivergQ.
50 knots are not uncommon. The jet core may split into Normally, April and May are, wettest in the interior,
two or three ill-defined wind maxima. Typically, thes , while May and June are wettest on the coasts. This is tile
wind maxima occur at dlifferent levels between 2 I(X) and result of subtle shift in mean Somali Jet orientation.
07(X) LST when the jet is at maximum strength.
Daylight jet speeds are 10-15 knots weaker than at night. By the end of May, the mean Somali Jet core is over

the southern Indian Ocean Plain from the Kenya-Somalia
Above 10,000 feet (3,050 meters) MNSL, light boider to 40 N, as shown in Figure 3-28. Heaviest

casterlies (10.15 knots) dominate south of the Monsoon rainfall occur:. south of 5' N, beneath the jet core.
Trough. In June, 15,(XX0-foot (4,573-meter) flow shifts Steady showers and occasional moderate rainfall prevails
briefly to southerly. North of the Trough, easterlies for 3-7 weeks. Thunderstorms are rare, but they inay
incrcase with height above 10,(XX) feet (3,0(50 meters) form beneath or east of a southern Somali Jet core wind
because the Tropical Easterly Jet near 2(X) millibars maximum between 3-60 N.
flows east to west across the region; mean speed in June
is 40-60 knots, but speeds greater uian 70 knoLs may Rainfall amounts slacken North of 50 N, bwt light
occur. rainshowers along the Monsoon Trough persist for

several days,. Heavy shower" are triggered by flow
PRECIPITATION. This is the wettest period of the surges in the Somali Jet. Nornially, a 10-to 25-knot
year. Because the Somali Jet migrates from south to increase in Somali Jet flow lets moisture and instability
north, and because the Northeast Monsoon retreats surge northward into the Monsoon Trough. Heavy
northwards with increased Somali Jet flow, surface rainfall is localized near where the northern edge of the
convergence along the Monsoon Trough and Indian flow surge and surface Monsoon Trough intersect. Such
Ocean Plain is persistent. The northern edge of the events can be forecast by observing a SE t, S wind shilt
Somali Jet increases instability above the surlace trough. in the northern Mozambique Channel--see Figures
Heaviest rainfall is located beneath and to the immediate 2-37a-k. Although this figure represents a July moislure
east and north of the jet core wind maximum, but surge, a mid-or late June synoptic situation is also very
isolated heavy convection and showers may be present common.
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INDIAN OCEAN PLAIN
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") April-June
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INDIAN OCEAN PLAIN
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("CGu") April-June
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INDIAN OCEAN PLAIN

NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") April-June
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Chapter 4

ETHIOPIAN HIGHLANDS

The "Ethiopian Highlands" region encompasses most of Ethiopia (ET) and small portion of Djilhouti (Dt1),
Somalia (SI), and Sudan (SU). After describing the area's situation and relief, this chapter discusses typikal weather

conditions by season. Seasons here have local names ("Krempt," "Tsedia," and "Beigh"), as shown.

Situation and Relief .............. ........................................ 4-4

The Southwest Monsoon ("Krempt")--june-September ....... ................................ 4-8

General W eather .............................................................................................................................................. 4-8
S k y C o v e r ........................................................... ............................................................................................ 4- 8
V is ib ility ....................................................... ................................................................................................ 4 - 10

W in d s .............. ............................................................................................................................................. 4 -Il
P re c ip ita tio n .................................................................................................................................................. 4 -15
T e m p e ra tu re .................................................................................................................................................. 4 - 16

Southwest-to-Northeast M onsoon Tilansition ("Tsedia")--October-Novem ber ................................... 4-17
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W in d s ................................................ . .......................................................................................................... 4 -19
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Temperature ................................................................................................................................................. 4-22

The Northeast M onsoon--Decem ber-M arch .............................................................................................. 4-23
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Northeast-to-Southwest M onsoon Transition ("Belgh")--April-M ay ....................................................... 4-33
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Figure 4-1b Climatolological Summaries for Selected Stations in the Fthiopian Highlands.
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ETHIOPIAN HIGHLANDS SITUATION AND RELIEF

SrITUATIO)N AND RELIEF. The Ethiopian Highlands cicmtr boundary arcs northeast to southwest over
Region includes all land above 3,280 [cet '1, 1,( incecrs), northern Somalia and castern Ethiopia to the Kenlya
ats well as a 1(M by 2() NMI portion of the aren heween border.
1,620) and 3,2801 feet (5W) anti 1AM) meterq) in the
northern Great Rift Valley where. the Awash River draiiis ZONFS OF REUEIF. The Ethiopian Highlands region
into Lake Abbe. The western boundary extends fcom the contains enough distinctly difforent relief' features toI Kenya-Ethiopia border northward into Sudan, 2(0 NM warrant its separation into thrce zones; Ili Western
west of' the Red Sea. The northern bcundary of the lifighlands (Figure 4-2ai), The Great Rift V i'ul~ey (Figure.
region includces all mbountainous terrain parallel to the 4-2b), and Fhe Eastern Highlands (Figutre 4-20).
Rcd Sea and Gulf of Aden to about 50" 30' E. The

12& M 1\ tGL fADEN

NORTHC

lowC

Somalia

4.W

NM

34 36 38 40 EASt 42 44 46 48

Figure 4-2a. The Western Highlands. This zone averages 250 NM in width and contains the highest mountain
peaks in the Ethiopian Rift System.

The Western Highlands are characterized by volcanic MSL. The extrinelcy rugged terrain keeps low-level
peaiks and rugged escarpments. It contains several large flow from interior Africa from reaching the Indian
lakes and waterfalls. Volcanic ranges run south to north, Ocean. Western Highlands weathcr is influenced only by
from Kenya to the Red Sea and Sudan, for 95(1 NM synoptic weather f'eatures commton to the subtropical
Elevations average 8,(XX) feet (2,440 meters), and African continent.
numerous peaks rise above 14,000 feet (4,420 meters)
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ETHIOPIAN HIGHLANDS SITUATION AND flELIEF

The major ridge system runs from north to south Isolated interior ranges to the w•st of the valley
along the wcstom edge of the Great Rift Valley. The include the Choke Mountains (I 10 N, 380 E), whi,'h
Eritrean Mountains (10-150 N, 39-40' E) form the conutin Mount Birhan (13,625 Ifct/4,154 meters) And
northernmost portions of the Western Highlands. The Mount Amedamit (11,870 feet/3,61) meters). The
highest elevation in the Horn of Africa (15,158 Scshia Mountains (80 N, 36-370 E) occupy the
fecV4,620 meters) is here, at Mount Dashan. Average southwestern fringes, of the Highlands. Mount Dulla is
clevaion is I I,(XX) feet (3,354 meters) along the central the highest pcak (12,093 feet/3,686 meters).
Great Rift Valley's western edge.

19

14

12 /GULF 
AOF 40"

NO~A

0 50 100 6 00 100 r
3C 38 40 42 44 46 48EAST

Figure 4-2b. The Great Rift Valley. 1he valley is a flat, V-shaped depression ihat slopes upward from NNE to
SSW. Elcvations average 4,000-5,0,00 feet (1,220-1,315 meters).

The Gveat Rift Valley fleor gradually narrows from Eritrean Mountains and the Djibouti border acar 13 N,
250 NM near the Re( Sea-Gulf of Aden coast to 10 NM 41 c' E. A chain of large, brackish lakes (see "Lakes and
southeast of Addis A'alba, Ethiopia. Near the Red Reservoirs") in the southern valley separates the
Sea-Gulf of Aden coast, the broad valley floor is an Qxtensive volcanic ridges of the Western Highlands from
ancient sea bed of sand and rocky stubble. It is the older, weathered Eastern Highlands. The
extremely arid ahn desolatw, with several small de&eris. lakcs--oricnted N1,E to SSW along the valley floor--arc
The small nmountair.ous portion of the Danak.l Desert spring-fed.
covers 8(X) sq NM between the e.•;tern slopes of the

4-5
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ETH;OPIAN HIGHLANDS' SITUATION AND RELIEF
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Figure 4-2c. i'he Fastern Highlands form the eastern boun'lary of the Ethiopian Highlands region. Orient':d

SW-NE, they extend 9(0) NM from south central Ethiopia to northeastern Somnalia. Elevationts average 7,000( feet

(2,745 meters), t-ut several peaks reach I 3,(XX) feet (3,963 meters).

Tht Eaztern H~ighlands contain three diss'-act semiarid Ogaden Plateau (sce Figure 3-2c) and the Great

mountain ranges- thc Mendebo Mountains~, the A/muir Rift Valley. The highest peak (8,212 fect/2,50)3 meters)

Rajnge, anid the Ogo Highlands of northern Somalia. is Mount Assabot.

The Mendebo Chain is the highest an~d most rugged T'he (ige Highlands are thc highest in Somalia, their

in the Eastern Highlands. Mount Koka (13,747 highest point (7,9(X) feet/2,409 meters ) is at Surud Ad.

feet/4,19() metcrs) and Mount Batti (14,131 feet14.307 The H-ighlands extend 470 NM west to east along the

meters) rise near the source of the Juba and Shebe-le Gulf' of Aden to within 75 NM oi Cape Gtwrdafui. In

Rivers, bo~th of which flow southeastward toward the northern Somalia, they become croxded, discontinuous

Indian Ocean, Spectacular gorges and waterfalls arc raniges 50-75 NM1 wide with severe! pcaks that reach

common. 7,(XX) feet (2,134 meter.-). Ridge linbes are separated hy
weatheedl plateaus that average 1,9(X) feet (579 meters)

The Ahrnar Range conni;Ls of weathered "olcar'ic high and 1-10) NM wide, Plateaus contain on, or more

peaks with gradually sloping terrain on both sides of the shallow intermittent stream cd.Northern slopes of the

ridlge crests. Located near 90 N, the range runs west to Ogo are steep, bitt southern slopes dlescendc gradually it)

cast Irorm 40) to 430 E. Many streams radiating from this the semiarid H-audl Plateau.

ranges b t-kore s cmi!)ermanent waterways over the 4 -



ETHIOPIAN HIGHLANDS SITUATION AND RELIEF

RIVERh SYS'EMS. The Ethiopian Highlands contain 6,000 feet (1,829 meters); alpine forests grow above
numerous river systems and mountain lakes, Most rivers 8,2(W) feet (2,500 meters). Semiarid shrub and savannah
originate in the Western Highlands; three of these grasses cover lower elevations.
(flowing from south to north) are the Omo, the Awash
and the Blue Nile. The ario flows 5(X) NM south from Above 6,560 leet (2,0(X) meters), the Western
the Seshia Mountains into Kenya. The Awash originates Highlands contain a mixture of tropical evergreen forest
along the western slopes of the Great Rift Valley and and deciduous woodland, Scattercd alpine vegetation
flows northeastward through deep gorges south of Addis grows above 8,200 feet (2,5W0 meters), especially in and
Ababa into the Great Rift Valley towards Lake Abbe, a along the deeper elevated gorges of the Eritrean and
total run of 500 NM. The Blue Nile begins at Lake Tana Choke Mountains. To the s•outh, tropical savannahs
(120 N, 370 20' E) and flows southeast, south, then west dominate below 6,560 feet (2,(XX) meters). Along the
around the Choke Mountains before entering Sudan. western slopes and high plateaus bordering Sudan, there

is a transition to a semiarid zone that contains scattered
The eastern Ethiopian Highlands contain the Juba and open woodland and thorny shrubs.

Shcbelc Rivers. Both originate in the Mendebo
Mountains. Their flow cuts deep gorges, sonic 4,920 feet The Great Rift Valley has two distinct vegetation
(1,5(X) meters) deep. Many small streams originate on zones. The narrow southern valleys containing the lakes
the southern slopes of the Ogo Highlands, all flowing have savannah grasslands and scallered open woodland.
intermittently bclow 3,280 feet (1,(XX) meters). Some aquatic grasses inhabit the lake fringes and

seas(onal swamplands. As the Rift Valley widens,
LAKES AND RESERVOIRS, The southern Great Rift vegetation reflects the distinctly semiarid environment
Valley contains numerous lakes, all above 4,(XX) lcet within 50 NM ol the Red Sea-Gull of Aden coastal plain.
(1,220 meters). Lake Tana, at 6,(X)4 feet (I,829 meters) The savannahs in the south become short thorny scrub
MSL. is the largest, covering 1,400 sq mi. Lake Zwai and grass clumps as moisture decreases toward the north
(150 sq mi), Lake Lanagana (,80 sq mi), and Lake Shala and northeast. Only short, isolated trees grow north oh'
l'rm a chain of lakes near the apex of the Great Rift 12' N.
Valley. These lakes contain natural hot springs located
above the 5,(XX)-foot (1,620-meter) level. Lake Zwai The Eastern Highlands south of 70 N have till grass
(elevation 6,056 feet/I,846 n:eters) contains five savannah intermixed with thorn trees between
inhabited islands; the largest (Tulugudu) is 2 NM long. 4,920-6,560 feet (1,500-2,0(X) meters). Above the
Near 60 20 N, 380 E), Lake Abaya (485 sq mi, elevation 6,560-foot (2,(XX)-meter) level, isolated evergreen
4,160 fect/l,267 meters) and Lake Chamo (210 sq mi, vegeiation grows, but it is confined primarily to the deep
elevatopm 4,045 feet/I,231 meters) form a wide elevated valleys in the rugged ridges of the Mendeto Range. The
basin containing hot springs and marshlands. During the Ahmar and Ogo Highlands contain short savannah
rainy season, these lakes are connected by a grasses and thorny acacia trees above 4,920 feet (1,5(X)
semipern'anent river. meters). Below the 4,920-foot (1,5(W)-metcr) level,

vegetation becomes the semiarid scrub familiar
VEGETATION. The Ethiopian Highlands contain throughout Africa.
varied vegetation types. Tropical forests flourish above
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ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krempt") June-September

W GENERAL WEATHER. Widespread convection Turkana Channel moisture. Orographic uplift on west,
dominales the Western Highlands and the Mendeho south, and cast slopes arc continuously fueled by moist
Mountains of the Eastern Highlands. Monsoon Trough low-level flow between June and August. A reduction in
moisture "surges" into the numerous canyons, ravines, Turkana Channel flow ends widespread convection
and valleys, where orographic uplift forces moisture to abruptly. By mid-September, an intense surface heating
the 7(X)- to 500-mb layer. Heaviest rainfall, mechanism tempx)rarily replaces the broad low-level
thunderstorms, and occasional small hail affect the moisture source.
highest ridges immediately, while moderate rainshowers
or continuous drizzle fall downwind from massive cloud Orographic effects provide only isolated convective
clusters. The Ethiopian Highlands region's complex activity cast of the Ahmar Mountains and Hargeisa.
terrain produces widely variable precipitation patterns African Monsoon Trough moisture rarely penctrates
because synoptic circulation and moisture distributions eastward beyond the Western Highlands. As a result,
below 850 mb are so complex. Moist low-level currents only the fast-moving Somali Jet or intense surlface
only affect certain sections of the Ethiopian Highlands. heating can generate orographic showers. Thc dry

low-level flow is deflected eastward and upward along
SKY COVER. Extensivc cloudiness in all of the the Ogo Highlands southern Adopcs. Stratocumulus
Western Highlands and in the extreme southern portions forms above 5,(XX) feet (1,524 meters) AGL, then moves
of the Eastern Highlands and Great Rift Vallcy is ENE with the Somali Jet. Ifi upper-level easterly flow is
produced by heavy Monsoon Trough convection. Moist less than 15 knots, and if there is enough low-level
southerly flow from the African interior produces heating an(d deep vertical moisture, cumulus develops.
orographic convection along the Choke, Seshia, and Otherwise, cloud development along the Ogo Highlands'
Eritrean Ranges. Low-level moisture comes from the southern slopes is rapidly sheared at the mid- and tpper
African Monsoon Trough and the Turkana Channel levels.
through the western branch of the Somali Jet, which see.
Heavy convection drifts slowly northeastward into the In general, mean cloudiness shown in Figure 4-3 for
southern Great Rift Valley. Although strong surface the entire Ethiopian Highlands varies from less than 45%
heating assists in convective cell intensification, in the east to more than 70% in the west. At remote
upper-level easterlies often prevent eastward movement elevations above 10,(XX) feet (3,050 meters) MSL,
of convective activity in the Western Highlands beyond Southwest Monsoon mean cloudiness is much higher,
430 E. running from 78 to 95%. Since orographic cloud cover

depends on orientation to prevailing flow and available
East of 430 E, the Somali Jet and dry low-level flow moisture, mean cumulus/stratocumulus cover in the

(rather than the African Monsoon Trough) dominate the Great Rift Valley may vary by 25-35% over a distance of
Eastern Highlands. The Mendebo and Ahmar Mountains 25-30 NM.
are consistently cloud-covered because of abundant
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SOUTHWEST MONSOON ("Krsmpt") June-September

4 d

der

|IN41 ' JIBOUTI Gulf

SUDAN •of Aden45

6.11 .. b,,." ET OP 50

"KEY 1ws'l Indian

4N - A A Ocean

1 000 k-i ý 55

W t 0£ 42"E 4E 16% •EK

Figure 4-3. Mean Southwest Monsfx)n Cloudiness Frequencies, Fthiopian
Highlands. Isolines are in 5% intervals. The data is derived by calculating the grand
mean from National Intelligence Summary (NIS) mean cloudincss percentages for
specific sites between June and September.

Dominant cloud types throughout the region arc Light mountain brecezs and residuul moisture from
cumulus and cumulonimbus. Intense surface heating heavy precipitation produce strong inversions at
along the plateaus of extreme western Ethiopia and Great I,(XX)-3,000 feet (305-915 meters) AOL. Bases below
Rift Valley (all above 6,(XX) feet/I,829 meters MSL) 1,(XX) feet (305 meters) are not uncommon, but they give
produce diurnal cumulus or cumulonimbus development, way to extensive cumulus buildup after I I(X) LST.
Midday (I0(X)-150X) LST) cloud bases average
6,(XX)-8,(XX) feet (1,829-2,439 meters) AGL, with tops Diurnal variation in ceilings below 3,0(X) feet (915
exceeding 40,(XX) feet (12,195 meters) MSL. meters) is apparent from Figure 4-4. Although not
Thunderstorm tops reach 50,0(X) feet (15,244 meters). apparent in the figure because there are no weather
Cirrus and altocumulus most often occur over the Great reports from the Great Rift Valley, the numeroum largeRift Valley and Eastern Highlands as the result of lakes there result in a high frequency of low ceilings
thunderstorm "blow-off" from heavy convection along between 2 I(X) and 09(00 LST. Ceilings in the Great Riftthe Eritrean/Choke Mountains and the Mendebo/Ahmar Valley fall below 1,(XX) feet (305 m.:ters) on I (lay in 3.
Mountains respcctivcly. Frequencies of ceilings below 3,(XX) feet (915 meters) arc

shown in Figure 4-4; they range from 44% at NcghelleExtensive stratus or stratocumulus decks form in the to only 1 % at Dire Dawa, both at 09(X) LST.
early morning along the southern Great Rift Valley.
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ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krompt") June-Septembor
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Figure 4-4. Southwest Monsoon Frequencies of Ceilings Below 3,000 F~eet (915 mieters),
lFthiopian Highlands.

VISIBlILITY. Southerly flow results in an influx of ravines, and valleys where light early morning windls amd
moisture (luring the Southwest Monsoon. The rugged residual moisture from heavy convection lower visibility
terrain produces crographic uplift and heavy rains or between 05(X) and 08(W LST. "Dust haze" is a localized
thundershowers. Figure 4-5 shows the highest frequency low-visibility phenomenon in the northern Great Rift

of visibilities below 3 miles to be 6% (at Asmara), but Valley, Since the region has so few reporting stations,
most visibilities below 3 miles occur in remote locations conditions there must be inferred by analyzing coastal

over rugged terrain, in heavy orographic cloud cover. A data, soil moisture conditions, and soil type. Minimum

high incidence of ground fog and heavy mist can also be visibilities here are believed to average more than 3

expected along remote Western Highland mountain tops. miles, in isolated cases, they may go as low as 1/2 mile.

4-10



ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krrompt") June-September
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Figure 4-5. Southwest Monsoon Frequencies of Visibilities Below 3 Miles, Ethiopian Highlands.

WIN)rm. Complex interactions bctween kloal Normally, Monsoon Trough and Somali Jet position

mountain/valley circulation and prevailing synoptic flow determine low- and mid-level circulaton. The surlacc

prdKluce widely variable surface wind patterns Monsoon Trough lies between 170 and 200 N in June,

throughout the Ethiopian Highlands. Elevation and ridge between 19' and 220 N in July, and between 120 and

orientation are important in determining to what degree 18' N in Septeihber. However, 90% of the Ethiopian

low-and mid-level circulation will affect a specific area. Highlands region lies above 850 mb; only the peripheral

Only general trends can be inferred from the low-density plateaus and the northern Great Rift Valley arc below

surface observation network in this region. Forecasters 850 mb. As a result, the surface Monsoon Trough is

should be most concerned with prevailing synoptic Ilo%%, discontinuous over the rugged mountainous interior and

patterns because increased boundary layer moisture ill-defined when joined over the Red Sea and Gull of

penetration signifies deep recurving southerly flow and Aden.
Southwest Monsoon conditions (see Chapter 2).
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ETHIOPIAN HIGHL.ANDS
SOUTHWEST MONSOOMe ("KrMipt") June-Soptember

Southwest Monsoon surface flow below 850 mb is (luring the Southwest monsoon, weak casterlics
.southerly, but the Western Highlands, the Ea.;tCM dominate. Aloft, there is a 27- to 48-knot wind
Highlands, and the Gireat Rift Vgalley receive un,ýqial maximum sit the 2WX) and l(K.-mh lcvcls--soc "Tropical
amnounts or southerly flow during the Southwest Easterly Jet," Chapter 2. r-astecily synoptic now prevails
Monsoon because the s.urface Monsoon Trough is throughout thce region until (feel) southerly now mnigrates
divided into two distinct segment,, by topography. northward. Even then, mean southerly flow onfly persists

Above 760) mb, which is Addis Ababa's mean pressure below 76A) mb (luring July.

F00 0f
30000ft

'20 I I

0

+1 " V

5J,*i FEE ,~ A'.FF SE.4 77
A~ddi Ababa 3-levtl dlrecfion

Figure 4-6. Mean Annual Wind Direction, Addir Ababa, iFthiopia. Addis Ababa
is at 7,624 leet (2,324 meters) above mean sea level.

Southerly flow enters the Western Highlands from average 8-11 knots and may deflect Monsoon Trough
points immediately south or west at 5-11 knots. The no0w in the deep Orno, B~luc Nile, and Atharahi River
Seshia Mountains receive initial sustained Southwest valleys to westerly or northwesterly.
Monsoon southerly "moisture bursts" from the Turkana
Channel--the Somali Jet's western branch--tiirough late Nocturnal mountain winds oppose prevailing
June. Turkana Channel flow alone seldom penetrates Monsoon Trough nlow, but (10 not override them.
into the Seshia Mountains north of 80 N, but normally Nocturnal convergence with light and variable winds are.
recurves into the Monsoon Trough ovc7 southeastern common to most Western Highland valleys between
Sudan. Deep low-level moisture from the Monsoon 23(X) andl 00(X) L.ST. These winds may become easterly,
Trough's northward migration across equatorial Africa but speed is usually less than 5 knots.
,seldom penetrates east of 400 FE because of the barrier
presented by the Western Highlands. Normally, the Figure 4-7 gives mean annual windl (directions for
primary Monsoon Trough current slides northward three levels at Asmara. Asmara is in the. extreme
around the Eritrean Mountains (north of 160 N), but northern part of the Western Highlands. The winds here
southwesterly flow at 6- 10 knots enters the deep gorges, illustrate the 10,(Xi-footl/3,050-meter delehictioni of'
river valleys, and low plateaus that dissect the Western mnid-level flow Iro northerly. By September, mean
Highlands, During daylight hours, local mountain-valley northeasterly flow signals the Monsoon Trough's
winds accentuate orographic uplift and deflect southward migration.
,southwesterly flow at the microscale, Local valley winds
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ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krempt") June-September
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Figure 4-7. Mean Annual Wind Direction, Asmara, Ethiopia. Asmara is 7,627

feet (2,325 meters) above sea level.

The Greai Rift Valley gets a shallow SSW stream of Great Rift Valley or Western Highlands. The Somali Jet
Southwest Monsoon air at 4.7 knots through the high provides southerly flow to the Mendcbo, Ahmar, and
plateaus dividing the Seshia Mountains in the Western Ogo Ranges, but available moisture decreases rapidly
Highlands and the Mendebo Mountains in the Eastern northward as the Eastern Highlands deflect the Somali
Highlands. This moist southerly flow doesn't regularly Jet ENE toward the Indian Ocean. As a result, moist
override prevailing mid-level easterly flow until southerlies (9-13 knots) prxluce massive uplilt along the
mid-July. Normally, southerlies increase to 8-11 knots Mendebo Mountains, but only weak (7-I I knots) Somali
before eaterly flow is reversed. The Great Rift Valley i!,. Jet flow enters the southern Great Rift Valley between
affected by mesoscale mountain-valley winds as well as July and September.
synoptic low. The northern half of the Great Rift Valley
is in a rain shadow, sheltered from Monsoon Trough The southern Ahmar Mountains al:io get Somali Jet
southerlies by the Western and Eastern Highlands. flow (SSW at 10-14 knots), but it is very dry. The swift
Daytime valley winds are dry northerlies that travel low-level current deflects towards the Indian Ocean--cast
upslope along the valley floor. This surface flow (6-9 of Hargeisa--before leaving the region in the southeastern
knots) prodluces hot and dry conditions in the northern Ogo Highlands. Wind speeds near tne exit region are
Great Rift Valley throughout the Southwest Monsoon. 17-25 knots by (lay and 25-35 knots at night. Figure 4-8
The high-altitude southern Great Rift Valley is a surface gives mean surface wind speeds and prevailing directions
wind transition zone. By dJay. "hoist southerlies ant dry at four Ethiopian locations. At Addis Ababa and
but weak northerlies converge near Addis Ababa. Wind Asmara, mean direction shifts to easterly in September,

q directions are variable, but average 8-9 knots. At night, while prevailing direction at Ncghelle and Dire Dawa
mountain winds are southerly or easterly at 4-7 knots. remains southerly throughoul fhe Southwest Monsoon.

These regional differences illustrate the Monsoon
The Eastern Highlands are also affccted by Monsoon T'rough's effect on the Western and Eastern Highlands.

Trough flow, but the mechanism is different than in the
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ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krompt") June-September

JUN JUL AUG SEP

S-SW /E Addis Aboba 9.10 8,50 9.10 9.60
NW ,'E Asmora 9.10 10.30 8.60 9.70

S-W Nehelle 9.10 7.30 8.30 5.,30
s Dire Dawa 9 20 10.30 8.50 7.90

Figure 4-8. Mean Southwest Monsoon Surface Wind Speed (kts) and Prevailing

Direction, Ethiopian Highlands.

Figure 4-9 shows generalized late Southwest Channel flow and interior African Monsoon Trough

Monsoon season 850-rob moisture flow over the (low. The Monsoon Trough's position in late Jily and

Ethiopian Highlands. The dashed flow arrows represent early August results in the maximum moist southerly

Somali Jet flow, while the solid arrows denote Turkana flow into the region.

1IfA N mom

ION~~l~ &" Flw "o Ae

rr

106N * , f

4*N

50 15 10 300iI-O•

"'"' •L..../ . ..- "-,

340N 36 31N 46N 421N 44"N 46N11 48

Figure 4-9. Generalized Southwest Monsoon 850-mrb Streamline Flow Pattern and Low-Level Moislure

Inflow Trajectorles. Dashcd line is Somali Jet flow; solid lines are Turkana Channel anti interior Airican Monsoon

Trough flow.
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ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krernp?") June-September

PRECIPITATION. Between 55 and 90% o,' Ethiopian Mountains. Southerly low-level flow is lifted
Highland total annual rainfall occurs during the orographically to produce massive convective cells-thai
Southwest Monsoon--see Figure 4-10. Heavy isol&aied form, dissipate, thcn regenerate in mid-and upper-level
convective activity develops daily along the rugged, easterlies aloft. Widespread areas of conltinuhouis
sparsely populated western and southern slopcs of the rainshowers or steady drizzlc spread downwind from the
Western Highlands' Choke, Seshia, and Eritrean Mendebo Mountains into the southern Great Rift Valley
Mountains, as well as the Eastern Highlands' Mendebo when mid-level easterly flow is from 12 to 18 knots.
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ETHIOPIAN HIGHLANDS
SOUTHWEST MONSOON ("Krempt") June-September

ridges above 100(XX) feel (3,050 metcrs) have a greater TEMPERATIRE, Typically, mean daily imaximnumfrmquincy of (MX).- I X) LST thunderstorms because the temperatures (see Figure 4-1 I) are lower during theinitial convective activity develops at these higher Southwest Monsoon than in any other lvriod because ofelevations before moving downwind. July and August the heavy convection that prevents intense surfaccare also the primary thunderstorm months in the central heating. Mean daily highs range (mrm 69OF (210C) titand northern Western Highlands as strong surface Addis Ababa, where rain falls nearly every day, to 950 Fheating and deep moisture penetrations (south of the (350C) at Dire Dawa, located on the leeward (north)Monsoon Trough) from interior cquatorial Africa slopes af the Ahurnar Mountains of the Eastern Ilighlands.consistently invade from the southwest. Peak Record highs range from 86OF (300C) at Asmara tothunderstorm days in the suthcrn Western Highlands I 12°F (440C) at Burao, NOth recorded in June. Elevation(the Seshia Mountains) are in June and July. As a result, determinv's diurnal temperatire ranges; normally, therethe Monsoon Trough's migration along the western is only a 10 to 20OF (I I 'Q) range during the Southwestperiphery of the Ethiopian Highlands produces a similar Monsoon. Mean daily lows range froni 490F (90(C) atmigration of peak thunderstorm frequency northward. Addis Ababa to 68OF (20 0C) at Dirc Dawa. Record lowsHail occurs on 6 days during the Southwest Monsoon, include readings of 36&F (2-C) at Addis Ababa in JunLebut is extremely variable in size and duration. and 500 F (100 C) at Hargeisa in August.
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ETHIOPIAN HIGHLANDS
SOUTHWEST-TO-NORTHEAST MONSOON ("Krempt") October-November

(GNERAL WEATHER. Transition weather is scattered shoher activity occurs along the sNurface
characterized by a gradual largu-scale wind reversal. The Monsoon rrough's western axis (Indian Ocean segmncinl)

Monsoon Trough's rapid southward migration confines on five eastern slopes and adjacent Eastern Highlands'
southerly flow and moisture to the Western Highlands plateaus. The Great Rift Valley is dominated by dry
south of 80 N during October and early November. eostcrly flow at all levels. Signilicant weatier only
However, dry easterlies prevail north of the Monsoon occurs in the extreme southern Great Rift Valley
Trough, aad the effects-decreasd moisture and whenever southerly n1ow temporarily penetrates to 70 N.
rainfall--move southward with the Monsoon Trough. By Orographic uplift produces brief afternoon showers over
the end of the transition in November, fair weather this area. Clouds aren mostly stratocumulus ant cumulus.
dominates, with isolated showers and significant cloud
cover found only in the southern parts of ihe Western and SKY COVER. Mean cloudiness (Figure 4-12)
Eastern Highlands. decreases from south to north across the region with

reduced southerly flow and available moisture. The
"The Somali Jet rapidly weakens in strength by northern parts of the region see less than 35% mean

mid-October. The Monsoon Trough--positioned norlh of cloud cover during the transition; most is from isolated
the Somali Jet's southerly flow--is backed by deep but convection produced by diurnal surface heating. Higher
weak (4- to 8-knot) i.ortheasterlies that migrate slowly mean cloudiness percentages in the south are attributed
southward into the southern Eastern Highlands. Dry to the effects of the Somali Jet and Monsxon Trough that
conditions and fair weather dominate by early may persist through the transition.
November. The only significant weather occurs when
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Figure 4-12. Mea,; SW-NF Momisoon Transition Cloudiness Frequencies,

Ethiopian Highlands. lsolines are in 5% intervals. The data was derived by 4
calculating the grand mean from National Intelligence Summary (NIS) mean
cloudiness data for specific sites between June and September.
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ETHIOPIAN HIGHLANDS
SOUTHWEST.TO-NORTHEAST MONSOON (Krompt") October-November

The mean cloudiness shown in Figure 4-12 ranges Low ceiling frequenc•i.s (Figo'-c 4- 13) va),
from 27% 9at Asmara to 58% at Neghelle. Mid-afternoon through ul the Ethiopian Highlands, Tlypically, lhie
cuintilus and cumulonimbus are the main cloud types. highest frequency n 1 l ceilings lblow 3,(XX) leet (9•5I
Bases average 4,(XX) feet (1,220 meters) AOL. Tops meters) is between 0(X) and 15W(K) LST because o)
occasionally reach 40,(X)) reet (12.2 km) MSL in carly orographic lift and strfht.' heating nlong the windward
October along the Western Highlands. In November, dopes of the Seshia, Choke, and Mendeho Mountatihs
tops seldom reaLh 20,(XX) feet (6.1 kin), but towering Ceilings beiow ,5X) fI.zt t52 ITieters) (iC,( to thkk
cumulus and isolated thunderstorms, associate(d with stratus Iormalion after sunrise ir Wcs;ern Hii~hlhnds
strong mi(l- and upper-level troughs, may occur in the vulicys are m(kxt common beome'n 06(X) and 09(W) LST.
Eritrean Mountains; tops may reach 35,(XX) feet (10.7 High mo(untain peNks and their r(djacent slopes and
kmi). Most clouds dissipate by I I() LST. valleys see low louwis, or arc even obscured, every day.
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ETHIOPIAN HbIOHLAND16
BOUTHWEDT.TO-NORTHEAST MONSOON ("Krempt") October-November

VISINIUITY. Visiilities in thc Ethiopian Highlands distribution of low visibilities across the Ethiopian
asw greater than 6 miles more than 95% of the time Highlands. Note that remote mountatin valleys and
during the. transitiopn, they are below 3 rnmites less than ridges may see visibilities near zeio for 2-4 hours (hiring
3% of the th.ne. Figure 4-14 shows the frequency heavy rains or early morning ground fog.

SUMM ER
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Figure 4-14. SW-NE Monsnon Transition Frequencies of Visibilities Bewow 3 Miles,
Ethiopian Highlands.

WINDS. The Monso,:on Trough moves rapidly Western Highlands (Addia Ababa-Asmara). Spced•;
souihward throughi the Ethiopian Hiighlands during the average 7-I1 kn(ots. At night, local flountihin winds
transition, preceded by light and variable wind.i and average only 3-7 knots. The south to ea•st prevailing
followed by drier air currents from tue northeast. The winds at Dire Dawa and southeast to east winds at

northeasterlies aflfuc• the northern Ethuiopian Neghcllc show the Soi•,li Jet's influence in October. By
Highlands--the O2go, Ahmar, and Eritrean Ranges--and late November, windl direc(tion is riortheasierly. At Dirc
northern Great Rift Valley sites by mid-October. Weak Dawa, the northerly wind componcnt represen|ts a
southerly flow still dominate the southern Ethiopian localized upsloping dlaytimec c~rculation.
Highlands and its Choke, Seshia, and Mcndebo) Ranges.

Northeasterly flow produces loca'•l orogra•phic uplift
Mean surface wind speeds and prevailing directions along the norther,= Ogo Highlands, as well a:• in the

(Figure 4-IS•) show prev~ilIg e~sterly IOow. in the Ahmar and eastern Erituean Mour.tain:•. l~ow-level
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ETHIOPIAN HIGHLANDS
SOUTH WEST-TO-NORTHI!AST MONSOON ("Kreimpt") October-Novembor

easterly flow Is relatively (try, but mid. and tipper-level owm'ern slopes but Is less estnsivc durii'g (lie tisaititon
casterlics accentuate oroprdpliiv up-irt into the northern occause or the reIlativ dlryness of thie low-level
halr af die Ethiopian HIghitinds. Cumulus devolopmcnt northeasterlies.
fthough orographic uplift now occurs on fth north sand

OC0T N ON

E-E S"E Addi:5 Ababa 1 0. "0 ,
E---ESE Asmara O.7Q

SE- EYE-NE Neqhelle t5 1 57 ,

Figure 4-15. Nieenn SW.Nii Mlonsuoia Traa~sition Wind Spced (kts) and
Prevailing Directlon, Ethkopian Highistsrds.

PRECIPITATION. October rairifijll at Aba Sagub Oin significint wocalized Calf or Aden moisture iisccni(N the
the southern Seshia Mountains) is 5.5 inches (140) mm); iiwrthern 0go/Ahniar ai~d eastern Eritrct~n Moluntains.
Neghelie get,; 3.3 inches (84 mm); Gondar, 2. 1(53 min). How'-vet, orograp'iic ratinihowers are. light btcuutsc thc
The (otiler stations showti in Figure 4-16 get I inich (r i large-scale air mass is cedtrcmiely dry. iuie
mm) or less in October. Moderate to heavy prccipitation con'. ctive activity rarely rcgcnerates into) massive cloud
rarely occurs bl~elw 10,000 feet (3,050) meters), bi clostcrs. Oft~n, the origiviAl convecti-c cell dis;sipatcz,
heavy convection, generated by moist southerly with only a vace or (1.01 inches (0.02) nrm) of raiiafall
low-level nlow near the Monsoon Trough, builds along b3ClOW 5,(;(X) k'Cw (,5214 iMetrs) MSL. !'romn 0.2.5 to 0,50
the southern Seshia, Cheke, and Meridebo Mountains. inc!,es (6- 13 mm) miay fall 6iong, higheie ridge ci'ests.
Convective c~ells move slowl; wevstward with light minn
sho)wers and continuous drizzle spreading downwind In Novcmber, mnoist sot~thcrly flow alon, thZ
front the main convective cells. Monsuen Trough pen(!traes only (o the cxircrac SOutherti

Meadebo Seshia, axid Cl'oke Mnuntains. Normally, thc
The eastern Eritrean Mouintains and northern Trough is too far soulh for vwidespread heavy :onvcction

Ahrnar/Ogo Ranges see orographit, showers witi' and significant rainfiall to persist for more than 12 hatirs.
nor~icaserly flow. lsolaled towering Lumulus trinj~s Noves-bc-r vainfall i% prihnarily gecr~ealcd by diurnai
light sh~owers to the northern Great Rift Valley. but the convec~ive heaiing and isolated orograrplihc uplift of
low-i-,vel nortl.easterlies lack the moisture wo form localized moisture from lak,.. and uinasliands. Moderate
massiv'e convective cells. Convective cloudiness and showers mray occur a!bove 10,000) feet (3,05() mnctrs)i, but
low-lev.ýl moisture are normally cmifined to the first they are e'o~remely variable in dtadion and intensity.
mountain slopes that lift the flow. By November, Light rainshowers ard drizzle are common downwind
rncrthewittrly low-level flow penetrat,., to 60 N. andi freim convective activity.
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SOUTH WEST4TO-NORTHEAST MONSOON ("Krompt") October-Novembor

d [Mean Precip I MI Ihj
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Figure 4.16. Mean SW-NE Monsorn Transition Monthly Precipitation. Ethiopian
Highlands. Isohyets represent mean seasonal rainfall totals (inches).
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ETHIOPIAN HIGHLANDS
SOUTHWEST-TO-NORTHEAST MONSOON ('Kirempt") October-November

TElMPERATUiRE. Meat) daily highs average 72.91 jOF Ababa, Asmnara, Comboichit) than at 4,0(X) 1cct/l ,22()

(22-33'C). Record highs range from 860F at Asmara In mecters (Buruo, Dire Dawa). Mean dally lows average

October to 1000F at Neghelle, also in October. 43-63OF (6-17 0C) wiih record lows of' 29 F0(-20 ) ati
Radiatlon cooling, clear skies, and low mid-level air Addis Ababa and 460F (80C) at Dire Dawa, both in

temperatures result in lower mean daily minimum November.
temperatures above 7,000 feel/ 2,134 meters (Addis

- Month
Mean Daily Max IJ ±.

160N *Red Mean Daily Mmin I
2 smar Missing data

SUDAN omboicofAe _/

80N

4N a. Ind79
.59155

4000-d SOMALI nda

3t 36E 384E 4001 42%f WE W6E 48PE

Figure 4-17. Mean SW-NE Monsoon Transition Daily Maximum/Minimum
Temperatures (OF), Ethiopian Highlands.
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ETHIOPIAN HIGHLANDS
NORTHEAST MONSOON Decenioer-March

(ENFERAL WEATHFER. Northeast Monsoon tcmlporarly reverse the flow for 4-12 hours,.

circulation dominateis most of the region during fair West-northw.sterlies may reach the eastern ()go

weather, but the Western Highlands and iLt complex Highlands before the Northeast Monsoxo regains its
terrain create a unique low-level transition zone for nmomentun .and revcrses low-level flow,
African and Asian flow, These two low-level
circulations-.the Northeast Monsoon anti Sahara Desert At the upper levels, the Subtropical Ridge is oriented
westerly flow.-converge in the southern Red Sea. The WSW-ENE above the region during the Northeast

Western Highlands force the recurvature of low-level Monsoon. This splits uppcr-levcl circulation into
westerlies around the northern tip of the Eritrean westerly and easterly branches, The southernmost extent
Mountains. The Red Sea Convergence Zone of westerly upper level flow affects the northern
(RSCZ)--sce Chapter 2--represents the low-level two-thirds of the Western Highlands and Creat Rill.
transition zone. Valley, as well as the extreme west edge of the Eastern

Highlands, between mid-January and late Fchruary. By
When cyclonic activity and disturbed weather March, only the extreme northern tip of the Western

migrates eastward across the northern Ethiopian Highlands are alfected by westerly upper-level fow
Highlands, low-level westerlies temporarily override because the Subtropical Ridge has migrated to 15' N.
Northeast Monsoon flow in the northern Great Rift See the mean monthly 200-mb flow patterns in Chal)ter 2
Valley and Eastern Highlands. Mid-level flow funnels to understand the Subtropical Ridge's seasonal
southward through the northern Great Rift Valley. oscillation path over the region. A three-level wind
Normally, the low-level Northeast Monsoon flow direction profile at Addis Abaha (Figure 4-18) illustrales
extends westward to the western edge of the Great Rill the upper-lcvcl wind shifl over the Ethiopian Highlands
Valley in fair weather. However, a frontal passage may between mid-January and late February.

l• l000ft

,3000Oft

-4o

j4; FEE A, F 't:,* -

Addis Ababa 3-level direction

Figure 4-18. Mean Annual Wind Direction, Addis Ababa, Ethiopia. Note thec onsistcnt
mid-level easterly flow during the Northeast Monsoon, as well as the mean upper-level
(30,tKMJ-foot/9,146 meter) westerly flow (luring mid-January through late February.
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ETHIOPIAN HIGHLANDS
NOIRTHEAST MONSOON Docember-March

SKY COVE~R. Orographic uplift and diurnal surface orograjphic uplift only cwcurs along the Western/Eastern
healing produtce nearly all daytinie low-and mid-level Highlands' north- and east-facing slopcq, which tire.
cloud cover, The southern GIreat Rift Valley secs the perpendiculni to the pre-ailing flow &tndl produce tflc
most dlaytime cloud cover, hut low clouds (scattered greatest uplift, Extensive cumnulus dcevlopivent Is
cuimulus and stratocumultis) average 6,(XX) to RA(K) feet limited to ridge crests above lo,0(X) fect (3,050 mneters)
(1,829-2,439 mecters) AGL andl cover only 2-3/8ths, MSL in the Ahmar Mountains 11car Dire Dawa andi
Evening sees stratus and stratoctirnulus forming as strong eastern Eritrcan Mountains between Counbolow a ndl
radiative cooling produces shallow temperature and Addis Ababa. Thin cirrus is also common.
mokturc inversions-, bases average 4,(XX)-6,(XK) feet
(1,220-1,829 meters) ACL. Most nocturnal cloud cover When the rare cyclonic stormn extends it wmmk cold
is thin, exccpt for occasional thick ground fog that front into the southern Red Sea and Gull of' Aden,
dlevelops near large lakes. The numerous water bodies in westerly flow produce:', strong orographic uplift against
the southcrn Great Rift Valley often produce fog or very thc western E~ritrean Mountains between Asmara and
low stratus in the early morning because the water Gondar. H-owever, most of' Asmnara's scant Northcast
Ienipcraturc is often 10-1.5017 (4-60C) war-mer than the Monsoon cloud cover andl precipitation occurs 'lith
land. low-level convergence along the Redf Sea Convergenvc.

Zone (RSCZ)--wee Chapter 2--rather than fromi weak
Figure 4-19 shows mean Northeast Monsoon frontal passages.

cloudiness across the Ethiopian Highlands. Typically,

16N* Red
Sea

arm

14N.a

1HSUDAN boc4 ofAde

10'N

d Aba

i.N. -SOM1A A Indian
40* Nsujw;title Ocean

1C(I 0 50 100 150 200 300

W I 01 7~ 464-E 48k ~

Figure 4-19. Mean Northeast Monsoon Cloudiness Frequencies, Ethiopian Highlands.
Isolines are in 5% intervals. The data is derived by calcuiating the grand mecan from
National Intelligence Summary (NIIS) mean cloudiness data for specific hours between
December and March.

4-24



ETHIOPIAN HIGHLANDS
NORTHEAST MONSOON December.March

Ceilings at or beolow 3,(XX) feet (913 meters) A;L AGL arc only -.5%, and otccur most freqentnlly in Ilh
average less than 25% (,ec Figure 4-20). Note that morning, Typically, ceilings Lit or Ihlow 30(X) Ict, f)15
sevcral stations (Hurgoeia, Dire Dawa, and Ncghcllc) do moters AOL occur at midl-morning (09(X) LSTj in the
not report 03(X) LST ceiling data, Hargcisa's 24% low southern Ethiopian Highlansand ti at night in the northern
ceiling frequency (Figure 4-20) at 09(X) LST is mostly Eritrcan/Great Rit Vallcy. At Dire Dawa, low ceiling
stratus and stratocumulus that dissipate by I I(X) LST. irequcncies are higher in afternoon and carly evening
Cciling frequencies at or below 1.0(X) feet (305 incters) than at nil,,ht because of uplilt in the Ahniar Mounuwins.

WINTER

160N 4

14*N. ~j
LC~onElar

12*N6 ~
Combo le01 0 3109111 1

ION• Dire D \.Hala:ge i s a' 03 09 15

f k , Burao "4
8N -K. Ababa

S4 bV S b 03109115 21

16oN1 a,• 91101 61 9 ,

.O Neghnlle
4-- 4•. " ,..-- --

heters /n 03109115121

2000 CIG >3.000 I I
1000 . Missig data

34 1 E 36E 38"E 401 420E "GE 460E 480E

Figure 4-20. Northeast Monsoon Frequencies of Ceilings Below 3,000 Feet (915
meters), Ethiopian Highlands.

VISIBILITY. As shown in Figure 4-21, visibilities Dust/sdndstormý: may limit visibilities in the lower
below 3 miles are very rare during the Northeast elevations (below 5,0(X)0 fct/1,524 mctcrs) as high winds
Monscon. Radiation fog (from 03(X0 to 08(X) LST) is the lift the drier soil. Local visibilitics below 3 miles occur
primary cause of low visibilities in high mountain in the Western Highlands with most fronial passages,
valleys above I0,0(X) feet (3,050 mewrs), regardless of strength.
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FALL
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Figure 4-21. Northeast Monsjon Frequencies of Visibilities Below 3 Miles, Ethiopian
Highlands.

WINDS. Prevailing wind directions and speeds shown the only places in the Ethiopian Highlands where mid-
in Figure 4-22 vary significantly because of the complex and upper-level conditions deviate from easterly flow.
topography in the Eihiopian Highlands. Low-levcl
convergence between Northeast Monsoon and Sahara Through February, weak upper-level westerlies at
Desert flow occurs in the southern Red Sea north of the 10-15 knots may migrate southward to 7-80 N and
region. It also affects the Eritrean Mountains' northern penetrate to the western edges of the Great Rift Valley.
tip, near Asmara. East of Asmara, wind shifts aie often Fair-weather midilevel flow is easterly at 10-15 knoLs.
dramatic. East-southeasterly flow at 8-11 knots during When upper-levcl troughs move over the interior
fair weather shifts to northwesterly (5-10 knots) with Western Highlands, weak west-southwesterlies anti
frontal passages. By March, west southwesterly flow orographic uplift are temporarily established at the
affects Asmara regularly. The rugged western interior of mid-levels, but easterly flow is reestablished after the
the Eritrean, Choke, and Seshia Mountain Ranges have trough passes,
complex mid- and upper-level flow patterns. These are
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NORTHEAST MONSOON December-March

DEC JAN FEB NMAR

ESE Addis Ababa 8.40 9,10 8,50 :9.10
SE,/WSW Asmara 7.90 8.,10 90 8. 60

E-N- E. Neghelle 7.30 7,00: 8,90 7.50
W-N Dire Dawo 4.10 4.40 4.90 6. 80

Figure 4-22. Mean Northeast Monsoon Wind Speed (kis) and Prevailing Direction,
Ethiopian Highlands.

The Eastern Highlands (shaded in Figure 4-23) spfit a relatively moist Gulf of Aden current and a very dry
the peristent low-level northeasterly Monsoon flow into low-level Indian Ocean current.

Cd

16

14.

12 !

10

4.

34 36 38 40 4^, 4 46 4
FAST

Figure 4-23. Generalized Low-Lvei Flow Across the Eastern Highlands (shaded) During the
Northeas : Monsoon.
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The dry current shown in Figure 4-23 flows along the Eritrean Mountains between Asmara and Addis Ababa
southern Eastrn Highland slopes of the Ogo, Ahmar, block low-level northeasterly flow from entering the
and Mcnidcho Ranges and the plateaus of southeastern Scshia, Choke and interior Eritrcan Ranges. As a result,
Ethiopia. The moist current advects west-southwestward a Northeast Monsoon/Sahara dcscrt/Mediterranean Sea
along the northern Ogo and Ahmar Ranges in the low-level airflow boundary is cstablished along these
northern Eastern Hip,hlands, then recurves southward into ranges. In the western and interior Western Highlands,
the northern and central Great Rilt Valley as far as Addis Meditcrranean low-level flow, modified by the desert,
Ababa. During lair weather, Northeast Monsoon flow can dominatc the Northeast Monsoon, Light westerlies
crosses the entire northern Great Rift Valley and ascends at the surface, 10- to 15-knot casterlics between 8,(XX)
the cistern Eritrean Mountains between 120 and 140 N. and 20,(XX) feet (2,439-6,097 mcters) MSL, and
To the north and west of the eastern Eritrean Ranges, westerlies (15-20 knots) above 30,(XX) Ic,'t (9,146
northeasterlies recurve northward into the southern Red meters) MSL arc common in the Western Highlands
Sea. It is rare for low-level Northeast Monsoon flow to when the Subtropical Ridge is south of 120 N. Figure
penctratc the rugged Western Highlands interior. The 4-24 shows mean low-level (850 mob) Northeast
Western Highlands are, a transition zone for airliow Monsoon flow across the Western Highlands.
below 5,(XX) feet (1,524 meters) MSL. The eastern

14&

12.

NofrtheatMnon

6.

4.

34 36 EAST~

Figure 4-24. Generalized Low-level Flow Across the Western Highlands (shaded) During fihe
Northeast Monsoon.
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Mean mid- and upper-level wind speeds average. PRECIPITATION. Deccmhc: is the driest rifonth ol
10-20) knots. The Subtropical Ridge is oriented the year in the. Ethiopian Highlands, hut northeasterly
WSW-ENE across the region during the Northeast now produces some localizedl convcctiofl alonig the
Monsoon. North of the Ridge axis, westerlies (at 15-20 Eastern Highlands and northern Gmat Rif't Valley. As
knots) reach Addis Ababa by latce February. To the south shown in Figure 4-25, meani precipitation increases are
of' the Ridge. easterlies (at 10-15 knots) dominate most dramatic in the GJrcat Rift Valley as broad-scalc
upper-levcl flow. By March, the Subtropical Ridge Northc.1st Monsoon flow becomes well-established in the
migrates northward, Only the extreme northern tip of the western Gulf of Aden between January anrl early March.
Western Highlands is influenced by upper-level westery
flow.
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ETHIOPIAN HIGHLANDS
NORTHEAST MONSOON December-March

troughs normally intensify low.level easterly flow rtnd nordiwess during Ihe Northeast Monsoon. Although
,noisturc into the western (oreat Rift Valley. Figures enough snow ot-imrs io pr(xibce shallow snow depths, the

4-2(6 and h show a trough approaching Asonaru from the snow line is ax)vc i 2,MXX) feet (3.,659 incers) MSL.

, sdf
. A-;A

If:

Figure 4-26a. Surface Streamline AnuIl sis, 19 December 1979, (0600Z/0900 LSTF).
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ETHIOPIAN HIGHLANDS
NORTHEAST MONSOON December-March

Figure 4-26b. 700-mb Analysis, 19 December 1979, (0006)Z/0300
Ls'r). At 03(X) L.ST, the trough line extenids to 120 NM WNW of
G;ondar, Ethiopia.

TEMPERATURE. Although Ethiopian Highland 9,6017 (30'C7) at Addis Abaha in February to 1000F
temrperatures arc very high during the Northeast (38"C) at Dire IDawa in March. The highest dijurnal
Monsoon, they decrease 3-40F (2'C) for every temperature range foundi in the Northeast Monsoon

,(KK)-foot (305 meter) increase in elevation--see Figure (0F22)(') is at Aba Segub. Mean daily lows range
4-27. Mean daily highs range from 7] OF (220(7) at from 40OF (40C7) at Aba Segub to 64'F (180C7) at D~ire
Asmnara in December 10 90OF (330C7) at Dire Dawa in Dawa. Lowest temnperatures are in January. The 27"F
March. Abo~ve 100(X) feet (3,050 meters), mnean daily (-3O(C) reading at Addis Ababa and the 41 OF (50C7) at
highs are at or below 70OF (210C(). E-levations between Dire Dawa are the record lows in the Wesle rn/Ea stern
3,280-6,560) feet (I ,(XX)-2,(XX) meters) are consistently in Highlands.
the 80-89 0F (27-31 0 ) range. Record highs range fromn
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Feigure 4-27. Mean Northeast Monsoon Daily Maximum/Minimum
Temperatures (OF), Ethiopian Highlands.
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ETV410PAN HIGOHLANDS
MORTHEAST-TO-SOUTHWEST MON4SOON TRANSITION ('8elgh") April-May

( GNERAI. WEATHER. The transition from tht' central Great Rift Valley, and ilhe ( go H ighl~ands5 \\eak
Noitheast to the Southwest Mor~soon is a 2-anoni1h Northeast Monsoon Conditions Co1tititaC p)rior to thec

pnriod during which northeasterly flow diminishes in the arrival of the Monsoon Trough and Soniali Jet inl tlie
raortiiern Ethiopian Highlands and moist, southerly flow north. Typically, the onset of' persisnt southerly flow is
patterns reapp-,ar in the southern Scshia and Mcinlebo preceded by a It- to 3-weck period of light and1 variable
Mounuiins. winds mixed with short (1 -6 houi j bursts of strong (1 0-to

15-knot) southerly Pnw. Southlerly flow eventually
The surface Monsoon Trough and Somali let Stream persists.

oscillate northward--with a continuous flow of tropical
moisture--into the southern Ethiopian lHighlands by early SKV COVER, CL.nulus and convective cloudl clusteis
April. The Mvonsoon Trough supplies southerly flow and form cver the Ethiopiaii Highlands (lue to the orogralphic
abundant moisture to the Seshia and southern Choke lifting of the moist southerly (low. The Seshia range 'in
Mount2ins, while the Somali Jet Stream brings southerly the Western Highlands and the Menddo Mountains in
flowy and moisture into the Eastern Highlands' Mendebo the Eastern Highlands are initially affected. As shown i!;
Mountains. The northern Great Rift Valley is usually Figure 4-28, areas affected by southerly flow and
sheltcred from southerly flow until late May because the equatorial moisture throughout the transition show high
Monsoon Trough and low-level moisture remains south (greater than 55%) mean cloudiness frequencies. The.
of 80 N, steep south-to-north gradient in mean cloudiness (63%-4 at

Neghelle, 34% at Asinara) illustrates the slow northiwea
The Monsoon Trough and Somali Jet transport migration of Monsoont Trough rnoi hurc thiougli the

moisture in uneven 3-7 day "bursts". By early April, Ethiopian Highlands.
these bursts affect the southern Erit~rean Mountains, the
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ETHIOPIAN HIGHLANDS
N0RThiEAST-TT')-SOUTHWE3T 111ON-ROON TRANSITI3N ("'oelgh"ý April-May

Sky curidlicon during the transition detcin ritrtes (rcm~ In '%ptil, min! 'a, coIIvcU)ivc cl(A.l cluster, that devtelo1 l
nordi to south. Trcdical moiture inf~ux to the Naotern betwo~n 06(X0 aiad 0900 LW!' have, Nises lictween I ,0WX
Highlands is caused by 'he Soiw-i Jet. Low-level flow and 4,ýKX) N'ct (3,05 and 1 ,21() meters) AGL, m~ith lops to
splits along the Meridcbo Mountains into two branches. 30,(XP. Yc 9, 14:'i incecrs) MSL fly mi1dlay, most
A wc~lward hrar'eh ol soinali Jet flow~ pasre., thro'ugh the- co-iveciive clusievs dissi;)a2' as, orographi , oplifI
Turkatim Channel .uad alom- the ,,_'vxn s~q-1, v:' thz qqueczes oi.:' tnoitw,,. By niid-aflernoun, c.,acrsmi'e fitir
Mec.~c~io MvlunIl 1w' Main Soanni Jet VXmw siiders We'3thcr cutiulius with 1,ops to I !,(XX) leel (4 773 m'eters)
northwaid alIong the southecmern sle.pes ofl;,z I.IenIcbo vov, s thie Scshi,, atid southern ('loWebi~reiii'
and Ahn,*ar I'lour.Uins. Orogrtpliic uplift occurq Mt,; .rlains.
l'&iquentlY 'o these rnoutikintmE welas, tmt hcat y
')ro~rtphic convection dissipcvs into a,"moumulus And Ily May, the Mon~ioxn Trcoagh migrates northward
alto~tratus when indivhiiual cell movement is to ox ceast alung ohe Western Highl~ands to :2- 15' N and estab! i sies
xr timi~lhast. Southern arid ep-mtm slopes of thec a cccper moisturc layer into Cie Western Highlands:
Mendeho vi-A Ahrnar Moeuntains averaze 4-5/8ths sky hca'; conveclivec doudiness begins to enter the southerti
cover at aill tiours tv-catzc the Somnali ;ct is stronger'at Coreat Rift Valley and north-central Eritrean Mountains
nighit. Cunvilos, ioweriog cumuluk, and cumulonimhdis The n~ew Trough l~~IK%3 increases low-level moisture
predornikiute. !Pases awe 3,(XX).4,(X)0 feet (915-1 ,220) penetiadon irso( the souinern Great Rift Valley as well ms
incter.91 AOL; tops, l(,,0(1 feet (3,050 nicter.). The kct into the Blue Nile Valley of' the (Choke and ventral
is thev sot'e source or astdi~ ir that converges with Evilrem~ Mountains. Widespread convection continues to
fuoultain hrvce;.es at night, while diarmal nsountal~n slope develop titrough midday iný ft Seshia Moontaiirs, Nili
heatinp, assi:;,ts :ane weaýker Jtet clurir~g tne (lay. oow the Vhoke and southern Eritrean Mountains also

develoi) heavy cenvection betwcen 06(N) and 09(W LST,
Ea,-, of the Ahrnar Mountain;, Somali let 'lowv i.M Clud bases run 4omr 4,0(XX) to 6,000O feet (1,220 to 1 ,821)

m&arly parallel 14o Ilin souithern Ogo H gfilan~ls, and much meters) AGL: tops may exceed 20,00'0 [cet (6,09)t7
dtrier. (imm,,rn ; sky cov-,r avermges 2- 3/Hths in May, but mecters)
in early April, the Northeast Monsoon (low-Icyci
nortlicaslerly 11mv) still a,"cts the Ogo Highlalnds' [1:2 mean frequenacy ol ceilings below 3,00X) feet[,) 15
noritiern slopes. As a result, o.o-raphic uPt1*. it' May metlers AGl. (zss showr. in Figure 4-29) is 79/ for the
re vcrs,2s alotiw t~e Ogo Ifigh;,'nds from the rnorihern to entire Ethiopian Highland!n. Higher frequenwcis occur at
the ý.ottlhem sl;)pes .Sinilar _'Ioudl tovcr distributions Neghelle, as well as at ol112-r Ethiopian Highlands
affect tnc Alimar Mountains. These ClaLJS form at abotut localions ~etIof 80 N, Normally, peak low veiling
5,09! ice,, (1.52-; meters) AOL lreqajencies at 0900 LST indicate that a sustained

low-level flow mechanism is helping to sustain heavy
In the Wc.ýacrn Hi~hlands, sonie Turkana (Channel convcction. A low ceiling frequency peak at 1500 LST,

fiow i-aches the sout ocastern S !shia Mnuntainis and on the other hand, implies a diuirnal heating mechanism.
w~rene, southern Great Rift Valley The Monsoon Asmara, Dire Dawa, and Addis Ababa see more radiation

Trough, however, indwes most orographic uplift. In ground fog than other locations because local terrain
early April, mocist but shawow low-level southerly flow pirt duces a high number of nocturnal inversions with)
consistently penetrates the sinuous Olino River Viley in calm and stable coaidition's.
the Seship Mountains. Heavy convection builds through
late morning. Sky cover is consistently 5-7/8ths,
decreasing to 4-5/8ths overnight
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ETHIOPIAN HIGHLANDS
NOR THEAST TO.SOUTHWEST MONSOON TRANSITION ("Belgh") April-May
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Figure 4-29. NE-SW Monsoon Transition Frequencies of Ceilings Below 3,010 Feet
(915 meters), Ethiopian Highlands.

VISIBILITY. Ground fog is the main cause of low to occur. In the central and southern Great Rift Valley,
visibilities recorded during the transition, The overall ihe warm valley floor combines with weak, moist
frequency of visibilities below 3 miles is low, as shown southerly flow to produce a moist, 3-knot upslope wind
in Figure 4-30. Radiation fog appears in the Great Rift during undisturbed weather conditions. The moist
Valley with calm conditions during the night and early upslopc flow condenses in cooler air to produce
morning hours. In the northern Great Rift Valley, light mid-afternoon fog or mist (luring April and early May,
northeasterly winds allow nocturnal radiation inversions
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ETHIOPIAN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Beigh") April-May
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Figure 4-30. NE-SW Monsoon Transition Frequencies of Visibilities Below 3 Miles,
Ethiopian Highlands.

WINDS. Sudden low-level wind shifts kccur in the Trough. Surface flow at Addis Ababa is domilated by
Eastern Highlands as the Somali let surges prevailing flow in the central Great Rift Valley.
spontaneously into the region. Figure 4-31 shows that Prevailing surface winds reflect the sustained Northeast
April-May wind shift phenomenon at Neghelle and Dire Monsoon circulation through May. Northeasterly flow
Dawa. Prevailing wind direction at Addis Ababa reflects channels through the Gulf of Aden--over open
it location on the eastern edge of the Western Highlands watcr--into the area before tile surface Monsoon Trough
where it is sheltered from the Somali Jet and Monsoon reaches this far north.

)
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ETHIOPIAN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Belgh") April-May

APR MAY

ESE-E Addis Ababa 8,40: 9,10
ESE-ENE Asmara 7.90 810

E-NE/S-W Neghelle 5,90 6.20
S-W/S Dire Dawa 7.40 9.80

Figure 4-31. Mean NE-SW Monsoon Transition Wind Speed (kts) and
Prevailing Direction, Ethiopian Highlands.

Because mean surface flow during the transition is so Neghelle in mid-April to Burao in early May) along the
complicated, it is best described in three categories: (1) Eastern Highlands as the Somali Jet produces a synoptic
Northeast Monsoon circulation that affects the northern scale burst of s:utherly flow. The light and variable
Ogo Highlands, the northern and central Great Rift wind belt affects Eastern Highland plateau localions for
Valley, and the eastern Eritrean Mountains; (2) the less than a 2-week period during each transition. The
Transition Zone--a narrow cast-to-west band of light and wind shift zone along the Western Highlands has no
variable winds that represent the surface Monsoon cross equatorial jet streams to concentrate southerly flow;
Trough and boundary between the Northeast/Southwest as a result, surface Monsoon Trough axis movement to
Monsoons- and (3) the Southwest Monsoon, which the north is a gradual broad.scale event. Light and
accounts for all southerly flow and which migrates variable winds may persist over a Western Highland
northward along the Eastern Highlands much faster than plateau location for 2-4 weeks before southerly flow is
the Western Highlands. sustained.

Northeast Monsoon Flow. Although the Asiatic Southwest Monsooniflow along the southern Eastern
High (see Chapter 2) is no longer producing low-level Highlands (10-20 knots) and the southem Wcslern
northeasterly flow across the Arabian Sea, the final flow Highlands (7-10 knots) is separated by rugged terrain.
surge in Northeast Monsoon flow enters the Gulf of Although the transition begins in the south, the
Aden in late April or early May. Low-level Northeast Southwest Monsoon does not affect the entire Ethiopian
Monsoon flow passes westward across the northern Ogo Hlighlands until late May. When synoptic scale southerly
Highlands and into the northern half of the Great Rift flow is sustained, there is an immediate inctcaw;c in
Valley. After a final northeasterly surge, winds become relative humidity, cloud cover, and rainfall, a signal that
light and variable on both sides of the Ogo Highlands the transition from the Northeast to the Southwest
and Ahmar Mountains. Monsoon is complete.

Transition Zone Flow. The transition zone between PRECIPITATION. Recrred to locally as "Bclgh" (or
northeast and southwest flow is an east-to-west belt of "small rains") the NE-SW Monsoon Transition sees
light easterly to southeasterly flow at 4-7 knots. This precipitation becoming a daily occurrence with the
wind shift zone marks the surface Monsoon Trough south-to-north oscillations in the Monsoon Trough and
along the Ethiopian Highlands' periphery, but the surface influx of moist southerly flow. Figure 4-32 shows mean
trough is often ill-defined. The zone does not exist April and May rainfall across the Ethiopian Highlands,

* above 5 (XX) feet (1,524 meiers) MSL because of terrain Note the large 2-month rainfalls (greater than 19.2
in the Highlands. The surface Monsoon Trough and inches/488 min) across the Mendebo, Seshia, and
wind shift zone migrates rapidly northward (from southern Choke Mountains.
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ETHIOPIAN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION (", lgh") April-May
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Figure 4-32. Mean NE-SW Monsoon rransition Monthly Precipitation,
Ethiopian Highlands. Isohyets represent mean seasonal rainfall totals (inches).

Precipitation begins south of the Trough axis along indicates that the Monsoon Trough is not consistently
the region's southern fringes in early April. in extreme north of that city during the transition. In fact, cyclonic
cases, Neghelle and Aba Segut see heavy rainfall even activity provides most transition rainfall. In the northiern
sooner when the Monsoon Trough moves temporarily Great Rift Valley at Gombolcha and Dinr Dawa, mean
north from its mean late March-early April position. transition rainfall actually decreases from April to May
However, statistics &how that April is the "true" as northeasterly now weakens through the period and
beginning of the transition from the NE to SW Monsoon. terrain prevents moist southerly flow from reach~ng those
By late April, the southern part of the region sees daily areas.
periods of moderate to heavy rainfall from heavy
convection that originates on the southern slopes of the Thunderstorms are frequent in the Mendebo and
Mendebo and Seshia Mountains. In May, orographic Seshia Mountains, occurring on 6-8 days a month during
uplift fires convection on the Choke and southern Ahmar the transition. Maximum frequency is between (MAX1)
Mountains with the northward surge of low-level and 09(W) LST. Haii is rare in the southern Ethiopian
moisture behind the Monsoon Trough and Somali Jet, Highlands, but lightning and thunder arc reported
respectively. Lower mean precipitation at Asmara frequently.
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ETHIOPIAN HIGHLANDS
NOR tHEAST-Tro-SOUTH WEST MONSOON TRANSITION ("Beigh") April-May

UIMPIERA'TURE, Mean daily highs (see Figure .1-33 tire lighti and stinshine is intefise. he lower incan daily
range froin 7()0F (24'C) tit Ncghel'c lo 93'F (040C ai highis in thie southern E~thiopian H-ighlands are tile restilh
Dire Dawn. Pccord highs across lthe region include an col moist southerly llow ithat increases clouid cov&r and

860F ý30&C) reading ait Asmara in May) and at 102 0F rainfaill. Mean dlaily lows range fromn 49)0F (1)0C at
(3')'C) at Dire Das,ýa, also in May. Most absolute highs Adds;, Ahaba to 68OF (200C) at Dire Dawit. Absolute
,Kcur prior to the onset of mois'. southierly flow, hut lows range fromn 360F (20C) at Addis Ababa in Many to
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Chapter 5

ADEN COASTAL FRINGE

The "Aden Coasuil Fringe" includes coastal portions of Somalia (SI), Djibouti (DJ), Yemen Aden (AD.) and all of
Socotra Island (AD). After describing the area's situation and relief, this chapter discusscs typical weather
conditions by season. Seasons here have local names ("FHagei," "Der," "Gital," and "Gu"), as shown. Note that the
local names here are the same as those used in the Indian Ocean Plain (Chapt,ýr 3). Note also thai, because of
rainfall, June in the Aden Coastal Fringe is a part of the Southwest Monsoon proper, rather than of the transition.

Situation and Relief ...................................................................................................................................... 5-4

Southwest M onsoon ("Hagai") June-Septem ber ................................................................................... 5-5
General W eather ...................................................................................................................................... 5-5
Sky Cover ................................................................................................................................................ 5-5
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STATION: &VEN KHORMAK_

LAT/LON: 12 50 _ E _ ELEV-

ELEMENTS JAN FEB IMAR 'APR IMAY JUN JUL AUG ISEI' OCT INOV IDEC IANN

EXT MAX 92 91 981 102i 1071 _121 109! 107 1051,• •0 931 1122

AVG MAX 80 81 1 84 1 88 I93 95 93 32 93 _ 90 85 81 1 88

AVG IN 73 73 i 75 78I 82 ?84 83 81 8 3  7-¥ 1 75 j 73 78

EXT MIN 56 61 58 66 1 70 i 73 70 63 71 59 61 59 [ 561

AVG PROP 0.2, 0.1.2' *I * 0 0 0.11I 0.1i 0.11 0.11 1.00

MAX MON 3.3! 2.31 6.61 3.9' 1.41 1.31 0.9i 2.0 1.9i 2.2i 1.3i 1.6i 8.6j

MIN MON 0.0 0.0 0.0! 0.01 0.0 0.01 0.0' 0.0; 0.0I 0.01 0.01 0.01 0.11

MAX DAY 2.21 2.31 3.01 2.6: 1.4 1.01 0.6i 1.4i 1.9i 2.?I 0.81 1.11 3.01
DUST DAYS 4 7 i.0 8 12 24 .29ji 25 j 13_ 5 _5 4 146

!TS DAYS 10 0,O *1 2 1 2 * *11* 1 0 0 5.

;AVG RH % 70 73 73 74 72 65 65 65 ' 6168 71 70 70{

APP TEMP 8 83 1 90 1OO 1051 106, 1041 1041 102! 100! 90 84 I

STATION: B~ERM SOMALIA _____... __.. ._

LATALoN: I_ 21 N 44 57 E ELEV: 30 Q•-F1{
ELE.NTS JAN FEB .MARP APR MAY jJUN SEPOT EC ANNI

EXT MAX 94 192.1 95 j 1081 1121 1171 1161 116j 1141 107] 981 96 1117

AVGMX 84 8 89 N9- 107 1 1 o06 1o1031 92 1,8 185 94,

EXT MIN 68 71 377 80186j88 87 ]84 76j 71 6 1 77

AG MIN 58 60] 62 66 69 72 69 68• 64 62j 61 59 j 58I

AVG PRCP 0..11' 0.21 0.51 0.31 * * O.11 *1 0.1 0.2] 0.2j 2.0

MAX MON 2 61 2.21 5.71 3.51 2.61 0.81 0.7' 0.7; 0.7; 1.2! 1.9! 2.7 7'0w

MIN MON 0.01 0.01 0.0] 0.0] 0.0 0.0] 0.0; 0.01 C.0O 0.0] 0.01 0.0 0.1O
MAX DAY 1.8]. 1.51 5.21 2.31 2.61 0.9] 0.01 0.61 0.7• 1.11 1.91 1.31 5.2,

TSDAYS 4* fl' 2] 2 { 1 { 1{.1i * 0 111

APP TEMP 90 . 90 90 j 100i 117i 1271 126j 126i 125i 1051 99 88j _

STATION: 'POSASOQSOMALIA =

LAT/LON: 11 17 N 49 11 T ELEV: 7.Z FT

ELEMENTS IJAN jFEB IMAR iAPR Mf4AY iJUN JUL AUG iSEP OCT {NOV DEC ANN
E XT MAX 1 1011 1 1011 1081 1131 1131 1131 1141 1121 1131 97 17 114
AVG MA I 5 {86I 88i 94{ 99{ 1° 106 1061 ,04 1021 91 86 1 85 1 94AVG :IN j 69 69 70 74 77 1_ 85 86 _85 _ 82 173 j68 68 _76

5,X' MI 62 66 1 70 73jT 70 i 57{ 53{ 52{ 521
AVG PROP 1* 0.01 * 1 0.11 0.11 0.01 0.0 0.01 0.01 0.11 0.30 0.1' 0.71

MAX MON O2.1l 0.01 0.2,, 1.21 0. 0] 0.0o 0.01 0.01 0.71 1.3 0.91 2.30

DAY 0.0 0.01 1.2 0.91' * 8{ 0.04 00 0.01 0.0, 0.0 1 0.5]

o.1 0.0o 0.2i 0.8i 0.91. *_ ¶ 0.0 9.4 0.8o 0.9o 0.5o 0o o
AVG RH X 70 24.!8 424l2 I 47148 I 5 889 j 1I 76 73 63

APP TEMP 92 93 j 1oof 1201130+!,130+1 1281130+1130+1 110! 96 o90 1

* = LESS THAN 0.05 INCHES OR LESS THAN 0.5 DAYS

Figure 5-lb. Climatological Summaries for Selected Stations in the Aden Coastal Fringe.
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ADEN COASTAL FRINGE SITUATION AND RELIEF

SITUATION AND RELIEF. The narrow coastal area The Island of Socotra lie•s 150 NM ENE of Cape
that surrounds thc Gullfof Aden is about 650 NM long. It Guardafui, at the easternmost point in the region.
includes all the Yemen (Aden) coast west of Ras Fartak Socotra is 72 NM long and 22 NM wide, and covers
that lies below 1,620 feet (500 meters). The region is 1,2(X) sq NM. The highest elevation is 4,931 feet (1,503
dominated by sand and lava-cove-ed coastal plains meters) MSL.
backed by steep volcanic hills and mountain ridges. The
coastline widens only where isolated semipermanent DRAINAGE AND RIVER SYSTEMS. 'The region is
stream beds (wadis) cut deep canyons into the mountains dominated by dry stream beds (wadis) that flow
and hillsides. Two volcanic peaks on the penisinula at intermittently from the surrounding highlands toward the
Aden, Yemen, rise above 1,00XX feet (305 meters) MSL Gulf of Aden. Wadi floors provide most of1 the arable
and are connected to the mainland by a narrow strip of land. In the northern sections--from west to cast--major
land several milce long. Aden has the only natural wadis include: the Bana (20 NM norlheast of'Advn): tihc
harbor on the northern Aden Coastal Fringe. Most of the Mayfa'ah (its mouih near 140 N, 470 ' F-0: the llagr
pkin from Wadi Mayfa'ah to Perim Island in the Straits (the only stream considered perennial, near 14' 10' N,
of Bab al Mandab is stone and gravel, but from Ras 480 56' E) and the Wal Masilah (05 No, 51' 1.), All the
Fattak to Wadi Mayfa'ah there is mostly sand. The wadis originate in the Hadhrantaut (Yemen Highland
entire northern Aden Coastal Fringe is backed by lava plateau) and have steeply terraced slop'Ies. The) drain
hills and plateaus incised by an extensive system of from west to south, with minor systems (draiing Ito ihc
wadis running north to south from the Yemen Highlo!nds cat. There are i,) signiliwant wadi sN., ini,- in iN,
to the Gulf of Aden. The wadis have steep slopes and southern hall. Stream Keds run pcrpl'n,licula ito tI''
broad, fertile valleys varying in width from 1-4 NM shoreline inland, but within a mile of the o• i•s•t the' t",

wide. Wadi Hajr is the only permanent stream flowing inlistinguishable.
to the coast; its valley floor width averages 3-8 NM and
is below 1,620 leet (5(X) mP-ters) up to 40 NM inland. LARGE WATER I1)DIES. The (;ull Mt Ar t,, 1"5''

NM long and 330 NM across txet~ cc Ra,, I rtak aWd
The area called the "Guban," as shown in Figure 5-1, ('ape Guardalui. It cencompasses nearly '!IW(%I -,q ,"N •.

is a region of barren lava fields surrounded by the The on1ly lake. of signilicance is I .ik" A,-al, in .Alit d
volcanic hills and mountain ridges of the Ogo Highlands. L)Jiibouti. This is a Jalt waler lake 10 N NI li, amd 4 N• t
which see. The Gulf of Tadjoura (Djibouti) and wide. The adi;wenl brackish miarshland lit-, %(Ni te•

neighboring lowlands are surrounded by volcanic hills (-154 meters) tx h-l sea lcvel at it, hisv.csl e',i N' I t1
rising to 2,(XX) feet (610 meters) MSL. Marsh flats and lake. which ..e'rv., :.s it,• on internal IsON xq '."%1
caustic swamplands, some below sea level, dominate the drainage basin, is wedged b•x.secn svt'\,;l iolated
interior sections of Djibouti where the coastal fringe is volcanic peaks in ihe (;real Rill Valle\
widest at 40-60 NM.

VE(GETATION. The northcrn halt ol the e'-cgn i•

To the cast, the coastline gradually narrows to 1-10 d(luled with C(Xonul pailman,; a pindI ,p , ,,.. hi ltlk

NM near Berbera. This narrow section of coastline is major w;kdi valle's and cmansoni, tie lti l, af'. seAec.,itJtt
paralleled by steep ridges to its south. The 1,620-foot with thorn) shrub%; and palmvs Some c.rop r- aft d,,p-rsd
(5(X)-meter) contour is runs only about 1-3 NM inland along the wadi Iringes. On atlianct lopes. iolated
from the coast. pockets of open woodland teoe.is with stattcrcd tertra

agriculture, but the mauoritt ol thew .41w' art,

East from Berbera to Bender Cassim (Bo.aso), SI, the utcultivated and ,ontain small gra,,, t.iumps
coastline gradually widens from 10 to 40 NM new 49' E,
but becomes very narrow again between Bender Cassim The %outhern hall is darninaled bN isolated thtwln.
(Bosaso) and Cape Guardafui, SI. This section of the brush and acacia trees inland for A NM tw ivmreC SmAll
Aden Coastal Fripge is backed by elongated plateaus and shrubs dot the slopes of most blull wiallk, but akmg lhc
broad valleys interspersed along the eastern Ogo coastline the vegetation is limited to isolated gras,
Highlands which lie to the south of the Coastal Fringe. clamps and shallow tooit'd shrubs.
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ADEN %"0ASTAL FRINGE
SOUTHWEST MON~SOON ("Hagal") JuflO-Septemboi'

(;ENERAL WEATHER. Somali Jet Stream flow andi NNM inland sta:'s cool during the (lay. In the north~east,
Galf of' Aden se4.- surface temperatures kSSTs) me the the Somali Jet. causes strong upwclling near Rw, Fartak,
primary climatic featMures. Except for isolated locations where there is a high incidence of early morning coastal
in thc cast, this scarnon is extremely dry. Scant rainfall, strawus.
high temperatures, and westerly surface winds dominate
we~st of Berbera and Adecn--areas where the Somali Jet SKY COVER. In carly June, surges of' strong
does not affctc the weather. southwesterly flow in the Somali Jet affect the southern

part of thc Aden Coastal Fringe. Persistent southerly
Somali Jet Stream flow has a significant effect, flow (lescCnds from the Ogo Highlands ant! warms

however, on the southern half of the region. Its adiabatica~ly. Thc flow opposes a weak sca breeze by
WSW*,SW flow leaves the mainland near Cape dlay and reinforces offshore flow at night. Both diurnal
('a'ardafui andi passe., over the extreme southeastern Goulf circulations are too dry for significant cloud
of Aden and Socotra Island. 'The let is deflected by thc dcvelopment, but southwesterly Somali Jet flow
Ogo Highlands. which parallel the entire southern Aden produces extensive clout] cover on Socotra Island. Moist
Coaste'l Fringe. 'Terrain establishes a complex surface air is lifted along the west and soulth sides of Socotra's
cAiculation pattern (which includes vortices) between only mountain range (the Haggier). Maximum ridge
C'ape GJuatrdafui and Socotra Island. This pattern brings, crest elevation is 4,931 feet (1,503 mecters).
descending motio!A anti adiabatic warming to the north
side of the Ogo Highlands betwcen Bender Cassimn Southwest Monsoon mean cloudiness distribution
(Bosaso) and Berbera. (Figure 5-2) varies from 44 percent near Ras Fartak in

the north to F'! percent at Berbera, ini the south.
SSYI dlistributions, which grow warmer from east to Percerntages are probably even lower in tlie 'Guhan'

west in the Gull' of Aden, accentuale surface moisture between Dji0bouti andl Berbera,
and temipcrature patterns. The immediate coastline to 2

September.
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hegel") June-September

ihe northern and .outhcrn halves of the Aden Coastal Socotra produces distinct windward/leward cloud cover
Fringe region see different mean cloudiness. Somali Jet patterns.
flow does not normally reach the northern half, but a
strong daytime sea brue7.e produces fair weather cumulus The northern half sees moderate (2-4/gth%) cumuluis
on thc immediate coastline. A weak surface Monsoo~n development along immedliate coastlines by (lay. Bases
Trough (see Chapter 2) over the northern Aden Coastal avcragc 4.000 feet (1,220 meters), but tops, rarely exceed
Fringe strengthens onshore flow, but inland temperatures 6,(XK)-7,0(XX) feet (1 ,829-2,1 34 meters). Early morning
are too high, and the boundary layer too dry, for stratus and stratocumiulus bases range from 2,0(X) to
extensive cumulus development, 3.000) feet (610 to 915 meters). These clouds develop

offshore between Riyan and Ras Fartak due to upwelling.
The southern hall' averages only I -2/8ths sky cover, Low stratus moves onshorc between 05(K)ant 07WX LST

mostly cirrus blowoff from) conveclion over the Ogo with bases at I ,(XX)-2,5(X) feet (305-702 meters). Cloud,;
H-ighlands. Thin stratocumulus and skratus (rarely dlissipate rapidly' away froin immediate coastIlines. Near
c.onstituting a ceiling) appear between MX() and 07(M the city of Aden, there Ns localized convection neakr the
LST between Djitxouti and Bender Cassim (Bosaso). twin volcanic cones of' Sliamsan andl lhsan. Cunlmulu';
Near Cape Guardaluii, cloud cover averages 2-4/8ths rarely covers more. than 2 or I/8ths olt tlhe sky durin~g
stau and stratocumulus (luring land/sea breez.e daylight. Bases averatge 3,(XX)-4,(WX)( feet (,015-1,220)
transition ho~urs (06()0008M LST and 19(X)-21(X) LST). mecters), with tops to 8,(XX) feet (2,419 inctcr'..
Bases average 3,,-4X) feet (1,(X)6 meters) AOL. On
Soc~otra, southern mountain slopes see 3 to 5/8ths Frequiencies of* ceilings below 30(X) feet (9 15 incterNs
cumulus by mild-afternoon, hut little cumulus vary widely because of wind flow and topo~graphy.
development on northern slopes. Bases average Highest frequencies sceem to be in mid-morning and early
I2,5(X)-3,(XX) ecet (762-915 meters), but tops rarely exceed evening (Figure 5-3).
8,(XX) feet (2,439 mecters). Strung Somnali Jet flow over
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ADE2N COASTAL FRINGE
SOUTHWEST MQNSOON ("HagarF) June-Septembor

The extrnme northeamtem and southeastern parvt of the region, all the resul, of sirong sca brece win(ls that raise
Aden C'oustil Fringe are affected by strong oVTshorc snd and dust. The extreme dIrynesm of' the Southwest
upwelling that produces coustal itratus. The cold water Monsoon normally result, in thin htw. with visibilities o1
and surface Monsoon Trough are responsible for most 4-7 miles. In the ,qouthcrn purl (o the Aden Coastal
low ceilings (15%) at Riyan in June and September. Frirnge between Cape Guardaftii and Berhera, weak

southinrly flow from the Somali Jel desccnds from the
During luly and August, the air over land is too dry Ogo Highlar.ids; warming adiabatically, it carries

for extensive low cloud anywhere Wt around Ras dust/sand onto the ctoastal plains, below. If downslopl
Fartak's immcdiate shoreline. Predominant low clouds flow is stiong (15-20 knots), visibility inay drop to a mile
are early morning stratus and strato.umulus. At Berhera, or less for brief ierixdfs.
low cloud (17% at 09(X) LST) is also stratus and
stratocumulus, now caused by land/sea breczt Fast of Riyaa, early morning iog and strauus are the
convergcnce. main obstructions to vision. Strong coastol upwclling

along the nortdwrn shore east of Riyan may produce
VISIBILITY. The frequency of visibilities below 3 extensive thin Ifg that may plrsi;,ts along the water and
miles (Figure 5-4) is less than 5% across the re.tire immediate coastline until 6(K)- 17(9) LST.

W2E WIE &*L SZE

YEMEN (SAN) --

14*,-,,

ETHIOP1A Adp, SOCOPA

12~ ~Gulf of Aden

U3! 09.1,1-1 ZJ BOnder Ca-" '

03 u' 115IL,21 l

0 2" SOMALI I II
1'419;,5g data

"Itrdian Ocear

ETHIOPIA

Figure 5-4. Southwest Monsc,'n Frequencies of Visibilities Ilek)% 3 Mlites. Aden
oasital Fringe.
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ADEN COASTAL. FRINGE
SOUTHWEST MONSOON ("Hag.111) Juneg.-Sptltfber

W~INDS. Surface wind circulations along thc flow produe wide variations in local surract winds
southeastern Aden Coastal Fringe shorelinc between between C'ape Guardafui and Bender Cass~~n (Bomaso).
Render Cassim (Bosaso) and Cape Gjuardafui are Local dliurnal land/sca breeze virculations lurtiter
extremely complex because the Somali Jet and Ogo complicate diurnal speed and dlire!ctionl along theC
Highlands produce ap anomalous low-level flow pattern, immediate coastline. at Bender Cassirn in particular
Figure 5-5a shows surface streamline nocw during a Figure 5-5b is at closeup of a vortex directly above Cape
typical July over the southeast tip of the region. The Guardaflui. The iricaoi wind speed (in the center of the,
vortices that devclop from topographic effects on Somali circle) is in mecters per second.
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ADEN COASTAL FRINGE

SOUTHWFST MONSOON ("Heglr) June-September

520E

¶ 120N-

;/ /
//

"0 100 km

-" Estimated sheomlines

Figure 5-Sb. Closeup View or Individual Vortex Over Cape (uardarui, Somalia

(from Findlater, 1971). Dashed lines with arrows represent estimated streamline

between I,000-2,(0X) feet (305.610 mtcers) AGL. Circied numbers give wind speed in ir•s.

Figure 5-6 gives mean ,monthly wind speeds and Aden and Riyan data shows that a moderate sea brecze

prevailing wind directions for Aden, Djibouti and Riyan (7-10.5 knots) is dominant at the surlace. Strong surfac•

(Riyan is on the northeastern edge of the Aden Coastal wcst-southwesterlics (15-20 knots) oc--urs at Cape

Fringe). The prevailing surface wind direction at Guardafui. However, wind speed rcaching 60 to 70

Djibouti shows the combined influence of northerly knots are not uncommon in July and August.

mid-level flow and the low-level sea breeze circulation.

JUN JUL AUG SEP

SE-SW Riyon 9.00 10.50 9.70 7.;0
E-SWT Aden 7.80 10.30 9.90i 7.80

W Djibouti 8. 7 0 12.20 11.90 9.30

Figure 5-6. Mean Southwest Mon•xon Wind Speeds and Prevailing Directions, Aden Coastal

Fringe. Prevailing directions in boldface on left.
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hagar') June-September

I

Figures 5-/a and h give mean annual wind directions moisture and rainfall during the clay must he drawn fmm
for three levels at Aden and Djibouti. There ame striking sea breezes. However, inid-level monthly Southwest
differences between the two stations in June and Monsoon wind direction shows offshore (20-70)
September. The Somali Jet rarely affects the northern components, and dry air aloft suppresses widlesprcad sea
Aden Coastal Fringe because it is deflected by the Ogo breeze cumulus between Riyan and Aden.
Highlands. As a result, Southwest Monsoon low-level

S200-

15000.f.1.
50-

. ........ . . . ..... ...

015O ,t ..--..-

JIN FEB MAR APR MAY JUN JUL AU,3 SEP OCT NOV DEC
Aden 3-level wind direction

Figure 5-7a. Mean Annual Wind Direction, Aden, AD. Note the abrupt wind shift at 5,(XX) Icet
(1,524 meters) from easterly (87") to west-northwesterly (2 80 ')) by June. In September, the mean
5,(XK)-foot wind direction backs to south-southwesterly (200°) just before the transition to Northeast
Monsoon flow. The low-level wind shift is not present at the higher levels.

S350- 5000ft

300- .......

. .5

0200-
1150- :

0 1o - ...... ........ .

~100 . *.

C o*

'3- II I I I I

4 JAN FEB MAR APR MA) JUN JUL AUG SEP OCT NOV DEC
Djibouti 5-level wind direction

Figure 5-7b. Mean Annual Wind Direction, Djibouti. 0D.. D.iiox)uti's wind profile shows, a.
northerly (340-0150) component to IO,(AX) feet (3,0(50 meters) MSL throughout the Southwest
Mo)ns(xn. This 10-15 knot flow doesn't provide much mid-level moisture along the southwestern
Aden Coastal Fringe, but it reinforces on)graphic lift of sea breeze moisture.
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("Hegel") June-.September

PRECIPITATION. The Southwest Monsoon--known Riyan, Surface casterlies are rare and weak, and do not
locally as "Hagai'--is extremely dry bocause thc Somali push significant amounts of stratus west. of' iyan On
Jet is now confined to the extreme. southeastern parts of about 1-3 days a season there is a trace to 0.01 inch (0 25
the Aden Coastal Fringc. Many locations across the min) from low stratus with light southeasterly or easterly
region get only it trac- of rain dturing the entire winds.
Southwest Monsoon. Biender Caassin (Bosaso) normally
sees no rain at all during this season. Even though Thunderstorms reach their highest frcqfuenicy (1-3 it
orographic lift in the southern Ogo Highlaknds produces month) during the, Southwest Monsoon. Although
thundershowcrs, very little rainfall reachcs southern thunder is heard along the southern Aden Coastal Fringc,
Aden Comasta Fringe coastlines between Cape Guardafui rain stays south of the Ogo Highlands. Frequent
and Djibouti. This region is also a rain-shadow zone thunderstorms with light rain occur aftcr midnight necar
with southwesterly flow from the Somali Jet. the city of Aden. Lightning is frequently seen to the

north of the Yemen Highlands between 17(X) andl 21WX
Along the northern Aden Coastal Fringe, strong LST. Strong sea breezc uplift triggers 1hundcrstorms

upwelling east ol Riyan produces spotty carly morning over high terrain 30 NM north of' Aden. Anvil clouds
dIrizzle. Most of the population here is confined to the spread south to the coast, with light rain reaching Aden
fertile wadi valleys 2(X)-3(X) NM west of the strongecst by 19WX LST. Figure 5-9 shows Southwest Monsoon
offshore upwelling. Most of the drizzle falls cast of rainfall by month.

Red

Sea yanJUN JUL AUG SEP

1 2 4JUN JUL AUG SEP

Gulf of Aden __ N "

N

/ J SEsngdt
* _/

6igur 'T--. MaSuhetM On nMnlyM aiu 2LHu rcptt~n
AdenCoasal FinV. Ioyt crsn ia esnlrifl ice)
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ADEN COASTAL FRINGE
SOUTHWEST MONSOON ("H8gr1") June-September

TEMPERATURE. Mean daily highs range, from 90(F lows arc controtlcd by Gull" of Aden %,,'t surlacc
(32 0 C) at Riyan to 107 0F (42 0 C) at Berbera. The record temperatures, the lowest temperatures arc I'ou.ld ncar
high at Riyan was I11 IF (44 0 C) recorded in June, and coastal upwelling regions between Riyan-Ras Farwk and
1 170 F (47 0 C) at Berbera, also in June. The record for just south of Cape Guardafui (77-79 0 FR4-260 C). The
the region is 121 OF (490 C), set at Djibouti. Mean daily highest mean daily low is 88OF (31 0 C) at Berb',ra.

2t4E 45'EI 48"E SOE 52 -*

YEMEN (SAN'A) , - "
Re " SPUTH YEMEN (ADEN)

Sea %/ ,1 l,.y-S v / • ..,//iyan 94192J91190

ETHIlOPIA" .• A,. 84138 SOCOTR<A.

Ii 100 103 10?19612' r• l O~/'j861 e 1 8 !B 10611061104.1102
N i, i Culti of Aden 851 46.1 851 8Z2

erbera

10,

SOMALIA M

"- • • LMean Daily Max I I I
ET IO IAM 

e n Daily M m inM nt

ETHIOPIA " -- _ * Missing data

/

Figure 5-9. Mean Southwest Monsoon Daily Maximum/Minimum Temperatures (OF),
Aden Coastal Fringe.
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ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION October-November

GENERAL WEATHER. A subtle shift in low- and SKY COVER. Mean cloudiness over the Aden Coastal
midlevel circulation results in light and variable surface Fringe ranges from 18-26% (Figure 5-10). Low- and
winds throughout the region. Along the southeastern mid-level cloud cover (thin stnatus and stratocumulus) is
Aden Coastal Fringe from Bender Cassim (Bosaso) to greatest from 08(X) to I I(X) LST and accounts for most o1
Socotra Island, strong southwesterly flow diminishes as the Aden Coastal Fringe's mean seasonal cloudiness.
the Somali Jet migrates south. To the immediate north of Between Bender Cassim tBosaso) and the city of
the Jet, the surface Monsoon Trough produces weak, Djibouti, however, most cloud cover occurs in the
low-le'iel convergence that results in a short-lived period afternoon (13(X)-160() LST) as strong sea breezes
of showers as the Trough moves rapidly south of the area produce orographic lift. Cumulus development along the
by mid-to late October. northern Ogo Highlands rarely c-,cccds 2/8ths. Bases arc

3,(0)0 feet (915 meters) AGL with tops to 8,(XX) feet
From Bender Cassim (Bosaso) to Perim Island, the (2,439 meters) MSL. Clouds move westward along the

Monsoon Trough's southward migration produces weak Ogo Highlands because the southern Aden Coastal
easterly flow that is easily lifted against the Ogo Fringe coastline is parallel to northeasterly flow--sea
High'ands to produce light showers along the highest breeze deflection is very strong. Maximnum dcvelopment
r'(dges. These showers occasionally fan out onto the (2-3/8ths) is near Djibouti where the coastline is
adjacent coastal plain. On the northern Aden Coastal perpendicular to the sea breeze and downwind from Ogo
Fringe, weak easterly flow allows sea breeze cumulus to Highland cloud cover. Isolated convective activity
form, but dry air inland prevents cloud development past occasionally produces 4-5/8ths sky cover at Djibouli.
5 NM inland. Tops may reach 30,(X)0 fee! (9,146 merter,) MSL.

Yl•EMEN (S'6NAWA)

Sea iI•s " [ y"• n'

S•-; - Z H-an Cloudinless

SSOCOTRA

Figure G-10. Mean SW-NE MnnsArn Transition Cloudiness Frequencies, Aden Coastal

Fringe. The data is derived by calculating the grand mean Irom National Intelligence
Summary (NIS) mean cloudiness data Ior spcilic sites in October aud November. Isolines
are in 5% intervals.
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ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION October-November

Sliraus and stratocumulus forms only during the produce anything but light diurnal cloudiness. IsolatedC,
morning land-to-sca breeze transition (0600-08(X) LST); lair wcather cumulus develops almost evcry altern'xon
offshore flow is stronger and 5-10 0F cooler than the near the city of Aden along Mt Shainsar, and Mt Ihsan.
twilight (19(0-21(K) LST) land breeze, resulting in Bases are 3,(XX)-4,(XX) feet (915-1,220 rnetcrs)-- tops
greater instability over warm coastal waters in the may reach 7,(XX) feet (2,134 meters).
morning. Coastal stratus and s'ratocumulus have bases
between 2,(XX)-2,5(X) fee: (610-762 meters) AGL, but are The frequency of ceilings below 3,()Xi feet (915
short-lived as the land-to-sea breeze reversal pushes meters) ranges from 0 to 13% (Figure 5- I I). The highest
cloud cover inland. The dry air mass dissipates the cloud frequency is just south of Berbera (12% at 0(XX) LST)
cover by 1(XX)- I lO LST. Along the northern Aden and at Bender Cassim (Bosaso,.
Coastal Fringe, synoptic flew and sea breeze!. rarely

42*•'r WE' WE'I 48;t 50;L WE£

YEMEN (SAN'A) J

Red • • ,", ~S9UTH YEMEN (ADEN)/_•,..
Red
Sea R, a•

ETHIOPIA ' Aden SC)OCOTRA

12/6 o7

do ob1em a33109115121

""-. "-.-" iMbostg"dat" -\ o3r09l15121

'% ,,S O M A L I A r

L'ocal Time 03io9115121
F -. ,. ClG >3,000 1 I I

E T H I O P I A 
* 

" " " 
/

Figure S.- I. SW-NE. Mtmsoom Transition Frequencies of Ceilings Below 3.000 Feet
(915 meters), Aden Coastal Frilne.
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ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION October-November

VISIBILITY. The frequency of visibilities below 3 frontal passage almost always produces widespread (lust
mileis (Figure 5-12) is only 0-2%. Nearly all low along the cold front. Visibility drops to less than a mile
visibilities during the transition arc caused by blowing for up to 4 hours after a frontal passage.
dust and sand along immediate cotstlines. The rare
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ADEN COASTAL F~RINGE

SOUTHWEST-TO-NORTHEAST TRANSITION October- November

OCT NOV

E-SE Riyon 5.3 0 6.E50
E-SE Aden 8.40 :10-30
E-SE Djibouti 8.50 9..

Figure 5-13. Mean SW-NE Monsoon Transition Wind Speeds (kt) and Prevailing
Directions, Aden Coastal Fringe.

PRIECIPITATION. The Aden Coastal Fringe averages Berbera and Djibouti, where topogrraphy favors
less than I inch (25 mm) of rain a month in October and orographic lift. But an unuisual mid- or upper-level
November, but mean rainfall amounts arc greater than trigger must have been responsible for (tie rare 6. I
during the Southwest Monsoon because of northeasterly inch/I 55 inm 24-hour rainfall maximum recorded at
.surface flow, Gulf of' Aden moisture, and orographic Djibouti. Possible triggrrs: an uppcr-levcl trough or a
uplift. As shown in Figure 5-14, the eastern Aden northward surge of mioisture through the (;rcart Rift
Coastal Fringe is drier than the western portion, where Valley. November mnaximumi 24-hour rainfalls at
topography, coastal condiguration, and low-level Berbera (1.4) inches/49 mn)n, Bendler Cas'sim
moisture result in more (liurnal convection. Rainfall (Bosaso)--0.9 inches/23 mim, and Adeni (0.8 inches/2()
amounts vary widely across the region. Except for Aden, mmn were probably the result of' isolated convection.
all extreme maximum 24-hour rainfalls occur in Riyan's 24-hour maiximum (4.1 inches/84 mmn) occurred
November, when strong northeasterly surface flow with an extremiely rare tropical cyclone that made
penetrates thc westcn Aden Coastal Fringe. Mloist landfall near Ras Fartak.
onshore flow is available to fuel convection between

Red51
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YEME MisshNdat
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ADEN COASTAL FRINGE
SOUTHWEST-TO-NORTHEAST TRANSITION October-November

TEMPERATURE. Mean daily highs (Figure 5-15) Mean daily lows range from 68' to 80°F (20-270 C).
range from i15 0F/29C0 at Aden to 92 0 F/33CO at Berbera. The record low (53 0 F/12 0 C) was recorded in November
Record highs include 1010F (38 0C) at Aden and 1 13OF at Bender Cassim (Bosaso). Djibo)uti's November record
(45 0C) at Bender Cassim (Bosaso), both in October. low was 65°F (180C).

W E' W E+' 46;E 1 W E8" W E' WzE • .

I I,

YEMEN (SAN'A)

R. d .' SPUTH YEMEN (ADEN)

ETH\OPI don" 9018o SOCOTRA
/,/''• OCT NOV OCT NOV12._, J I O r 91187 91186

1m IFra7 Gul f of Aden os"n
J ,bout i )CT NOV ,,..,, • v17

\x SOMALIA M Dn- tM84 1
- ~~E :,lMan Dlyy Min I

. ... / * Missing data

Figure 5-15. Mean SW.NIE Monrxmn Transition Dail), Maximum/Minimum
Temperatures (OF), Aden (,Owstal Fringe.
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("GlIal") December-Meech

(FENFRAL WE~ATHER. Lxow-levcl northeasterly no0w synoptic scale moisiure transltori from the (htll inland to
domninates. Coastline configuration and terrain thc elevatedl interior is, mitnirna:. Howcver, (ape
orientation in the souther half of the region produce two Chiardaiui/Smoora Islandt andi the western Aden ('na-tal
distinct rainfall and cloud cover patterns during thc Fringe (Djltouti to Perini Island) are orientcd niearis
Northeast Monsoon. The -southwest and southeast parts perpcndlicular to the flow; !hese areas' are the c lotidicstI in
are cloudier and wetter than the south-central pot tion the rcgion.
becausc surfa~c flow is reinforced by the sea breeze and
lifted along coastal ranges. There is a narrow leeside, Figure 5-16 shows miant cloudineoss to be h'c'st
rainshadow ?oI1C between Bender Cassim and Berbert, (22%) at flertera, highest (44 percentl at Djid-omii.
whecre surface flow is parallel to the coast. Upper-level Stratus and stratoctimulus with bawes necar 2,S(X)( fete
now ikwcst-southwcsterly at 20-30 knots north of the (762 meters) AG!. are the doiiinant Northeast NlonI'ooil
Subtropical Ridge) is dry. Poor upper-leve! outflow clouid types. Ma~ximumav frequency of oi.(trrcrikc ve ill
mechanisms do not support widespread low-level mid morning, Afternoon ( 12(X)- 1 SWN LSii ki~iiu' ý. ith
convection as a %-sLlt, there are v'ery I'w bases at 3,(XX)-!.5(K) feet 0 15.1 .(Vi ,uelr'. I A(I m id
thunderstormns, even with tworthcatsterly flow. favorable shallow vertical (level')pmnct itopls to) 7,( H ) c! .4
low-level moisture, and uplift. mcews MISU contribute to mnan seasonal AN~ L0\Cr

conditions, which average 3-4/8this in the, mornintg orid
SKV C'OVE~R. Northeasterly flow into the Gulf of Aden 2-3/91h-; in the afernoon The onlý v\ccpfion is hear
and Aden Coastal Fringe is persistent. Surface now ('ape Guardalini, \%herc s-ky co\ýcr averageý I-S/iths. All
parallels the northern coastline from Riyan to Adlen. hours.
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("131r8") December-Morch

The frequency of ceilings tit or below 3,(XX) feet (915 are the result of weak surface convcrgence (land/s•a
meters) AGL averages 14% for the cntire region (Figure breeze transition) and warm coastal waters, 'I crrain
5-17), Regional frequencies vary from 17 to 32 percent around the Gull of' Tadjoura helps increase low ceiling
between 21(XW and 09(X) LST at Djibouti to 0 percent Irequency around Djibouti. Frontal passages rarely r'sult
between 15(X) and 03(X) LST at Berbera. Lale evening to in little more than slight increases in mid-and upper-level

mid-morning low strutuss/stratocumulus ceilings are cloudiness.
common along most of thv Aden Coastal Fringe-, they
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Figure 5.17. Northeast Monsonm Frequencies or Ceilings Below 3,000 Feet (915
meters), Aden CBdstal Fringe.

VISIBILITY. Dust and haze arc the main causes of low fog, haze, or smoke. Most dust-related obstructions to
visibilities during the Northeast Monsoon, but vision occur when strong sea breezes push inland.
frequencies (Figure 5-18) are low. Visibility is below 3 Coastal (dunes and extended fair weather peri(ods--with
miles on only 8 (lays during the entire season. On 6 of dry surface conditions--are favorable for sanidstorm or
those 8 (lays (75% of observations), the obstruction to duststorm dlevelopment.
vision is dust. The rest arc accounted for by radiation
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("Gllal") December-March
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Figure 5-18. Northeast Monsoon Frequencies of Visibilities Below 3 Miles, Aden
Coastal Fringe.

WINDS. Figure 5-19 gives mean Northeast Monsoon that Djibouti's prevailing wind direction changes Irom
surface wind speeds and prevailing directions for several E-S to E-NE in March; the slight shift is caused by an
Aden Coastal Fringc stations. Eastferies prevail; local increase in weak cyclonic activity (northwesterly hlow)
variations are a function of sea breeze deflection. Note that penetrates the southern Red Sea in March.

DEC JAN FEB MAR
I III I I II I I

E-SE Riyon 7.50 7,50 7,10 6.C3
E-SE Aden 11,00 11,40 I0.50 11.20

E-SZE-NE Djibouti 10.40 10.40 10.50 1.0.30

Figure 5-19. Mean Northeast Monsoon Wind Speed (kts) and Prevailing Direction.
Aden Coastal Fringe.
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ADENa COASTAL FRINGE
NORTHEAST MONSOON ("GilmI") Devarmbei -March

A deep upper-level trough and a surraucc cold front falls ever.- third (lay somew~here along the Cape, and
may temporarily (6-24 hours) F1iift winds in the western above 10,(M) fct (.i05 meters) MSL on Socotra 's
and norfthr Aden Coastal Fhinge to northwesterly, with nct-tgarn mnotntain slopes, More. than 0.01 inch (0.2.5
maximum speeds or' 25 knots along the cold front. m~m) falls near Cape, Guardalui about 9 in cacti
Strongest winuk occur near Perim Island and the Straits Northeast Monsoon season. Jjjsi hiland fromi Cape
or Bab al Mandab. The surface front weakens in the Guardafui. nocturnal rainfall mnay occur if' thick coastal
central and eastern Gulf of Aden, and northwesterly stratus and stratocumuluis move inland between
winds become. less thnn 10 knots. OOC)W-06W( LST. Bet~ween Cape (luardafui and 460 F,

little dlaytime precipitation occtu's because the coastline
PRECIPITATION. Mean monthly Northeast Monsoon ori!ontatiori is paral~el to thc flow. Forty nautical miles
rainfamll (Figure 5-20) is controlled by topography and west (if Berk-ra, the coastline turns northwestward an(I
coastline orientation. Most locations get at least 0. 1 inch perpendicular to prevailing northeasterly flow. From this
(2.5 mm) a month. Thc exception is near Bender Cassim point west and north to Pcrim Islaiid, rainfamll is moure
(Bosaso), where localized low-level divergence along the frequent, and modlerate rains ar(; not uncommon,
coast produces only trace amounts in January and March,
and no rain at all in February. Hall l1,e region's lotal mean annual precipitation 111lls

during the Northet-st Mon~soon, but an entire monthly or
The southern Aden Coastal Fringe has two zones of seasonal mean can occur in only it or threeý

maximum Northeast Monsoon precipitation. Near Cape rainshowers. Thunderstorms are rare, with only one or
Guardafui (including Socotra Island), the coastline P~ two a season. Since the Advin Coastal F-rinige gels only
rerpenthicular to onshore flow. During early morning 2-4 inches (51-102 amm) of rain a year,j.ust onc isolated
(05(X).(8(X LST), stratus andl shallow stratociimm als thunderstorm could providc. that mnuch, or more.
develop almost every day. Light or intermittent (frizzle
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ADEN COASTAL FRINGE
NORTHEAST MONSOON (11Gller') December-March

Occasionally, a mid. or upper-level disturbance brings abnormally southward, In ttw figure, the Polar Jet (PJS)
above normal rainfall to thc western parts of the region. and Subtropical Jet (S1'i) l'ave two wind speedl inaxilia:
Such mfid-lIutitu(Ie disturbances most of ten affect the thle first over thle Persian Culf (PJS/STJ- I) -and a second~
Aden Coastal FrInge when the. Polar Jet moves in cast central Egypt (PJS/STJ-2). Rare thunderstorms- or
southward into the central Red Sea. As shown in Figure heavy showers developing over the northern
5-21, thc 3(W-mnh Polar Jet temporarily "shares energy" Ethiopian/Yerrcn Highlands mov,. into thle western Aden
with the Subtropical Jet. Because. both Jets deviate Coastal Fringe.
southwardl into the Red Sea, a cold trough aloft decsends
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ADEN COASTAL FRINGE
NORTHEAST MONSOON ("Gl'lr") December-March

TEMPERATURE. The Northeast Monsoon is the LST, wcll-devclopcd sea brcczcs start to cool the coastal
coolest season of the year, but mean daily highs (Figure plains. The lowest temperatures of the year occtur dutring
5-22) still average 80-88°F (27-32°C). Record highs the Northeast Monsoon, when mean daily minimumns
range from 96°F (360C) at Berbera in December to range from 67 to 760F (19 to 24TC). The record lows
1010F (380C) at Bender Cassim (Bosaso) in January. were recorded in December: 52"F (I 1°C) at Bender
Daily highs typically occur just after noon. By 130W Cassimn, and 630F (170C) at Djibouti.

YEMEN (SAN'A) -

Red "• SQUTH YEMEN (ADEN)
Sea

DESANFBaA DEC JAN FEB MAR
"N Dul JA FEB A Me

°=° V J 81 18 18 11114a. 83 82 83

ETHIOPIA'. -', 731 71 71 7. .OCOIRArb.,_

,2"•'• '" 818 17283B5185186188

to
b\A BdrMonth

SOMALIA Mean Daily Max

Mean Daily Min I J I J

ETHIOPIA- Missing data
ETHIOPIA ..--- -. //

Figure 5-22. Mean Northeast Monsoon Daily Maximum/Minimum Temperatures (OF),
Aden Coastal Fringe.
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ADEN COASTAL FRINGE
NORTHEAST-TO-SOUTHWESr MONSOON TRANSITION ("Glu") April-May

GENE~RA~L WF'ATH-ER. The most important feature circles are surleace wvind speeds in knots. D~ashed line%
of the transition is the surface Monsoon T'rough's are. 5-knot isotachs, The surlace Monsoon T1rough
northward migration into the region in early May. This (dash -dot. dash line) prodluces weak convergence along
produces a subtle surface wind shift from moist its axis, along with showers and increased low- to
easterly-southeasterly (Figure 5-23a) to dry southerly mid-level cloud cover. isolated convective. cellS are
(Figure 5-23b). Thick arrows are primary streamlincs, short-lived, but occasionally build into WWoering

1'bin ar-rows secondary stream ilines. Arrows throueh cuin ulus.
circles depict surfae wind dhirection, and numbers insidle

- 006

Figure 5-23a. Mean April Gradient Flow. Aden Coastal Fringe.
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ADEN COASTAL FRINGE
NORTHEAST-TO-SOUTHWEST MONSOON TRANSIrION ("Gu') Apr1i-May

SKY CO()VER. Mean cloudiness varies across ilie mil-morning cloud cover is stratus an(I stratocutmultus

region from 18 to 35% (Figure 5-24). April surface Ilow (3-4/8ths).
in the Gulf of Aden is easterly (ENE-ESE). Western
and northern coasts arc oriented perpendicular to the Along the western Aden Coastal Fringe (near Aden

moist flow, resulting in higher frequencies of diurnal sea and Djibouti) in late April and early May, stratocumulus

breeze cumulus and early morning stratus and may develop into cumulus (and occasionally

stratocumulus along immediate coastlines. The southern cumulonimbus) by mid-afternoon as the surlace

Aden Coastal Fringe between Bender Cassim (Bosaso) Monsoon Trough provides weak low-level convergence.

and Berbera is sheltered from these casterles by the Ogo Sea breeze moisture penetrates into interior Djibouli with

Highlands; this is reflected by lower (20-25%) mean easterly flow to the north of the Trough. Cloud bases

cloudiness here. Less than 2/8ths isolated mid-afternoon average 2,(XX)-2,5(X) feet (610-762 meters) AG[, for

fair weather cumulus is typical between Bender Cassim stratus and 3,(XX)-4,(XX) fcet (915-1,220 meters) MSL for

(Bosaso) and Berbera. This cumulus results from intense cumulus and stratocumulus. Cumulonimbus bases are

surface heating, but there is not enough sea breeze similar to those of the cumulus and stratocumulus, but

moisture for vertical development. Most early and tops reach 35,00W feet (10.7 kmn) MSL.

WE° WE° WEI£ WE8" WE' 52"*'

I I t IfI

YEMEN (SAN'A) ,/

Re SP)UTH YEMEN (ADEN)

t4"a ,. 35

ETHIOPIA 2 r.' •- % Mean Cloudiness 35 S "T

12 _,.' J 1,30

-. Gulf of Aden O a

ibouiO 20

22

', SOMALIA

""EHIO"- 
Indian Ocean

Figure 5-24. Mean NE-SW Monsoon Transition Cl1oudiness Frequencies, Aden Coastal

Fringe. The data is derived by calculating the grand mean from National Intelligence

Summary (,NIS) mean cloudiness data for specific sites in April and May. Isolines are in 5r/

intervals.
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ADEN COASTAL FRINGE
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") Apr!I-May

As shown in Figure 5-25, ceilings at or below 3,(0X) mostly due to coastal stratus, but at Bcrtvra (12-130/ ).

feet/915 meters AOL occur less than 16% of the time they arc caused by stlatoumfults//cumutIis buildups

throughout thc rcgion. Low ceilings at Riyan (1613$) arc along the surface Monsoon Trotigh.

W2*E WE46E -2°L

YEMEN. (SAN'A) ,,' "-

YEMEN S(UTH YEMEN (ADEN)

Red
Sea

'/ 
iyan

14 
3109[512

ETHIOPIA Vd Ade ~derSOCOTRA
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9
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/ * Missing data

Figure 5.25. NE-SW Monomn Transition Frequencies or Ceilings Below 3,(H00 Feet

(915 meters), Aden Coastal Fringe.
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ADEN COASTAL FRINGE
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ("Gu") April-May

VlSI•1B111, Y. The Adrn Coas•al Fringe has a very the Aden Coastal Fringe are due to duststorms, some of
small (less than 2%) Irequency of visibilities below 3 which may reduce locul visibility to 3(W) Ifet (97 meters)
miles. Nearly all low visibilities in the southern part of for up to 30 minute;,

t 4 2 6 9 " 4 ' - E E ,* £ W E* 5 0 * 5 2 * £E -- ' ' • ,

YEMEN (SAN'A) ,/(DN

Red SQTI
Sea Rian

ETHIOPIA -- e SOCOTRA

jiboutBed 
rC sk

03109M 03-15015211

\\• • SGMALIA •

" - ,...,, [% VtS >3 NM I I t

ETHIOPIA *. Missing dataETHIOPIA ... //

Figure 5-26. NE-SW Monsoon Transition Frequencies of Visibilities Ilelow 3 Miles,
Aden Coastal Fringe.

WINDS. In Figure 5-27, mean surface wind speed Upper-level flow is easterly at 10-15 knots. The mean
decreases through May except at Riyan, where there is a position of the Subtropical Ridge is immediately north of
small increase. Prevailing directions reflect diurnal the region, but an upper-level trough may sweep through
land/sca breeze circulation, not the synoptic flow shown oncc or twicc during the transition. Wcak troughs do not
in Figures 5-25a and b. create detectable surface wind shifts,

APR i MAY

E-S Riy, l1
E-S Aden 10.90 . 6. 0

E-NE Djibouti 9.0 /O .,40

Figure 5-27. Mean NE-SW Monsoon Transition Wind Speed (kts) and rievailing
Direction, Aden Coastal Fringe.
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ADEN COASTAL FRINGEApi-a
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION ('Gu")AplMa

PRE:CIPITATION. Most transition rainfall occurs with Aden Coastal Fringe are supported hy iortlIwardl suirfac

irregular and isolated diurnal convection triggered by Monsoon Trough inovenients ard sus~tained~ by low-level

brief northward surges ol' the surface Monsoon Trough. sea breeze moisture concentrated ait hle Glull's west end.

The southwesten Aden Coastal Fringe (Berbera to Perim The dry southeastern Aden Coastal F~ringe is controlled

Island) is affcctcd by localized convection originating in by the Somali let's low moisture content,

the Ehilopian Hig~nnjs to the south anti west. Mean

April rainfall (0.5 inches/13 mm) at Berbera and Djibouti Maximum 24-hour April rainfadl at Ojiboutii (7.1

arc the haighest in the Aden Coastal Fringe. Little rain inches/180 mim), at Aden (2.6 inches/66 mumi), and at

rails across the Gulf'near the city of Aden. This supports Berbera (2.3 inches/58 nim). illustrate (the potential but

the notion that the isolated Ethiopian Highland extremely rare case of Monsoon Trough convectionh

convective clusters that move into th- southwestern penetrating the western Aden Coastal Fringe.

q .2

Sea "aAPMY

APR ýIAYsocorRA
.8 / Aden -- 7

N U _15=77 Gulf of Aden _5M I
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Figure 5-28. Mean NE-SW Mon'-oon Transition Monthly/Maximu~m 24-Hour

Precipitation, Aden Coastal Fringe. Isohycts represent mean seasonal rainfall totals

(inches).
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ADEN COASTAL FRINGE
NORTHEAST-TO-SOUTHWL",;T MONSOON TRANSITION ("Gu") April-May

TFEMPER virIRFE. As shown in Figure 5-29, mean Mean daily lows range fronm 740 F to 820 F (24-289(),

daily highs nige from 88 to 99 0F (31-37 0C). May is tLe Temperatures rarely drop below 650F (I 80C)--record

wannest month of the yea,, averaging 93-99OF lows arc 62 0F (170C) at Bender Cassim (Bosaso) and

(33-37*C). Record highs are 104OF (40'C) at Riyan in 70OF (21 0C) at Djibouti, both in April.

April and 113 0F (450C) at Bender Cassim in May.

SYEMEN (SAN'A) /,.,. ..-
S / ~~~SPUTH YEMEN (ADEN)...'•-

Red APE MAY
Sea im 19
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ETHIOPIA 
Aden 7M 1CO

AP / APR MAY

Gulf of Aden 'r
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/

Fig~ure 5.29. Mean NE-SW Ninnsonm Transition Mean Daily Maximum/Minimum
Temperatures (°F), Aden Coastal Fringe.

5-29

•_•.•I v . ... . ... . .. . .. .. .. ... .. . ... .. .. ... . .. ..6



Chapter 6

YEMEN HIGHLANDS

The region discussed here E- the Yemen Highlands includes in'udes Ycen--San'a (YD), as well as small portions
of Saudi Arabia (SD) and Yemen--Aden (AD). After describing thc area's situation and reliel, this chapter (lis•ULsses
its "typical weather" by season, as shown below.
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Precipitation ........................................................................................................................................... (-I0
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Figure 6-1. The Yemen Highlands. This "UL-shalpd rcgion inhludcs most of Yem.n (San'a), Yemen (Aden), and

a small rxKrtio o fsouthwestern Saudi Arabia, from Mecca southeast to Najran. The tihle summarizes climatology

for San'a, Ycmen.
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YEMEN HIGHLANDS SITUATION AND RELIEF

SITUATION AND RELIEF. The southern boundary The southernmost portion of the Highlands (the bottio
of the Yemen Highlands follows the 1,620-foot (5(X) of the "L.") is known as the Hadhramaut Platvau, It
meter) contour from the San'a-Aden political boundary parallels the Gulf ol' Aden and averages 3,937 feet (I,200
ENE to 500 E, or 110 NM WSW of Ras Fartak. The meters) in elevation. Smaller volcanic ridges are aligned
eastern edge includes the Hadrhamaut Plateau, which is WSW-ENE along the plateau's southwest edge. The
defined by the 1,620-foot (5(X) meter) contour on the plateau contains a network ol decp and sinuous canyons
south and the 3,280-foot (1,00) meter) contour to the where numerous semipernmanent stream beds (wadis)
north. The 3,280-foot (1,(XX) meter) contour extends have cut steep vertical cliffs into the plateau. The
westward along the northern Hadhramaut Plateau and tablelands above these canyors tire level and barren. The
back to the San'a-Aden border. From there, the 6,560 plateau's southern fringes extend to within 20-30 NM of
foot (1,5(X) meter) contour runs northwest into Saudi the Gulf of Aden coastline, and arc composed of igneous
Arabia to 210 50' N or 30 NM NE of Mecca, SD. The rock, sandstone, and limestone. The area bears a
western boundary follows the 3,280-foot (I,(00 meter) resemblance to South Dakota's Badlands.
contour south to the San'a/Aden border, then rejoins the
1,620-flxt (5(X) meter) contour on Yemen's border. The extreme western edge of the Hadhramaut Plateau

is an extension of the southeastern Yemen Mountains,
The western part of the region (the upright bar of the Jabal Mirmal is the highe,:t point at 6,360 feet (1,939

"L') contains rugged terrain produuced by massive meters). To the east, the platcati is flat-lopped with
geologic uplift along Africa's Great Rift System. isolated hills and sinuous ridges cut by an intricate
Volcanic ridges (the Asir and Yemen Mountains) are network of Ilat-bollomed valleys, gullies and dlcp
aligned NNW to SSE for about 630 NM between 130 N canyons. The highest point (40 NM northwes, of
and 210 30' N. These ridges have a significant effect on Mukalla, South Yemen) is Jabal Sarab at 6,980 Ifcet
climate in the Yemen Highlands. An extensive network (2,112 meters). The northern and eastenI edges of the
of dendritic river systems dissect the ridges, but no plateau disappear into the dcip sand dunes and barren
permanent streams extend westward to the Red Sea or landscape of the Rub al Khali. The outslanding feature
eastward to the Rub al Khali. of the plateau is the Wadi Hadhramaut, running west to

east through the center of the plaleau. It watershed
In the north, the eroded Asir Mountain ridges extend (trains I,(X)0 sq NM of adjacent wadis. The largest

into Saudi Arabia north of 170 N. The Asirs are only Iributary (the Wadi Masilah) carries water towards the
10-20 NM wide and average 6,890 feet (2,1(X) meters) Gulf of Aden during heavy rains. Wadi valleys are I to 3
MSL in height. The Asirs end just northeast of Mecca, NM wide, with level, arable land abruptly edged by
Saudi Arabia. Western slopes are covered by alluvium, natural sandstone and limestone terraces. These slopes
while eastern slopes (above 4,920 feet/I.5(X) meters) are can rise to 1,2(X) feet', (365 meters) above the valley floor.
rolling hills, a desert steppe environment. The surface is
a mix of rocky stubble, boulders, and isolated sand hills. DRAINAGE AND RIVER svs'rEMS. There arc fe.w

permanent water boldies on the Hadhramaut Plateau
Further south, the rugged Yemen Mountains average except for isolated permanent groundwater sources in

8,1(X) feet (2,5(X) meters) in height and I(X) NM in width deep wadi canyons. The Wadi Hadhramaut is the largest
between 130 30' N and 17' N. Numerous volcanic intermittent river valley, extending 350 NM SSW to the
peaks surround San'a and Ta'iz; the highest is Nabi Gulf of Aden. As it turns south, the valley becomes the
Shuayub at 12,333 feet (3,760 meters). Terrain is Wadi Masilah. The Wadi Mayla'ah and Wadi Hajr
isolated; ti're are few roads or even foot trails in the originate along the southern ridges of the Hadhrainau
interior. Western slopes parallel the Red Sea coast and Plateau and form deep canyons along their courses. Each
ascend at the rate of 492 feet/150 meters per nautical stream runs about I(N) NM northwest to southeast to the
mile. Terrain rapidly transitions from lava-covered hills coast. The Wadi Mayfa'ah flows throughout the year oin
to rugged canyons with steep vertical walls that may rise a 10 NM stretch of its course, but surface water does not
I,(XX) feet 1.305 meters) above the canyon floor. The reach the Gulf of' Aden. The Wadi Hair is the only
interior Yemen Mountain network comains roiged perennial streanm thal flows through ihc sotthein
granitic mountains with minimal vegetative cover. 'Ilie Hadhramaut from its source to the Gulf. The wadi
dry and desolate eastern slopes trend gradually down to a system is shown in Figure 5- Ia.
barren plateau that transitions abruptly to the Rub al
Khali Desert--the second largest desert in the world.
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YEMEN HIGHLANDS SITUATION AND RELIEF

VEG(EI1;TAT'I()N. The western intI northern fringes or Along the western slopes of the YYemen Mountains,the Hladhramaut Plateau are covcred qparscly by short them, is an cvergreen zone betwe•n 4,(XX) .nd 0,7(M) leclshrubs and grasses, These regions aire transition zones (I,220-2,043 meters) MSL, Deciduous and mixed forestbetween alpine and desert environmenws. Above 6,70Y) cling to the rugged terrain, hut they thin appr.ciablyfeet (2,043 meters), isolated acacia trees, thorn -;hrubs, northward into Suudi Arabia and tht* southern Asirs,and alpine grasses thr've. The canyons and valleys of Ihe Below the evergreen zone, acacia trees, small shn,,hs andHadhramaut contain diversified vegeuttion. Palm, acacia grass clumps thrive, but above the evergreel, zone, theand ariata (an ornament Irv,- or shrub with feathery terrain is treeless. Alpine flowers, grasses and lichensbranches) thrive in the moist sands of the wadi channels, arc seasonal forms of vcgetation.
Valley floxrs contrast the barren slopes of canyons.
Some isolated agricultural terracing is attempted on the
slopes, but most are clotted by shallow rooted shrubs.
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YEMEN HIGHLANDS
SOUTHWEST MONSOON Jue-September

GENERAL WEATHER. Sea breeze circulation and SKY C(OVER. The Southwest Monsoon I)rolu.ces the
the surface Monsoon rrough are the two most important highest percentage of mean cloudiness for the entire year,
Southwest Monsoon weather features iin the Yenmen but tl',e highest frequencies shown by the isoplethis in
Highlands. As the sa breeze surges inland against the Figure 6-2 are still less than 45 percent. Most cloudiness
Asir and Yemen Mountains, orographic lift produces is over ithe southern and central Yemen Mountains,
cumulus between 4,(XX) and 8,(XX) feet (I,22() and 2,439 where low-level Red Sea moisture and weak
meters) from Ta'iz northward to San'a. The uplift convergence along tlhc surfa•e Monsoon Trough IPiet
occasionally produces a continuous line of convective orographic uplift. Thc sea breeze insures a diurnal cycle
activity some 4(X) NM long from SSE.NNW along the of moderate convection all day. The cycle begins
southern Asir and Yemen Mountains, with moderate between 09(X) and I()Q) LST and ends before 18(X) LST.
rainshowers arid embedded thundershowers. Rainfall Orographic uplift occurs along the western Asirs, but 0 ta
often occurs between 14(X) and 18(X) LST. lesser degree: the convective cycle here stops at IX)

LST.
The surface Monsoon Trough and its weak low-level

convergence occasionally produces isolated convection Mean cloudiness (lecrcases considerably (•ownwind
near the Straits of Bab al Mandab, but th& Trough's (on leeside slopes) arid over the Hadhrainaut Plateau as
primary role as a Southwest Monsoon weather-makcr is sea breeze moisture is tmuble to penetl:.,e into she
to provide hot and dry northeasterly flow to the interior. Most ieeside and plateau cloud cover he're is the
Hadhranaaut and eastern Yemen antl Asir Mountains. A result of convective blow-off, while moist mi(d and
strong thermal low--par: of the broad scale thermal upper-level cloudiness is determined by synoptic liow.
trough discussed in Chapter 2--anchors the surface [lot an(i try air fron thite Arabian inwt'r cr and Rub al
Monsoon Trough over the Rub at Khali Desert during the Khali kee skies clear east of the highest ridgvN. With
Southwest Monsoon. Dry northeasterly flow ascends the easterly flow aloft, only cirruý or shallow allostrautts
eastern Yemen Highlands and mixes with ascending seai clouds dcvcwlop aboxve .J.5(X)) fct (4,571 meters). Sea
hrccze moisture to the west of the highest ridge crests. breezes produlce most early morning straltus,
The result is a well-defined diurnal cloud and stratocumulus, and ctimuluis. hut the"e are contfined io
preciipitation pattern west-to-cast across the Ye'men and immnediate coastal slopes below 6,560() lfe (2,(KX)
Asir Mountains. Hot, (try, and cloud-free skies dominate meters).
eastern slopes, while moderate convection, substantial
rainfall, and cooler daytime temperatures dominate Skies are clear in the early morning except for the
western slopes. Light rain falls on eastern slopes above patchy stratus that develops along immediale coatiines
8,(XX) feet/2,439 meters, the product of convective towers and pushes inland during the land/sci breeze transition
originating along western mountain slopes. between (00(X) and 08(X) LST. Patchy,' stratus or shallow

stratocumuluts rarely constitute a ceilin!,, and both
On rare occasions, a strong high-pressure ridge dissipate quickly with heating. Trin stratus and shallow

disrupts the typical synoptic surface pressure pattern. ground fog may develop in remot- canyons and rungged
Cooler and moister Mediterranean-type air masses valleys in the southern and western Yemen Mountains
descend across northern Saudi Arabia. The abnormal These thin clouds appear along the inversion layer with
synoptic pattern produces temporary (3- to 12-hour) strong radiation cooling in the evening. Thin cloud cover
moist mid-level flow along the eastern Yemen may persist for several hours if winds remain c.aln
Highlands. Nearly all eastern slope rainfall below 8,(XX) overnight and into mid-morning above 10,(X) feet
feet (2,439 meters) occurs with high pressure ridging. (3,050 meters). Most ground fog and stratus develop at
Note that high pressure ridges are early and late season or above 3(X) feet (91 meters) AGL, hut are seldom more
phenomena only. than I(X) feet (30 meters) thick.
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YEMEN HIGHLANDS
SOUTHWEST MONSOON JuneSoptbmbor
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Figure 6.2. Mlean Southwest Monsoon (.1nudiness (Isolines) and Frequenciex of Ceilings Below 3,0(A) Feet
(915 meters), Yemen Highlands. Isopleths arr in 10%Y intervais. The nuineric-al data is derived by calculating tile
grand mean ofi National Intelligence Sumnitry (NIS) mevrn cloudiness dlata for specific sites between Juoc and
September.

Shallow cumultvs dcvelops over ridges by late along the leeward slo-xs. When tiortheasterly llow from
morning or early afternoon during mnaximum sea breeze the Rub at Khali is weak, a cor-.Jntious cloud line '.xtends
penetration into the interior. Rain seldoim falls on the from Ta'iz to Abha. Much of the diurnal cumulus is
lCCsidles ofnmountains unless cold pockets of air aloft or a obser~ed at 2.AKX)-3,0(XX) feet (610-913 mniterv.) Ac;L onl
ne(rthuistcr!y surfacecirculation over the interior triggers ýhe western slopes of these wrountaifl ranges; tonps may
more convergence along the highest ridge cre-sts. At excced 1 5,(XX) feet (4,573 meters). With a strong surge
Khamis Mushait, prevailing winds are northeasterly, but in the Southwest Mo~nsooit, convergence over the peaks
there is enoughi extensive orographic cumulus for this betwveer Aden and San'a may prodluce severe
lecside location to have mid-afternoon cloud cover. thunderstorms with tops to 50,0X) feet (15.2 kin).
Typically, northeasterly flow is too dry for orographic Mid-lev'el cloudi cover increases temporairily in early J1une
cloud cover to fo-m on the Asir or Yemen Mountains' whenever a rare southward surge of the Polar Jet streami
eastern slopes. Most cumulus (dissipates by midnight, bring~s a weak cold front into the central Redl Sea.
with some isolatedl altostratus or altocumulus drifting
eastward in the residual moisture. provided by the sea Low ceilings are common with sea breeze cumulus or
breeze. Typical fair w~eather cumulus may form a broken when a high-pressurc ridge creates northeasterly
cloud line along tht western Asir and Yemen Mountains circulation with some Mediterranean moisture. Low
between 7,000 and 9,0(XX) feet (2,134 and 2,744 meters) ceiling frequencies arc highest between 15(X) and (XXX))
MSL, but tops rarely exceed 12,0(X0 feet (3,658 meters) LST. At San'a, the frequency of ceilings between 1,0(XX)
This fair weather cumulus rare6y continues eastward and 3.0( X) feet (305-9 'A5 meters) reaches 54% in August
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YEMEN HIGHLANDS
SOUTHWEST MONSOON June-Soptember

bctwo.,fn 1600 and 00(X) LST. Most ceilings hx-twecn and sandstorms that lower visibilitios to less than a milt
2,5(X)-3,0(X) feet (7(X)-915 mneters) at Khamis Mushait along coastlines may become so widespread that
and Ta'ir, occur when prevailing wind direction is locations at elevations •etwcen 3.,280 and 5,0(X) leet
southerly or westerly. On rar occasions, low ceilings (I,(XX) and 1,524 meters) MSL are also affcted,
occur with northerly flow at Khamis Mushait,

"Dju Farah" is the local name for a (lusixtorm in the
VISIBILITY. Visibilities (luring the Southwest Yemen Highlands caused by kl'alized (lillcrential
Mon,,x)n arc grcater than 3 miles more than 90% of the surface heating. Aldtough "Dju Farah" may occur at
time, hut (lust and haze often restrict visibility to 4-6 other times, they arc most severe during carly Augu•t, in
miles (60% of the time in July) with strong alternwx)n the alterniion.
wirds. These wind!,, are generally caused by mountain
and valley breezes, but sea breezes also stir up large Fog is extremely rare during the Southwest Monsoon,
amount• of dust and sand. At 151) LST, Tra'iz but it may occur on 1-2 mornings a season with calm
visibilities are 4-6 miles 82% of the time. early morning conditions a!ong the southwest facing

slopcs south of ra'iz. Visibility in fog is normally less
Visihilittcs below 3 miles (Figure 6-3) occur less than than 2 1/2 miles.

7% of the time and arc rarely below a mile, Duststonns

401t  JOEt 441~Z 410 4 p O-

,t . 0310 9 15 21

I-Local Time; _03 109 115 1 21,1

iV* Missing dlat

SAUDI ARABIA I

18;K Nis"ulhai t 03109115I21

ha 21 31I-2

Red Sea " .

16YEMEN
[6"•4 o ANA e/ SOUTH YEMEN

03051 21 r12/ " x•'==3o

S• .evationi

a.a

S~Gulf of Aden

Figure 6-3. Southwest Monsoon Frequencies of Visibilities Below 3 Miles, Yemen Highlands.
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YEMEN HIGHLANDS
SOUTHWEST MONSOON June-September

WINDS. Figure 6-4 shows mean monthly surface wind 9-10 knots. Northeasterly flow is also present along the
speeds and prevailing (directions Ibr three stations in the northern Hadidhramaut Plateau. Mid- and uppei-level
Yemen Highlands. Note that while the prevailing winds (Figures 6-5a-c) during the Southwest Montsoon
direction at Khamis Mushait (Kh's Muqhait) and San'a is (1o not necessarily reflect surlface colnditions. Mean
northeasterly, it is westerly at Ta'iz. The surface mid-level speeds show little varialiofl (during lhe
northeasterlics originate in the northern or northwest Southwest Monsoon, averaging 9-I1 knots at lO,(XX) Ifet
quadrant of the Saudi Arabian Heat Low discussed in (3,050 meters); 12-18 knotsl at 15,(KX) feet (4,57.3
Chapter 2. The westerlies near Ta'iz are sea breezes at meters); and 10-14 knoLs at 30,(XX) feet (9,140t meters).

JUN JUL AUG SEP

NNE--ENE Kh's Mushoit c', ,5; , "
N -NE San'a 70-n 0 7 -"C" 7"INTrSINT,-IV Ta3'iz 5.B 2,S) ,'0 1,3 i'.-,,

Figure 6-4. Mean Southwest Monsoon Wind Speed (kts) and Pre'vailing
Direction, Yemen Highlands.
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San'a 3-level wind direction

Figure 6-5a. Mean Annual Wind Direction, Sptn'a, YD. Prevailing wind
direction at San'a is northeasterly at 10,0(X) and I5,(XX) feet (3,050 and 4,573
meters), but easterly at 30,000 feet (9,146 meters).
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YEMEN HIGHLANDS
SOUTHWEST MONSOON June-September

1 300-

250 ,,,oort

01 
150

.020- 10o f / ,

s-4

50

S0- i ' I I I " I I" I "1 I'

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
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Figure 6-5b. Mean Annual Wind Direction, Khamis Mushait, SD. Winds over
Khamis Mushait are similar to those at San'a.
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Figure 6-Sc. Mean Annual Wind Direction, Ta'iz, YD. At Ta'iz, mnid-lcvcl
winds are westerly. In September, the 15,(X)O-f(x)t (4,573-mctcr) winds are
cast-souLheastcrly, rather than northeasterly as at San'a and Khamis Mushait.
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YEMEN HIGHLANDS
SOUTHWEST MONSOON June-September

4RIW(IPITATION. The hcevicst Sonlihwest Monsoon Only atn isolated sectiorn of the western Air Mountwins
precipitation is confined to thc western Asir and (wcst of Abla) get.' more than 4 inches (102 iinn) ol raill

westem/southern Yemen Mountains, as shown in Figure during the Southwest Monsoon. liighest sewonal
6-6). Moist sea breezes fucl orographic convection every rainfall (more thanr ) inchcs/229) mm) is alolngnl the Ymnc,
day in Ihes areas. Moderate rain showers lasting for 1-2 Mountains near 440 E and 13" 45' N, 150 30' N.
hours in late aftemnoon seldom occur norih of 17" N.

40Z41-9 '412 61 489. 5:' E 5

if- JUN JUL AUG SEP2 0.41o.5•1O.210. f

20*N S~Month
U.

SAUDI ARABIA Mean Precip L J, I

8 •Max 24-Hr Precip

hN a mushait - Missing data

JUN JUL AUG SEP0.011.211.31o~

Red Sea

SJUN JUL AUG SEP

1 6 "4 Y E MEN'
. SAN'A) UJ0.8[.1i1

SOUTH YEMEN
1.2 -N). 8

2000

a-
I •mN ElevatiJons

JUN JUL AUG SEP2".710.712.313.7
JUN JUL AUG SEP

f.014.114.2 .8
0.811.9 . Gulf of Aden

Figure 6-6. Mean Southwest Monsoon Monthly/Maximum 24-Hlour Precipitation, Yemen Highlands.
Isohycts show mean seasonal rainfall totals (inches).
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YEMEN HIGHLANDS
SOUTHWEST MONSOON June-September

1TEMPERATURI. The highcet temlcratures are in shilt occurs before micd-afturnoon rains along the Yemen
June. Mean daily highs (Figure 6-7) range from 75 to Mounwins' lecward slopes. Mean daily lows range 1'rom
96 0F (24-36 0C). The record highs in June are 86 0F 52 to 77"F (I I-25 0 C). September is coolest, with record
(300C) at San'a and I(W0 F (40'C) at la'if, The Rub al lows of 390F (40C) lit San'a and 570 F (14TC) at Ta'i e,
Khali, in northeasterm Yerncn. is much hotter; intense both above 5,(XX) feet (1,524 incters), Although TaL'i, is
surface heating and clear skies can produce temperatures only at 4,629 feet (1,411 mcters), the pesfsitnt sea
greater than 125OF (52 0C). Surface air temperatures may breece and a mnrine climate resulted in its record low of
drop by 55OF (30QC) in an hour when a northerly wind 650 F (180 C).

401L Abf .g E 41 50
raif -69139

j ~Month
IMean Daly MaxL[ I....L

.~ Mean aily Min j

4Missing data

SAUDI ARABIA /

18hamis Mushait
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82182180179 P.

2000
I V arlabl:,,1 4 .,d5UN JUL AUG SEP E1 ev tio

858179L9ukay t r,

65165162161• Gulf of Aden

Figure 6-7. Mean Southwest Monsoon Daily Maximum/Minimum Temperature (°F), Yemen Highlands.
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YEMEN HIGHLANDS
Southwest-to-Northeast Monsoon Transition OctoberNovember

('ENERAL WEATHER. Tlie two most important onilliow into the Gulf o('Aden and produces lair weathcer
weather-inakers during the transition are the surface and Iowt1r temperatures, The Saudi Arabian High
Mon~sooni Trough's southward migration and changes In strenigthens in Novemtber and increases Sulbsiden[ce atI OWi
surface circulation over the Rub ill Khali. The souihcrly middle levels. Subsidence furibcr reduces the cfcci of'
reircat of the Moksoon Trough reduce.% southerly inflow orographic uplift on sea breezec moisiure ablove WXK) kmc
into the Saudi Arabian Heat Low O~y v-Lor.As a t! ,829 mici,'rs) MSL onl the liachrainaut Plateau anid ill
rcsul1 ., the sea breeze cannot push inland with enough the southeastcrit Yemen Highlands.
forcc to induce massive orographic uplift along' the
southern Yemecn Highlands. SKY COVIER. Mean cloudiness during the transition is

less than 20% except for a small portion of the extreme
The Saudi Arabian Heat Low's disappearance western Yemen Mountains betwoeni 14 and 16' N. Mecan

decrcases the wrnount of' hot novrtheasterly flow intc, thc cloudiness (shallow l'air-weather cumulus and cirrus) oti
eastern Ycrnen Highlands and northern H-adhramaut the eastern slopes or the Yemien Highlands and the
Plateau, In fact, the Heat Low is replaced in November northern ii adhrainaut Plateau is 15% or less--sce Figure
by the Saudi Arabian High, which induces weak easterly 6-8,

40% 10) 4F' 4'Z Z 50E9NN5

20

2o N Local Time 03 09 15 21
0/, CIG >3,000 I

*Missing data
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YEMEN HIGHLANDS
Southwiest-to-Northeast monsoon Transition October-November

Persistent high surface pressure over the Saudi Along the southerni Yemen Mouintains andi the sounihern
Arabian peninsula produces weak easterly low-level flow Hadhramaut Platcaui, a southeast wind~ increases
into thc eastern Yemen Highlands and northern orographic uplift and the amiount of' low cloud. (Ceilings
Hauhir~imaut Plateau by early November, Light seai of 3,5(fl) feet (1,067 nicters) tire commiion ait Khamis
breezes mity generate shallow convective Cumulus Clou~d Mushait; Lops reach 10,0(XX) feet (3,050 mleters) MSL.
co7CF along the Yemen Highlands' western and Most low cecilings arc in dliurnal cumulus resulting Crom
southwoeswr AIopes. Stratocumnulits with emnbedderi orographic fll, but they occur during late. evening, too.
cumnulonimbus occurs with the dlivergence that precedes Evening cloudiness is thc result ol' local mountain andl
upper. level troughs, valley wind convorgencc on thc wcstein slopcs ol' the

Yemen and Asir Mountains. Along eastern slopes,
Westerly or southwesterly flow signals a weak frontal cvcrniug air is UX) (dry lor local mountain andl valley winid

passage. Such shifts inicrease altocumrulus and~ cirrus convergence to producc low cloud covcr.
cloud cover, but may also produce stratocumulus in thc
valleys and plateaus east of the Asir and Yemen VISIBILITY. Visibilities are cxcellent. They are 6
Mountains. Although only cirrtus is present with weakcr miles or more. 90% of the time, and frequencies below 3
troughs, well-organizcd systems produce isolated miles are lowest of the year (Figure 6-9). Best chance
altocuniulus, altoqtratus and stratocimulus. Bases for visibility below 6 miles is 09(X)-12(X) LST. At Ta'iz
average 5,(M)0-7,(XX) feet (1,524-2,134 meters) AGL, and and Khainis Mushait, 3- to 6-milc visibility 1'equency
lops reach to 150(X) feet (6,097 meters) MSL. reaches a high of 8%, ii' Novwmher. Visibilities hclcw 7

miles, although extremely rare, arc usuially reported with
ground fog.

Time 0 50311

%VIclSa> 3 NM I 11

* Missing data
SAUDI ARABIA

i8 *haani ushait

Red Sea-

ibM . YEMEN
(SAN',.)

2000
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kayr Elevatiolua

Gulf of Aden

Figure 6-9. SW-NE Monsoon Transition Frequencies of Visibilities Blelow 3 Miles, Yemen Highlands.
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YEMEN HIGHLANDS
Southwest-to-Northeast Monsoon Transition October- November

WINDS. In October, the surface Monsoon Trough breeze cannot reach that far unless rcinflorced by s4ynoptic
produces light and variable winds along its axis, but by flow; i.e., SOUtheastcrlics in thc Gulf of' Adcn or
November, weak easterly synoptic flow develops at the westerlies in the Red Sea. Figures 6-l1 a~ and b give
lower levels. Figure 6-11) gives mean surface wind mean annual mid- andi upper-level windi directions ali
speeds and prevailing directions for Khamis Mushait Khamis Mushait (representative of' the north) and at
(Kh's Mtlqhait), Srn'a, and Ta'iz. Winds are weaker San'a (representative or the south).
over the interior Yemen Highlands because the sea

1OCT NOV

E-Si Kh's Mushoit 7 11,5B
NE S na Wo 0i 5:_10
S' Ta'iz Q2 ýu 0 00

Figure 6-10. Mean SW-NE Mionsoon rransition Wind Speed (kts)
and Prevailing Direction, Yemen Highlands.
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Figure 6-1 a. Mean Annual Wind Direction, Khamis Mushait, SD.
Upper-level (30,(XX)OfooV9. km MSL) westerlies increase 1rom 14 knots in
October to 25 knots in November. At mid-and upper-levels, winds shift f'rom
northeasterly to west--south weste rl y. The upper-level shift is caused by thc
southward movement of the Subtropical Ridge.

6-14



YEMEN HIGHLANDS
Southwest-to-Northeast Monsoon Transition Oclober-November
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Figure 6-1 lb. Mean Annual Wind Direction, San'a, YD. Winds remain easterly
(050-1200) in the south, but average only 12-16 knots.

PRECIPITATION. The transition from the Southwest The areas of heaviest rainfall are shown (in Figure
to the Northeast Monsoon is the driest period ol the year, 6-12) by the closed (2.4 inch/61 mm) isohyets in the
thanks to weak convergence between the surface western Yemen Mountains. Upper-level troughs may
Monsoon Trough and the sea breeze. Mean monthly trigger additional rainfall in November, but these
precipitation averages 1.2 inches (30 mm) or less; most disturbances only occur on 1-2 day.s a season. Heavy
locations get less than 0.5 inches (13 mm). 'The weak sea dew is common on clear, cold mornings. Expect snow
breeze doesn't regularly penetrate to the Yemen above IO,(X) feet (3,050 meters) by the end of
Highlands; orographic lift, diurnal convection, and November. Snow depth rarely exceeds 6 inches (152
rainfall are minimized in October and November. On the mm) unless an unum"ually high number of upper-level
rare occasion that sea breeze moisture does generate troughs (2-4 a month) penetrate the Yemen Highlands
orographic lift, moderate to heavy rainshowers can occur. during November.

6-15

I



YEMEN HIGHLANDS
Southwoat-to-Northoast Monsoon Transition October-November
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Figure 6-12. Mlean SW-NV Monsoon Transition Monthly/Maximum 24-1hour Precipitation, Yemen
Highlands. Isohyets represent inmin seasonal rainfall totals (inches). Maximum 24-hour precipilation val.ies were
availablc Ior San'a, Mukayris, and Ta'iz only.

TENMPFRATURE. Transition temperatures shown in boundary layer (such as Ta'iz) arc greatly modified
Figure 6-13 depend on elevation and topography. Mcan (69)F/21 0C) by ihe sea breeze. Record lows al San'a
highs range from 69 to 87 0 F (20-31 0 C). Record highs and Ta'if were 27 0 F (-3o(') and 45 0 F (70 C), both in
include 79OF (26°C) at Mukayris and 930 F (.14 0 C) at November. The record low at Ta'if was 63"F (I 7"C), set
"Ta'il', both in (.tober. Mean daily lows range from 38 in October.
to 580 F (3-14 0 C), but locations near the marine
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YEMEN HIGHLANDS
Southwest-to-Noflhsaut Monsoon Transition October- November
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Figure 6-13. Mean SW-NE Monsmon *Fraitsition Daily Niaximum/Minimumi Temperatures (OF), Vemen
Highlands.
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YEMEN HIGHLANDS
NORTHEAST MONSOON December-March

GIENERAL MEAT"HER. Periodic cyclonic activity, Northeast Monsoon flow into the Straits o1' lab al
migratory upper-level troughs, and low-levcl Mandab converges with weak northwesterly outilow
convergence along the Red Sea Convergence Zone from the Saharan High along the southern Red Sea.
(RSCZ--sec Chapter 2) produce most of the Norteast Weak low.level c~oveagence combines with sea breezes
Monsoon's significant weather. Every 5 to 10 days, a along the western Yemen Highlands between 16 and 21
surface cold front moves southeast. or eastward across the N to produce the RSCZ. Isolated rainshowcrs and
Asir and northern Yemen Mountains. Light rain, occasional thundershowers are common along the
increased mid- and upper-level cioud cover and RSCZ's eastern edge.
southwesterly-to-southerly surface flow precedes the
front.

40TE 4 E 4.11 J'E4 0

20 Taif

Lci Tim 03109115I2% IO/ G > 3,000 ,1 .. .. 1 1
I MissIng data

SAUDI ARABIA
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Figure 6-14. Mean Northeast Monsoon Cloudiness (Isolines) and Frequencies of Ceilings Below 3,1X)0 Feet
(915 meters), Yemen Highlands. Isopleths are in 10% iniervals. Numerical data was derived by calculating the
grand mean of National Intelligence Summary (NIS) mean cloudiness data for specific sites from December to
March.

SKY COVER. Northeast Monsoon mean cloudiness percent over the Hadhramaut Plateau, where )
(shown above in Figure 6-14) averages 20-30 percent northeasterly now provides little low-lcvel moisture.
along the Yemen and Asir Mountains, and less than 20 Although the plateau generally secs less cloudiness (now
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YEMEN' IGHLANDS
NORTHEAST MONSOON Decomber-March

,mostly cirrus anid cirrostr-atus), northeasterly flow LS. ('fear skies tire comimon with undisturbed welither
induices ionic orographic fair-weather cumulus along the dluring the Norilhea%'i Monsoon. However, infrequent
southeastern Yemen Mountainis between Mukayris and mid-latitude cold fronts (Cyprus Lows) piass the ureat onl
Dhala. 2-3 (lays a mont1) and increase imid-and uppcr-lcvel cloud

cover fo~r 6 to 18 hours. Weak frontal paissages produce
Along the Western Yemecn and Asir Mounwiins, scattrcd to broken cecilings. Skies include a mnixturce of

cyclonic activity, lhe. Red Sea Convergence Zone cumulus, stratocumulus, and altocuirulus over the Asirs,
(RSCZ') and persistent westerly synoptic flow prodluce while extensive cumulus forms along, the wcslem Yiemen
more orografphic iift. The uplift produces cumulus as Mountains abo~Ve 10,(XX) f'eet (3,050) rtcirs~i MVSL,
well as mid- and upper-level cloudiness. Bases arc
5,(XX)-7,(XX) feet (1,524.2.134 meters) AOL, and tops Strong cold fronts occasion~ally penetrate the northern
reach 10,(XX) feet (3.050) meters) MSL. hair of the region to 180 N. Above the surface cold 1ront,

the Polar Jet (PJS) and Subtropical Jet (STJ) may merge
Ceilings below 3,0(X) feet (915 meters) generally and "share energy" ovcr the northern Asirs, as sho'An in

occur with south or southwes~t winds. Southeast winds Figure 6-15. Moist low-level southwesterly I'low
only prodluce low clouds (curnulas and stratocumulus) develops along the surface warm front. (I'oinmon warmi
along the southern. Yemen Mountains in mnid-afternoon, f'ront sky conditions includc multilayered clouds with
and over the southwest Hatdhrankaut Plateau in early and isolated cumnulonimnbus embedded in low stratus decks.
mid-morning. Ceilings of' I,(KX) and 1,5(X) feet (305-453 Isolated cumumuilus bases iun from 6.0(XX) to F,0(XX) lee!
meters) are possible along the western and southirn (1,838 to 2,439) meters) A(-![, with tops l0,(X)0-l5J)X)0
Yemen Mountains, Ceilings at or below 1,0(XX) feet (305 f'eet (3,050-4,573 metlers) MSL.. Straws, (k~ck bases run
meters) ax, most common between January and1 March, (rom 2,000) to 4,(X)() feet (610--1,.22(0 nilet.rs) MISL..
from 06(X) io 09(X) LST. Ceilings f'rom I .000 to 30(X) Surface- cold fronts moving over the Red Sea have
[eet (305-to Q i5-meter) are most common in the western isofated cumulus andl/or cumu1.lonitrbus immediately
andI southerni Yemcn Highlands hetw~xn 16(X) and 21(X) ahead, hut little or no cloud behind.

Figure 6-15. Upper-Level 4300-noiat Flow Supporting ion Intense Frontal
Passage into the Northern Yemen Highlands. P1.5= Polar Jet Suearnl; STI
Subtropical Jet Stream. The map shows two areas of jet stream interaction, btilt
PJS/STJ-2 is important to this discussion.
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YEMEN HIGHLANDS
NORTHEAST MONSOON December-March

When the Sithtrol,'cal Jet is the only Niature present in altocurnulas vith ceiliirgs at or ulbve 5,(AX) letl (1,524
I%* flow pattern, d'Inse cirrus c(,vers the region nleters) A0L., Cloud cover on windward slopes remains
Scattered uolto-ratus with bases betwecn 15,(XX) and for up to 6 hours afiter trough passage; the line or
18,(XK) 'ect k4,573-5,48'7 metCrs) AOL is possible. ocumulus and cumulonimubus with tops to 18,(XX).20,(XX)

feet (5,487-6,(197 metcrs) MSL and bases at or above
Between 160 and 210 N, the Red Sea Convergence 3,(XX) feet (915 meters) A(L dunmp heavy ranlauill on the

7,one (RSCZ--see Chapter 2) produces weak low-level western Yemen Highlands.
convergence and cloud cover along its axis. At the
eastern edge of the RSCZ axis, convective cells VISIBILITY. Dust and haze are the primary visibility
concentrate development along a 10-30 NM section of restrictions. Afternoon visibilities are between 3 and 6
the western Asir and northern Yemen Mountains in iniies 36 percent of the time at Ti"iz (January) and Sauna
mnid-morning. The precise location for isolated cumulus (March). Visibilhi,.s below 3 miles are rare; frequencies
developmnent varies from day to (lay and month to month. at 'rn'iz are 5% at 09(X) LST. Morning haze is the mOst
If an upper-level trough lies to tihe west of the RSCZ, frequently observed obstruction to vision at Ta'iz. Most.
cumulus with tops to 20,0(X) feet (6,097 meters) MSL inland and high-alutude locations see a Icw dust- or
may form parallel to a large (2(X) NM north to south) haze-related low visibilities, but the mean frequency is
ponrtion of the western Yemen Highlands- they may spill low. Lowest visibilities occur with strong southwesterly
10-2,0 NM cast of the highest ridge lines by late Ihow% immediately ahead ofa surlace cold front.
aftemroon. When they do, leeward slopes see scattered

Tai 0 9 521 5 121
".41l 41 21.3

l~ocal Time 1i9I 51210- 1% VIS >3 NM I '

, Missing uata

SAUDI ARABIA I

is's "'hx 03 L09115121\
S.3

Red See t

z 6" H YEMEN

(SAN A)SOUTH YEME:N
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031I0'115 121.

Sz..,.•Variable
• l e•4 • [] u k sy r w l d _E l e v a ,t i o n s

Iful of Aden .. ....

Figure 6-16. Northeast Monsomm Frequencies or Visibilities Below 3 Miles, Yemen Highlands.
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YEMEN HIGHLANDS
NORTHEAST MONSOON December-March

WINDS. Surf.ec winds vary from northwest to As Northeast Monsoon surlace flow enters the Strails
southeast as two-large suale surface circulations-- from the south, northwestcrly-to-itorthcrly Ilow enters
Northeast Monsoon flow and northwesterly Saharan the Red Sea fromn (he Sahara. The Saharan High (Nee
High outflow--converge in the southern Red Sea. Yemen Chapter 2) produces this noriherly surlace wind
Highlands topography limits this convergence to the Red componenl. Northwcsterlics are weak (3-5 knots) in the
Sea area between the surface and 5,(XX) feet (1,524 central and southern Red Sea during undislurbe.d
meters) MSL. weather, but surface flow reinforces the sea breeze along

the western Yemen Mountains. Resultant synoptic wind
Figure 6-17 gives mean surface wind speeds and direction (Saharan High/sea hrcezc flow) along the

prevailing directions at Kh's Mushait (Khamis Mushait), extreme northern Yemen Mountains and the Asirs is
San'a, and Ta'iz. Winds are southeasterly in the western southwesterly, although surface wind direction along the
Yemen and Asir Mountains below 5,A(X) feet (1,524 extreme eastern edge of the RSCZ may he variable.
meters) MSL and south of the RSCZ, Northeasterly
low-lcvcl flow deflects to the right (to When cyclonic activity enters the Red Sea,
southcrly/southeasterly) upon entering the Straits of Bab southwestcrlies at 8-15 knots precede frontal passage hy
al Mandab and southern Red Sea. Wind speeds in the 6 to 36 hours, depending on the speed of the front. Some
Straits and foothills of the southeastern Yemen move eastward or northcastward quickly (10-20 knots),
Highlands (Ta'iz) average 15-20 knots over water and but others move only at 5-10 knots.
10-15 knots in the foothills.

DEC JAN FEB MAR

S--S X Kh's Mushoit 6.4. 0, 8." 60
S WV -- V San'a 6. -. .00 8. 1, 5C

SE-SSE To'iz 10.51 0 11.5 r1.60 1.E,,5

Firgure 6-17. Mean Northeast Monsoon Wind Speed (kts) and Prevailing Direction, Yemen Highlands.

Although mid- and upper-level wind directions are (Figure 6-18a) and San'a (Figure 6-18b). At Ta'iz, the
less affected by terrain, some southern Yemen Mountain mean December (lirection at 10,(XX) feet (3,050( meters) is
locations arc in a transition zone between subtropical southeasterly; at 15,(XX) feet (4,573 meters), it's
African mid-level westerlies and easterly mid-level flow northeasterly. Mean wind direction at 15,(0X) liel (4,573
during different months of the season. Mean mid-level meters) reverses in January (3(X)0) and February (2050).
flow averages only 9-12 knots regardless of direction. In March, both levels are south southwesterly
Upper-level flow is westerly because the Subtropical (190-2100). Note that surface wind direction at Ta'iz
Ridge is south of the region. Mean upper-level flow (elevation 4,629 feel,1I,4 l meters) is southerly to
averages 18-26 knots in the southern Yemen Mountains southeasterly. At San'a (elevation 7,237 feet/2,206
(at Ta'iz and San'a), but 38-47 knots in the Asirs (at meters), 15,(XX)-foot (4,573 meter) wind direction is
Khamis Mushait). west-southwesterly to westerly between December and

March, southerly a I 0,(XX) feet (3,050 melers) from
The mid-level flow transition zone is best illustrated December to January. and southwestcrly in February and

by comparing mean annual wind directions at Ta'i/ March.
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Figure 6-18b. Mean Annual Wind Direction, San'a, YD.
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YEMEN HIGHLANDS
NORTHEAST MONSOON December-March

PRECIPIrATION. Nearly all Northeast Monsoon Highlands. Thiec or four upper-level troughs move inmW
scason rainfall occurs north o1 140 N as cold upper-level the central Red Sea during each Northeast Monsoon
troughs pass over the Ycemn Highlands. Significant season, but only one or two superimpxse themselves over
rainfall (0,05 inches/•.3 mm or greater) falls when the a surface cyclonc or cold front, Snow occ•urs above
Polar Jet descends into the central Red Sea and Saudi l0,(XX) feet (3,0.50 meters) with most cold upper-level
Arabian Peninsula. Thc Polar Jet's southward surge of troughs, hut accumulations of16 inches (152 amm) or more
cold air aloft into the subtropics may merge with the are extremely rare. Snow below 6,000 feet (1,829
Subtropical Jet. When the two jets interact (or "share meters) has not been doncumentcd. Figure 6-19 shows
energy"), moisture increases at the upper levels, If a mean monthly precipiialion across the region. Only
low-level cyclonic circulation develops beneath the Dhala, Mukayris, and Taif get more than 0.2 inches (5
upper-level trough, southwesterly or southerly winds mm) in each month of the Northeast Monsoon. Dhala
push warm moist air from the Red Sea deep into the and Mukayris rainfall is caused by cold upper-level
western Asir and Yemen Mountains. The cold air in the troughs, but by northeasterly low-level Northeast
upper-level trough helps generate isolated thunderstorm Monsoon flow and orographic lift.
activity and moderate rainfall on the western Yemen

2.4 &if DEC iAN FEB MAR1,.2 1 .ZO.l1Tlo'L

1.2

SAUDI ARABIA M Month I
IMean Daily Max I ~ ~

ami"Mushait IMean Daily Mn I In

A Missing data
DEC JAN FEB MAR0. 31U.110"010".9 x

Red Sea NDea Mno MB 2H RS0.210.210.310 .2 /
,6". YEMEN 1,21Q. b1l.410./i

m- ',~~SAN'A) I JSUH•
~~~W N 1.2 • Ht~

1. .4 3000
2000
Variable

144H DEC JAN FEB MA.R Elevations

1.2,
DEIC JAN FEB MAR

Figure 6-19. Mean Northeast Monsoon Monthly/Maximumn 24-Hour Precipitation, Yemen Highlands.

lsohycts represent mean seasonal rainfall totals (inches). 24-hour data was not available for Ahha and Ta'iz.
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YEMEN HIGHLANDS
NORTHEAST MONSOON December-Mamh

TEMPERArURF, Above 5,(XX) feet (1,524 meters), 4,5W. fect/l,372 meters), lhe record is 90°F (320C0,
temperatures vary with elevation and topography, but Extended (3-7,€day) pcrimds of undislurbed weather allow
prevailing low-level wind direction has an effect below larger diurnal temperature ranges at higher elevations.
5,(XX) feet (1,524 meters). On southern Yemen Mountain For example, the January diurnal range at San'a
hillsides below 5,(XX) feet (1,524 meters) between Ta'iz (elevation 7,237 fect/2,2(6 meters) is 35OF (190C), but at
and Mukayris, temperatures are moderated by sea breeze Ta'iz (elevation 4,629 feet/I,411 nmeters), the range is
moisture. On eastern Red Sea hillsides, the sea breeze only 7'F (2-30C). Mean daily lows range from 36 to
moderates temperature, but does not normally affect 560F (2-13 0C). Absolute lows below freezing are rarc,
nighttime temperatures above 5,(0X) feet (1,524 meters) but 220F (-60C) was recordedi at San''a in Dcccmbcr.

Ta'iz, on the other hand, has never recorded a
Mean daily highs range from 64 to 820F (18-280C). temperature below 60OF (160C) during any Northeast

The record March high at Mukaryis (elevation 6,720 Monsoon month.
feet/2,049 meters) is 770F (250C). At Ta'if (elevation

WE N 41E 4 1'E O 509'E 51-E

Month
Mean Daily Max L =I

SMean Daily M i I

* Mirsing data

SAUDI ARABIA

18a hamis Mushait 5%

%

Red Sea '" -,.

- YEMEN
(-SAN'A) SOT EE

DEC JAN FEB MAR
69715178EN36137143144 e. ,

,Meters
3000
2000

LiVariable*t't DEC JAN FEB MAR Vrbl
DEC .J. Elevations

S u 7517417778r

S" • 65164167170
DEC JAN FEB MAR 403124

5134 Gulf of Aden

Figure 6-20. Mean Northeast Monsoon Daily Maximum/Minimum Temperature (OF). Yemen Highlands.
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YEMEN HIGHLANDS
NORTHEAST-TO SOUTHWEST MONSOON TRANSITION April-May

GENERAl. WEATHER. Cyclonic activity. thc surface soulhern Hadhraniami Plateaun iiicsil'icvs the .ea brce/o.

Monsoon Trough, and die Red Sea Convergence Zone L.ighk and variable winds dominate the southern ai(d
(RSCZ) are the most important transition weather central Red Sea.
fIA•tures. By early May, the surface Monsoon Trough
(with weak low-level convergcnce) replaces sustained SKY COVER. Transition cloudiness Irequencies
northeasterly flow in the Gulf or Aden. Northeastcrli•s (Figure 6-21) arc highest (greater Ihan 3K);i) in the
weaken rapidly in the Straits of Bab al Mandab during southwestern corner of the Yemen Mountains, where
April. The end of the Northeast Monsoon also marks the elevations are below 6,(XX) feet (I1,H29 ineters) MSL..
end of the Red Sea Convergence Zonc. Although the Cumulus is the predominant cloud type. Over the
surfac• Monsoon Trough is inactive along the Gulf of southern Hadhramaut Plateau, the interior Yemen
Aden and southcrn Red Sea, southerly flow is established Mountains, and the southern Asirs, mean cloudincss is
south of the Trough axis. As a result, persistent onshore 20-30%. Mean cloudiness (mostly cirrus) in the northern
low-level flow along the southern Yemen Mountains and Asirs is less than 20"/.

0 9 41' ! 43  *' , Z 54 ' J* .z

10 TalE

10 i Local lime 03,09,!5_L21

% CIG >3,000 I I
* Missing data

SAUDI ARABIA /

k ha ,.ais Hush'iit
1 8 0, , .h 0 3 1 0 9 1 1 5 1 2 1 "

20 21 31371 b

Red Sea

16011 YEMEN
I,,-SAN') ISOUTH YEMEN

03109115121 ENJ/ 0o

S 3118Meters

3000
1.j2000

Variable
N . Elevations

03109115121 __30*1111421 v.. Gulf of Aden

Filgure 6-21. Mean NE-SW Monsoom Transitionr Mean Cloudiness (Isolines) and Frequencies of Ceilings
Below 3,000 Feet (915 meters), Yemen Highlands. Isopleths are in 10% intervals. Mean cloudinCes da(a was

derived by calculating the grand mean for National Intelligence Summary (NIS) mean cloudiness data hor sixjcilic
sites in April and May.
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YEMEN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION April-May

Siralocumulus and isolated cumulus develop along the Cyclonic activity with southerly or southwesterly flow
extreme eastern edge of the RSCZ as light and variable ahead of a cold Iront produces more teilings below 3,(XX)
winds along the surface Trough axis converge with local feet (915 meters) than any other synoptic or incsoscalc
sea breezes. The resultant flow ascends the western weather feature. This southerly flow pattern can push
Yeme, and Asir Mountain foothills. The RSCZ's daily sea breeze rmoisture to the 8,0(X)-foot level along the
position along the foothills and local sea breeze western Asir and Yemen Mountains. Orographic lift
orientation determines the type and extent of cloud cover produces ,cattercd cumulus and cumulonimbus wilh
and rainfall. The RSCZ disappears from the region by bases at 2,(X0)-3,(XX) feet (610-915 meters) and tops to
late April or eauly May. 15,(XX) feet (4,573 meters) MSL.

During a typical April, RSCZ cloud cover develops In the southern Yemen Mountains and on the southern
north of 180 N, but convection may deviate from this edges of the Hadhramaut Plateau, southerly llow results
mean location pattern when other synoptic features alter from a strong sea breeze reinforced by tihe surface
the low-level convergence pattern. Synoptic conditions Monsoon Trough in the Gulf of Aden. At San'a, ceilings
that affect RSCZ cloud cover are migratory surface low- are below 1,0(X) fect (305 meters) AGL less than I% of
pressure cells and cold upper-level troughs. With either the time, but between 16(X)-2(X)t LST, ceilings arc
feature, isolated towering cumulus with tops to 15,00() between !,(XX) and 3,(X)0 fect (305-915 meters) nearly
feet (4,573 meters) MSL may extend south to 150 N. 40% of the time. Clouds are mostly cumulus and

towering cumulus, hut strong southerly flow may
produce severe thunderstorms with tops atx)ve 40,(XX)
feet (1,220 meters) between Aden and San'a.
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YEMEN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION April-May

VISIBILITY. As shown in Figure 6-22, transition Asirs, eastern Yemen Mountains, andl northern
visibilities are generally goodl. In early morning, haze is Hadhramaut Plateau in~ mid-afternoon. Mid-altc-noonl
most frequently observed along the southern and western moderate to heavy rainfall in the southern Yemen
fringes of the region below 6,0(X)~ feet (1,829 meters) Mountains result.s in a 1-31?% frequency of lowered
MASL. Blowing dust or sand occurs along the eastern visibilities during that time.
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YEMEN HIGHLANDS
NORTHEAST-TO..SOUTH WEST MONSOON TRANSITION April-May

(1pper-lcvel (30,000-foot, 9,146-meter) MSL flow The southwcstcrly-to-wesicrly flow at low levels
over the entire region is westerly. Mean speed-, in April provides moisture and ind~uces orographic lift in thW
range from 19 knots in the south to 33 in the north. extreme sou thecrn/we stern Yemnen Mountains and~ western
Mcun May spec(ls range from I I knots in the south to 23 Asirs. Thc southwestern Yemen Mounta~ins cTa'iz. in
knots in the north. particular) get the highest rainfall amounts ol the year in

April and May. Late afternoon convection produces
Mid-level (I0,(XX)-I5,(KXJ-foot, 3,050-4,573-meter) extcnsive light to mnoderate rainshowers. Isolated

wind direction is southwesterly at Khamis Mushait and thundershowers are common above 8,(X)( feet (2,439)
Sa'a'a in April, but cast-southeasterly over both locations meters) MSL.
in May. Speeds average 9-11 knots in AprilI and, I11- 13 k.
knots in May. At Ta'iz, mid-level wind direction is PRECIPITIATION. As shown in Figure 6-24, April
east-northeasterly at 12 knots in April, becoming rainfall is greater than May's at Tail', Mukayris, andI
southeasterly at 8 knots in May. San'a. There are several reasons for this. At Tail', welter

Aprils are the result of' a higher frequency of cyclonic I
Very weak (3-to 5-knot) noirth westerlies may appear activity. Mean April rainfall at Mukayris is greater than

briefly over the eastern Hadhramaut Plateau in early May May's because the prevailing low- and mid-level wind
with thc passage of an uppcr-level trough. The cold dlirection is southeasterly. In May. southecasterlies
upper-level trough is ieflected by a weak surface trough, prevail to l0,(X) feet (3,050 meters) MSL, with mean
but the wind shi~i line is negligible except in the lowest northeasterly flow at 15,W00 feet (4,573 meters).
elevations of thec northern Asirs and eastern Hadhramaut. Orographic convection huilds along the southeast Yemen
Northwestcrlies affect the eassern I-ladhramaut Plateau Mountains near Mukayris, but moves westward
for 3.12 hours. The sea breeze initiates a return to (downwind).
southerly flow, but easterly or northeasterly flow may
replace the northwesterlies if the shift in in the evening.
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YEMEN HIGHLANDS
NORTHEAST-TO-SOUTHWEST MONSOON TRANSITION April-May

TEN1�l�RATt IRI�. Mean (lady highs rangc irom 72 to (3X0C at Ta'iC, both rccor(le(l in May. In onpopulated
�) I 0F (22-330C), incan daily lows Irom 49 to 730F portions ot thc northcrn lhidhramaut Plateau,
(9-230C)--see Figure 6-25. Warm coastal watcrs keep temperaturcs may exceed 1000F (380C), and soil surlace
nighttime tc.nlperaturcs pleasant, but below normal May temperature may cxcecd I 200F (4Q0(') Lowest

nighttime temperatures can be expected with tempcraturcs occur in April. A rccor(l low (if 370F (20C)
ortheasterly how ovcr the Hadhramaut Plateau. Record at San'a is in contrast to the 600F (160C) recorded at

include an �4 0F (290C) at Mukayris, to I(X)0F Ta'iz.
highs
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I Month
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Figure 6-25. Mean NE-SW Monsoon Transition Daily Nlaximum/Minimom
Temperatures (0F)� Yemen Highlands.
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